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ABSTRACT

Electron delocalisation in shape-persistent molecular triangles occurs as a result of cyclic aromatic
homoconjugation between the aromatic diimide (ADI) faces, where m-orbital overlap occurs despite
being separated by non-conjugating chiral (R,R)- or (S, S)-trans-1,2-diaminocyclohexane linkers and
provides the macrocycles with attractive supramolecular and optoelectronic properties. Despite
core-functionalised ADIs being well-explored in the literature, core-substitution of the pyromellitic
diimide (PMDI) based molecular triangle was not studied until 2023. This Thesis further explores the
effect of core-substitution on the structural, dynamic and optoelectronic properties of molecular

triangles comprised of functionalised PMDI faces.

In Chapter 2, the presence of bromine atoms in the only previously reported core-functionalised PMDI
based molecular triangle is utilised to synthesise a hexa-arylated macrocycle via a Suzuki—-Miyaura
cross-coupling reaction. The structural and optoelectronic properties of the resulting core-functionalised
molecular triangles are studied to investigate the influence of core-substitution with six
electron-withdrawing or -donating groups. In Chapter 3, the dynamic structural properties of analogous
tris-brominated and tris-arylated molecular triangles are studied as well as the role of the cyclic aromatic
homoconjugated m-surface in the cavity of the macrocycles in facilitating intra- and intermolecular
non-covalent interactions. In Chapter 4, the solution and solid-state emission of brominated PMDI
phosphors when incorporated into a rigid macrocycle is studied whilst progress towards the synthesis
of emissive core-hydroxylated macrocycles using photochemical and conventional methods is
presented. Lastly, Chapter 5 presents initial experiments to study the structural and optoelectronic
properties of the five molecular triangles synthesised in Chapters 2 and 4 in thin films to assess their
potential for application as organic semiconductors in ion-gated transistors and photovoltaic devices.
This Thesis highlights the beneficial supramolecular and optoelectronic properties that can be accessed
through the functionalisation of PMDI based molecular triangles to inspire further expansion of the

scope of the class of macrocycles in the future.
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CHAPTER 1 | CONJUGATION AND ELECTRON DELOCALISATION IN THREE-DIMENSIONAL
MACROCYCLES

SYNOPSIS

Electronic devices are present in all aspects of life from mobile phones to LEDs and their functions are
continually developing towards more advanced technologies. However, with demand and accessibility
of electronic devices increasing, there is a requirement for their electro-active materials to be low
costing, lightweight and readily available. Such electro-active materials rely on electron delocalisation
which can occur via through-bond or through-space conjugation and imparts attractive optoelectronic
properties for application in electronic devices and as luminescent materials. In addition to discussing
traditional through-bond and through-space conjugation, the less common approach of aromatic
homoconjugation is highlighted in this Chapter, with a new term for its role in macrocycles introduced
— cyclic aromatic homoconjugation. This Chapter introduces experimental and theoretical techniques
to identify electron delocalisation by aromatic homoconjugation including cyclic voltammetry, UV-vis
spectroscopy and DFT quantum chemical calculations in triptycenes, 7,7-diphenylnorbornane and
poly(phenylene methylene). These techniques are used to highlight other potential systems where
aromatic homoconjugation could occur or where rigidification into shape-persistent macrocycles would
enhance the electron delocalisation. Cyclic aromatic homoconjugation in a relatively new class of
macrocycle — the molecular triangles — is discussed with particular reference to their attractive
properties and potential applications that occur as a result of the cyclic delocalisation of electrons
between the aromatic diimide (ADI) faces. The cyclic aromatic homoconjugation in molecular triangles
influences the assembly of the macrocycle in the solid state through interactions with solvent molecules
and electron-rich anions and assists in the formation of emissive donor-acceptor complexes.
Furthermore, the redox-active properties of the cyclic aromatic homoconjugated ADI faces in molecular
triangles has allowed for the isolation and study of the reduced states and enabled for their utilisation
as cathodic materials in lithium-ion batteries. The well-studied influence of core-substitution on the
properties of ADIs is discussed with the methods of incorporation of the functionalised small molecules
in macrocycles presented. By highlighting the benefits of cyclic aromatic homoconjugation and
core-substitution of ADIs on the properties of their respective compounds, this Chapter provides the
background for this Thesis which discusses the synthesis, structural and optoelectronic properties of

core-functionalised PMDI based molecular triangles.
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1.1. THROUGH-BOND CONJUGATION

Conjugation in organic macrocycles has allowed for the development of electro-active materials for
application in thin-film transistors and bulk heterojunction photovoltaic cells through their
optoelectronic properties.! Electron delocalisation around a macrocycle not only allows for their
application in electronic devices but also influences the supramolecular assembly through non-covalent
interactions (NClIs). Inspiration for new conjugated organic macrocycles can be taken from linear
acyclic analogues such as the one-dimensional (1D) halogen-doped polyacetylenes (Figure 1.1). In
these conjugated organic polymers, the halogen atoms abstract a single electron each from the
conjugated backbone, creating positively charged holes and negatively charged ions enabling higher
conductivity. Iodine-doped polyacetylene exhibited 107 higher conductivity compared to an un-doped
material while AsFs-doped cis-polyacetylene exhibited a conductivity of 560 Q' cm™!, which was the
highest reported conductivity at the time and was comparable to the tetrathiafulvalene-tetracyano-
quinodimethane organic metal (400-500 Q' cm™).*>° These discoveries of halogen-doped
polyacetylene conductors, led to the 2000 Nobel Prize for Chemistry being awarded to Heeger,

MacDiarmid and Shirakawa for “the discovery and development of conductive polymers”.

Increasing the dimensionality of organic through-bond conjugated materials from 1D linear chains to
2D planar networks can enable greater electron delocalisation, with the ultimate through-bond
conjugated material being graphene (Figure 1.1), which has a zero bandgap and a theoretical charge
carrier mobility of 200,000 cm? V! s, at least four orders of magnitude greater than the mobility of the
highest organic semiconductors.’® Research momentum into graphene and other 2D synthetic
analogues, i.e. polyaromatic hydrocarbons (PAHs), was reinvigorated when the 2010 Nobel Prize for
Physics was awarded to Geim and Novoselov for “groundbreaking experiments regarding the
two-dimensional material graphene” due to the remarkable mechanical, thermal and electronic
properties of the 2D material.>? The properties of graphene can be extended in carbon nanotubes (CNTS)
where the 2D nanosheet of sp? carbons are rolled-up into a cylindrical structure (Figure 1.1). CNTs are
strong materials that exhibit charge transport in semiconductors and exceptional thermal conductivity
for applications in composites, biosensors, supercapacitors and as scanning probe tips in atomic force

and scanning tunnelling microscopy. '’

One-Dimensional Two-Dimensional Three-Dimensional
X; X,
A A
n 1 n
cis trans
X=Cl, Brorl
X-doped polyacetylene Graphene Carbon nanotubes

Figure 1.1 Structures of hydrocarbon based through-bond conjugated materials in one-,3-% two-° and three-dimensions.°
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To replicate the remarkable and attractive semiconducting properties of CNTs through efficient electron
delocalisation across the sp? surface, a large number of studies have been published in the pursuit of
conjugated macrocycles through synthetic analogues using a range of different chemical functionality
and structural motifs.!"!> The simplest analogues of CNTs are molecular nano-belts or -hoops that
replicate the shortest portion of the cylindrical structures, such macrocycles that have been synthesised
are cycloparaphenylenes (CPPs) where n is the number of benzene units that are directly bonded by
para-substituted C-C linkers (Figure 1.2a).!*"!> CPPs (where n = 5 to 12) have been shown to have
greater conductance by the scanning tunnelling microscope-break junction technique compared with
the acyclic analogues on account of the radial overlap of m-orbitals (Figure 1.2b).!® The radial
through-bond conjugation in CPPs has been extended linearly in polymeric CPPs (e.g., polymer 1) to
more closely resemble CNTs with the increased electron delocalisation enhancing the photophysical
properties (Figure 1.2¢).!7" DFT calculations have also been used to show that different molecular
orbitals (MOs) can be delocalised between linear and radial portions of the polymeric CPP.'®! The
through-bond conjugation in such polymeric CPPs was tested in optoelectronic devices to utilise the
electron and hole mobility via electron delocalisation.!” By varying the structure of CPPs through the
substitution of benzene units with aromatic analogues,”® e.g., with hexabenzocoronene as a
polyaromatic hydrocarbon (PAH) surface,?! or quinone acceptors,? the optical properties of the CPP
analogues can be tuned with different emission colours on account of the extended m-conjugation and

donor-acceptor interactions including solvatochromism effects.?!->?

a b
n
Cycloparaphenylenes

Radial 1-orbital overlap

c Linear Conjugation

Figure 1.2 (a) General structure (n = 5-12) and (b) schematic of radial w-orbital overlap in CPPs.%3 (c) Combination of linear
and radial conjugation in CPP polymer 1 (R = 2-ethylhexyl).:8

The structure of CPPs have been further amended by the inclusion of porphyrin units within the
through-bond conjugated macrocycle, e.g. compound 2 (Figure 1.3a). Electron delocalisation around

the fused porphyrin dimers is not affected despite its inclusion within the strained CPP tape, although

4
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weak conjugation only is observed throughout the macrocycle.* However, more efficient through-bond
conjugation was present in porphyrin nanorings, where six metallated macrocycles are connected by
butadiyne bridges at the meso-position (compound 3, Figure 1.3b). Extended m-conjugation was
observed via significant red-shifting in absorption spectra compared with the linear analogue®* with
electron delocalisation around the nanoring in the excited state confirmed by time-resolved transient
absorption spectroscopy.?® The templated synthesis of such porphyrin nanorings has allowed for larger
n-conjugated structures to be synthesised including a 12-membered figure-of-eight nanoring 5,%° a
molecular nanotube containing two, six-membered nanorings (4)*” and an oblong-shaped nanoball.®
The efficient through-bond conjugation within the individual nanorings and along the cylinder in the
molecular nanotube mean that the electron delocalisation in these porphyrin-based structures provide
an additional method towards synthetic analogue of CNTs.?’ In addition to potentially exhibiting similar
exceptional conductivity properties to CNTs, the incorporation of porphyrin rings into these large
structures could allow for biomimetic light harvesting applications on account of their photophysical

properties.?

Figure 1.3 Through-bond conjugation and electron delocalisation in porphyrin macrocycles including (a) a CPP containing
fused porphyrin dimers, 2,2 (b) a six-membered nanoring, 3,24 (c) a molecular nanotube 4% and (d) a 12-membered
figure-of-eight nanoring, 5.2 Figure reproduced and adapted from References 23, 26 and 27.23.26.27

1.2 THROUGH-SPACE CONJUGATION

An alternative method of electron delocalisation has also been shown to occur — through-space

conjugation — where electron density is delocalised not through covalent bonds but instead via
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overlapping p- and/or w-orbitals on non-covalently bonded atoms. These ‘through-space’ interactions

can generally be described in two different contexts (i) intermolecular and (ii) intramolecular.

Intermolecular through-space conjugation occurs when n-surfaces of multiple molecules self-assemble
in a supramolecular manner by way of weakly attractive non-covalent forces. Aromatic m -
interactions can occur in three conformations (i) edge-to-face, (ii) slip-stacked and (iii) face-to-face
which can assemble in herringbone, slip-stacked, brick layer stacked and cofacial stacked
superstructures (Figure 1.4).% These three interactions play an important role in the control of (i) the
tertiary structure of proteins and subsequent substrate binding,? (ii) host-guest recognition interactions
in supramolecular chemistry?® and (iii) molecular packing of aromatic compounds to facilitate charge
transport for organic semiconductors.**3! Such intermolecular ‘z-- -7 interactions’ occur as a result of
an electron correlation or dispersion effect along with solvent influences and as such are a type of the

relatively weak van der Waals interaction.’**?

Increased stability of m---m interactions can be afforded by covalent fixing of aromatic units
intramolecularly within close proximity. The arrangement of phenyl units to optimise through-space
n-orbital overlap and thus the facilitation of electron delocalisation can be modulated through the
minimisation of steric hinderance such as in hexaarylbenzenes** ¢, tetraphenylethylenes®’*® and rigid
aromatic dimers.* The efficient through-space conjugation in these aromatic systems can be utilised as
molecular wires for multichannel conductance®, organic semiconductors in organic light-emitting
diodes (OLEDs)* and luminescent materials.>’*® The increased rigidity that occurs as a result of
stabilised through-space interactions and aggregation can reduce non-radiative decay from the excited
state via vibrational and rotational motion thus enhancing relaxation by fluorescence or

phosphorescence or it can ‘turn on’ luminescence through aggregation-induced emission (AIE).3®

/ \ / \ @ Slip-stacking
AN Sy

Herringbone Stacking Slip-stacked Brick Layer Stacking

O--..I

Edge-to-face

0

<«—35A

0

Cofacial Stacking
Face-to-face

Figure 1.4 --w interactions of benzene dimers and superstructures through (a) edge-to-face interactions and herringbone
stacking, (b) slip-stacked interactions, slip-stacking and brick layer stacking and (c) face-to-face interactions and cofacial
stacking.?®
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An alternative form of intramolecular through-space conjugation is the incorporation of two or more
benzene units where the overlap of m-orbitals are forced into a cofacial geometry in a preorganised
macrocycle known as [2,2]-para-cyclophanes (Figure 1.5a).4°*? In these strained dimers, the distance
between the n-surfaces is 3.10 A which is within the expected distance for the optimal distance for 7t -7
interactions (= 3.5 A).2>* Red-shifted absorption was observed in a through-bond conjugated polymer
containing a through-space interacting cyclophane unit compared with an acyclic monomer. Such
red-shifted absorption indicates successful electron delocalisation and subsequent m-extension
throughout the polymer chain on account of through-space interactions between the cofacial benzene
units in the cyclophane.* The ability for electron density to be shared between the two m-surfaces in

macrocyclic cyclophanes has led to the study of their luminescent* and conductive properties.

Larger cyclophanes are also possible with an aromatic surface, where a general definition is the presence
of aromatic units incorporated into a macrocycle and linked by an aliphatic chain, where the
[2,2]-para-cyclophane discussed above is the simplest of the class of compounds.*® Therefore, these
larger cyclophanes have increased structural and functional group diversity in both the nature and
number of n-surfaces and the rigidity of the linker.*’*8 However, depending on the length of the linker,
the m-orbitals are not necessarily preorganised within an optimal distance to allow for efficient overlap
for through-space conjugation, although the aromatic cavity can be used as a host for aromatic guests

for the formation of inclusion complexes.* !

In a naphthalene diimide (NDI) based dimeric macrocycle
6, the two naphthalene m-surfaces are in close enough proximity for m-orbital overlap (3.5 A) (Figure
1.5b). Furthermore, NDIs are well-studied two-electron acceptors, and upon the chemical reduction of
both aromatic diimide (ADI) faces with cobaltocene (CoCp) to form the dianion, the distance between
the two naphthalene surfaces is reduced in the solid state to 3.3 A. The narrower cavity in the dianion

of the NDI cyclophane represents an overcoming of the electronic repulsion and thus shows efficient

delocalisation of electrons in the macrocycle.>

Co-facial -orbital overlap
in [2,2]-para-cyclophane

Figure 1.5 Structure of and cofacial n-orbital overlap in (a) [2,2]-para-cyclophane,*® (b) an NDI-based dimer 6% and
(c) a PDI-based dimer 7.3
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A similar cyclophane dimer 7 composed of perylene diimide (PDI) faces connected at the perylene bay
positions by triazole linkers has also been synthesised by Penty ef al. (Figure 1.5¢).” The bay
substitution in this PDI dimer causes a twist in aromatic surface which subsequently induces the
formation of two helical enantiomers (MM and PP) which are stabilised by favourable - - & interactions
(3.7 A). Such stabilising homochiral aromatic interactions were shown to slow down the rate of
interconversion between the enantiomers and thus inducing increased half-lives which allowed for the
separation of enantiomers for chiral properties and applications such as circularly polarised

luminescence.>?

1.3. HOMOCONJUGATION: THROUGH-SPACE CONJUGATION SEPARATED BY
NON-CONJUGATING GROUPS

Cofacial n-- 7 interactions in dimeric cyclophanes are dependent on the rigid linkers to preorganise
n-surfaces for optimal w-orbital overlap. To provide the preorganisation for cofacial n-orbital overlap in
cyclophanes, high synthetic effort is required to overcome the strain in the dimers. The high synthetic
cost of dimerisation can be avoided by utilising lesser-explored non-cofacial through-space interactions,
e.g. #180°. Such through-space conjugation that occurs between p-orbitals despite being separated by a
non-conjugating sp® centre is called homoconjugation. This electronic communication across
non-conjugating groups can be extended to m-orbital overlap between aromatic groups in acyclic

(aromatic homoconjugation) and macrocycles (which we term cyclic aromatic homoconjugation).

1.3.1. HOMOCONJUGATION AND HOMOAROMATICITY

In compounds exhibiting homoconjugation, the molecular geometry must be optimised to allow for the
overlap of p-orbitals across the non-conjugating group which is often induced by a rigid or cyclic
structure. The concept of homoconjugation stems from studies in the mid-1900s into 1,3-allylic
interactions which began in 1948 when Winstein and Adams studied the delocalisation of charge
between an allyl group and a cation in cholesterol derivatives with the homoallylic resonance affecting
the reactivity and consequently the site of attack in substitution reactions (Figure 1.6a).>* Subsequently
in 1954, Simonetta and Winstein® studied similar 1,3-interactions and homoallylic resonance in a range
of similar allylic systems including phenyl cations with the interactions further characterised a year later
in 1955 by Winstein et al. in 7-norbornyl cations (Figure 1.6b).5¢ These seminal investigations into such
1,3-interactions led to a series of papers coining the terms homoconjugation and homoaromaticity
beginning in 1959, following their study on the 3-bicyclo[3.1.0]-hexyl cation — known as the

tris-homocyclopropenyl cation (Figure 1.6¢).37-¢
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oo By A ey

Cholesterol derivatives 7-norbornyl cations Tris-homocyclopropenyl cation

Figure 1.6 Original 1,3-allylic systems studied by Winstein and coworkers in (a) cholesterol derivatives,> (b) the 7-norbornyl
cations® and (c) the tris-homocyclopropenyl cation,57-6°

Homoaromaticity is where the through-space conjugation across a sp® centre (homoconjugation) links
within the cyclic delocalisation of 4n+2 electrons via p-orbital overlap, an example being the

monohomotropylium cation.®!

If homoaromaticity occurs through homoconjugation an energy
stabilisation is expected as well as the other properties that are commonly induced through standard
aromaticity (i.e. reactivity and magnetic effects).®?> The concept and influence of homoaromaticity in
different compounds has been debated although it is an accepted phenomenon in organic cations with
neutral and anionic examples more rare.® Furthermore, there are examples of cyclic compounds with
4n+2 electrons that do not show homoaromatic stabilisation despite the homoconjugation of p-orbitals
across non-conjugating sp’ centres such as methylated pericyclynes which bear a resemblance to their

analogous through-bond conjugated annulenes.**%

1.3.2. AROMATIC HOMOCONJUGATION

Homoconjugation can also occur between aromatic rings separated by a non-conjugating centre via the
overlap of aromatic m-orbitals, with the effects of such aromatic homoconjugation being enhanced
within rigid structures such as in polymer chains or highly strained norbornanes. The simplest example
of a compound in which aromatic homoconjugation can occur would be in diphenylmethane (DPM)
where two benzene rings are separated by a non-conjugating group.®® The phenyl rings in DPM are
freely rotating, with four representative conformations accessible in solution (Figure 1.7a), where the
two phenyl rings are (i) in a planar conformation (DPM-1), (ii) perpendicular to the plane (DPM-2) or
(iii) skewed slightly out of plane (DMP-3). The fourth conformation is where one of the phenyl rings
remains in plane and the second ring is perpendicular (DPM-4). In DPM-2, n-orbital overlap across the
non-conjugating sp®> centre could occur, although this is restricted when the ortho-positions are
substituted with the rotation of one of the rings influencing the other through a ‘cogwheeling’
mechanism.®”"% However Tu et al.,”® showed that upon aggregation in the solid state, DPM and its
derivatives formed through structural modification underwent clusteroluminescent emission which was
attributed to through-space conjugation between the phenyl rings separated by the non-conjugating sp®
centre. The overlap of m-orbitals prompting aromatic homoconjugation in these compounds was
subsequently confirmed in the LUMO (Figure 1.7b) through density functional theory (DFT)
calculations indicating that the optimal geometry of DPMs favour aromatic homoconjugation.”
Therefore, in order to realise the effects of aromatic homoconjugation on the structural and

optoelectronic properties of compounds, the conformation of the DPM motif must be fixed. This can
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be achieved either by (i) the incorporation into more rigid and strained systems through structural
modification or (ii) reduction of the rotational conformational freedom in the solid state. The promotion
of aromatic homoconjugation through the incorporation into rigid and strained systems is more common
and has been shown in compounds such as triptycenes’! and diphenylnorbornanes’ and discussed

herein.

0O SR OO 0

DPM-1 DPM-2 DPM-3 DPM-4

Figure 1.7 (a) Four conformations of DPM in solution: DPM-1, DPM-2, DPM-3 and DPM-4%8 and (b) n-orbital overlap in the
LUMO of the geometry optimised structure of DPM (DFT calculations) — reproduced from Reference 70.7

Triptycenes” are propeller compounds composed of a rigid bicyclic core appended by three phenyl
rings separated by angles of 120° (Figure 1.8a). This structural motif is highly rigid and thus a high
degree of persistent homoconjugation occurs which has been observed by UV-vis spectroscopy,’* "¢
circular dichroism (CD),”””® photoelectron spectroscopy (PES),”*! and cyclic voltammetry (CV).% In
absorption and CD spectra, the presence of lower energy charge-transfer bands indicates through-space
conjugation between benzene rings separated by the non-conjugating sp* bridge-head carbon of the
triptycene backbone.”*"® Furthermore, the electronic structure of triptycenes has been studied by PES
which determines the ionisation potential of electrons in molecular orbitals (MOs). Theoretical
calculations using the linear combination bonding orbital (LCBO) model has been used to predict the
ionisation energies of w-orbitals based on aromatic homoconjugation, with the results correlating with
the spectral features of the PES experiment, thus confirming the presence of through-space interactions
between adjacent m-systems separated by a non-conjugating sp® linker.®! Lastly, aromatic
homoconjugation in electroactive triptycenes can be evidenced using cyclic voltammetry, where
delocalisation of electrons around the rigid bicyclic framework allows for multiple accessible
redox-active states. In a triptycene containing three oxidisable methoxy substituted benzene propellers,
delocalisation of the electrons between n-systems allows for three accessible oxidisation states. This is
evidence for aromatic homoconjugation, as upon the oxidation of the first di-methoxybenzene unit, the
resulting radical cation is delocalised around the triptycene structure with the subsequent oxidation of
the other two di-methoxy-benzene units forming the di-radical cation and tris-radical cation

respectively. ¥

Despite significant research and subsequent evidence for aromatic homoconjugation in triptycenes as
discussed in the previous paragraph, the presence of electron delocalisation between the three propellor
units in triptycene compounds is not universal across all of its derivatives.* For example, Gu and Lai®
have shown that through-space conjugation between n-systems of the triptycene framework does not

occur thus not contributing towards electron delocalisation between through-bond conjugated

10



CHAPTER 1 | CONJUGATION AND ELECTRON DELOCALISATION IN THREE-DIMENSIONAL
MACROCYCLES

bis(fluorenyl)-based oligomers. Nonetheless, aromatic homoconjugation in triptycenes has been shown
to contribute towards properties for various applications, which include their use as luminescent
materials for use in organic light emitting diodes (OLEDs) via thermally-activated delayed fluorescence

(TADF).”!

Through-space aromatic homoconjugation in triptycenes has been shown to enhance the TADF of
twisted donor—acceptor (D-A) systems (Figure 1.8b).%¢°! Traditionally, the emission in D—A TADF
systems is encouraged by a small energy gap between the singlet (S1) and triplet (T1) excited states
(AEst) allowing for reverse intersystem crossing (rISC) as well as limited orbital overlap between
spatially separate HOMO and LUMOs on D and A moieties respectively.”? The inherent aromatic
homoconjugation in the triptycene framework can be used as a suitable motif to allow for — whilst also
minimising — the overlap of D-A MOs and reducing the AEsrto promote rISC. Through the use of a
variety of different D and A moieties used around the propellor structure of the triptycene framework,
emission via TADF can be tuned at a wide range of colours and wavelengths across the electromagnetic
spectrum. The triptycene backbone has been used to separate donor (triphenylamine,3¢

890 phenothiazine® or phenoxazine’’) and acceptor

1,4-dimethoxybenzene,®®  carbazole,
(dicyanoquinoxaline,®® dicyanopyrazine,®® coumarin,®® naphthilimide,® bromonaphthilimide® or
quinoxaline’®!) moieties (Figure 1.8c—f) or as part of a fused carbazole — triazine D-A
fluorophore (Figure 1.8g).8” As a result of the TADF properties of these D—A triptycene luminophores,
their application in OLEDs can be studied through the incorporation of the bicyclic compound into thin

films and subsequent fabrication into devices.?¢7!
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Figure 1.8 (a) Aromatic homoconjugation in the triptycene backbone® and (b) generic twisted donor-acceptor structure for
TADF emitters.%? Different types of donor-acceptor structures for TADF emission containing a triptycene framework for using
(c) diphenyl amine donor and dicyanoquinoxaline acceptor (8),%6 (d) carbazole donor and naphthalimide acceptor (9),% (e)
dimethoxybenzene donor and coumarin acceptor (10),%8 () 3,6-di-tert-butylcarbazole donor and quinoxaline acceptor (11)%°
and (g) a fused triptycene carbazole donor and triazine acceptor (12).8

The norbornane bicyclic framework can also be used to provide the required rigidity in diphenyl

methane derivatives. In 1993,7 the synthesis of 7,7-diphenylnorbornane (DPN) was reported, where
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the phenyl moieties are separated by a non-conjugated sp® centre in the 7-position of the bicyclic
backbone (Figure 1.9a). Steric repulsions between the ortho-substituents of the benzene rings and the
exo-hydrogens of the norbornane skeleton hinders the rotation of the phenyl units which enforces an
apical cofacial alignment of the aromatic groups and thus promotes a geometry that allows for
through-space m-orbital mixing.”> Energy barriers of 16.2-17.2 kcal mol™ are observed when the
ortho-positions are substituted with fluorine atoms and a variety of para-substituents,” although the
rotation is less hindered when the ortho-hydrogen atoms only are present (6.0—7.9 kcal mol™).”* UV-vis
spectroscopy has been used to demonstrate the presence of aromatic homoconjugation in DPNs, where
a new absorption at 228 nm is observed that is absent in the non-conjugated diphenylpropane
analogue.” The presence of aromatic homoconjugation was further confirmed when multiple DPN
motifs were either directly bonded or linked by phenyl units (13) (Figure 1.9b), with the absorption
linked to m-orbital overlap red-shifted to 290 nm (from 228 nm) and plateauing towards 4 to 5 DPN
groups® indicating increasing m-conjugation.”>*® Furthermore, in asymmetric DPNs where the two
phenyl units are asymmetrically substituted with donor (D) or acceptor (A) groups, additional
charge-transfer absorption peaks are present in UV-vis spectra indicating electron transfer across the
non-conjugated sp® centre.”!°! Theoretical density functional theory (DFT) calculations can also be
used to visualise the m-orbital overlap between adjacent phenyl rings separated by the non-conjugating

sp® norbornane carbon in the isosurface of the unoccupied molecular orbitals e.g. LUMO+1

(Figure 1.9¢).!%
a b CgHi7 c
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Figure 1.9 Aromatic homoconjugation in 7,7-diphenylnorbornane (DPN) compounds showing (a) n-orbital overlap across the
non-conjugating sp? centre in the norbornane framework,” (b) through-space and through-bond conjugation in a DPN dimer
with a phenyl linker®® and (c) delocalisation of the LUMO+1 across the non-conjugating sp® centre modelled by DFT
calculations (replicated and adapted from reference 100).1%°

Electron delocalisation as a result of aromatic homoconjugation in DPNs as well as the rigid,

preorganised structure of the bicyclic framework has made these compounds attractive candidates as (i)

102,103

hosts for cationic and aromatic'® guests and (ii) metallocene ligands for catalytic polymerisation

105-107

reactions. The preorganised structure of macrocycles containing two aromatic homoconjugated

DPN units, linked by ethene motifs with an electron-rich aromatic cavity allows for the encapsulation

2

of one cationic silver (I) ion,'"> whereas the preferred conformation of a separate acyclic DPN

containing three of the bicyclic motifs can selectively bind NH4" over K*.
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More recently, the phenomenon of aromatic homoconjugation has been used to provide an explanation
for the photophysical properties of compounds previously considered to be non-conjugated. For
example, poly(phenylene methylene), PPM, is a fluorescent polymer containing repeat units of the
benzyl functional group (C¢HsCH,—) (Figure 1.10a) with the origin of its luminescence originally
hypothesised to be as a result of the formation of a 9,10-diphenyl anthracene side-product in the
polymerisation reaction.'® In 2017, Caseri and coworkers, % revisited the fluorescence of PPM (Figure
1.10c) and its substituted derivatives: (i) poly(2-methyl phenylene methylene) (PMPM) and (ii)
poly(2.,4,6-trimethyl phenylene methylene (PTMPM), and show that the similar emission profiles of the

three polymers is likely to be as a result of m-extension through aromatic homoconjugation.

In the study by Caseri and coworkers,'” potential other causes for the solution- and solid-state
fluorescence of PPM were considered, including: (i) AIE, aggregation-caused quenching (ACQ) or
excimer formation on account of 7-- -7 interactions and (ii) the formation of 9,10-diphenyl anthracene.
The authors argue that fluorescence of PPM in dilute and concentration solutions and in the solid state
exclude potential AIE or ACQ effects while the well-resolved vibronic structure of the emission
spectrum and ground-state absorption of emissive species remove the possibility of excimer formation.
Furthermore, in considering the required conditions for the potential synthesis of the emissive
9,10-diphenyl anthracene side-product, the authors were able to disprove the hypothesis that the

presence of the small molecule contaminant caused the luminescence of PPM.'%

With the potential alternatives to aromatic homoconjugation considered and proven to be flawed, the
possibility of through-space conjugation and subsequent delocalisation of -electrons was probed. DFT
calculations of a PPM chain containing three phenyl groups were completed which showed that the
lowest energy conformation existed with a dihedral angle across the sp? centre of 56°. Furthermore, in
a similar fashion to the aromatic homoconjugation in 7,7-diphenynorbornanes, orbital overlap was
observed visually in the LUMO of the PPM chain providing evidence for electron delocalisation via
through-space conjugation across sp* centres (Figure 1.10b). A last observation that provided evidence
for aromatic conjugation was a 25% increase in the absorbance of PPM in thin films after annealing
above the T, of the polymer. The increase in absorbance indicates that upon annealing, the more-ordered
conformation of polymer chains allows for more homoconjugative interactions. Whereas the lower
absorbance prior to annealing, shows that the increased disorder in the polymer chains is not conducive
to the optimal geometry of the DPM units to maximise z-orbital overlap.'” The discovery of aromatic
homoconjugation in PPM has led to additional investigations into the origins of the luminescent

properties including under increased pressure.''?
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Figure 1.10 Aromatic homoconjugation in poly(phenylene methylene) (PPM) showing (a) m-orbital overlap across the
non-conjugating CHz sp? centre, (b) delocalisation of the LUMO across the non-conjugation sp® centre and (c) solid- and
solution-state emission of PPM.1% Figure replicated and adapted from reference 109.1%°

In the examples of aromatic homoconjugation discussed above (diphenylmethane, triptycenes,
7,7-diphenylnorbornane and poly(phenylene methylene)), it was shown that the overlap of m-orbitals
was maximised when the aromatic rings were incorporated into rigid systems. Therefore, using the
structural motifs and characterisation of the delocalisation of electrons in such aromatic
homoconjugated systems, other systems where through-space conjugation across insulating sp* centres
could occur can be proposed. For example, molecular clips and tweezers with ‘non-conjugating’
aromatic groups have been shown as receptors for aromatic substrates through non-covalent interactions
(NCIs) such as C-H'-m and =-*'7 interactions.!'! Such preorganised aromatic receptors commonly
contain bicyclic linkers between aromatic surfaces, where the belt-like structure remains flexible
enough to expand and contract where necessary during the complexation process.'!! Such rigid bicyclic

linkers, 12117

could be considered to be similar to triptycenes and 7,7-diphenylnorbornanes where
aromatic homoconjugation is known. Therefore, if aromatic homoconjugation were to be observed in
molecular clips and tweezers, the delocalisation of electrons in the electron-rich host could assist in its
complexation with electron-deficient guests through NClIs. In fact, intramolecular interactions in
aromatic molecular clips with a central quinone moiety, e.g. 14, (Figure 1.11a) have been observed
through UV-vis spectroscopy with broad, low energy absorption peaks observed which are similar to
the long wavelength transitions present as a result of aromatic homoconjugation in DPNs.!'!® These
broad absorption bands have been attributed to configuration interactions in the excited state between
n-orbitals of aromatic side walls and central quinone moiety and as the orbital mixing occurs over the
non-conjugating sp® bridging atom it is indeed a homoconjugative interaction.!'® Therefore, these
proof-of-concept homoconjugative interactions between aromatic side-walls and central quinone unit

in the excited state indicate that aromatic homoconjugation could be possible in these molecular tweezer

and clips structures and influence the ability of the receptors to complex with aromatic guests.
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Figure 1.11 Proposed structures that could exhibit aromatic homoconjugation on account of exciton coupling in circular
dichroism in a (a) molecular clip'® and (b) ‘C’ shaped isomer and (c) ‘S’ shaped isomer of PMDI trimers.1%°

In a similar manner to the excited-state intramolecular interaction in molecular clips discussed
previously,!'® exciton coupling in multi-chromophoric compounds has been shown using CD through
the study of Cotton effects and their signs which also allowed for the determination of the absolute
configuration of such structures.!!'*!?* Exciton coupling, where the excited-state is delocalised across
multiple chromophores, was observed in compounds containing different combinations of two or more
aromatic diimide units (N-phthalimides (PI),'2°'2? 1,8-naphthalimides (NPI),'*! pyromellitic diimides
(PMDI)!%-122123 and naphthalene diimides (NDI)!?*) separated by non-conjugating enantiomerically
pure (R,R)- or (S,S)-1,2-trans-diaminocylcohexane linkers. The acyclic trimer, 15, can exist in two
conformations, ‘C’ or ‘S’ as a result of different dihedral angles around the N-C-C-N bonds at the
diaminocyclohexane linkers (Figure 1.11b and c). The torsional angles for the ‘C’ conformer in a
calculated geometry optimised and X-ray crystal structure are —44.3 and —44.0° respectively.'” As a
result of these dihedral angles as well as the evidence that the aromatic diimide chromophores interact
in the excited-state via exciton coupling, intramolecular through-space conjugation between adjacent

n-surfaces in the ground-state of the acyclic dimers and trimers could be visualised to potentially occur.
1.3.3. CycLic AROMATIC HOMOCONJUGATION IN 3D MACROCYCLES

In addition to the acyclic trimer 15 that can adopt two conformations (‘C’ and ‘S’) discussed above,

Gawronski et al.'"?

also incorporated three PMDI units into a rigid macrocycle 16. In the acyclic trimer,
15, the outer PMDI units are capped with cyclohexylamine groups, whereas in cyclic trimer 16, instead
of the capping groups, the outer diimides are also linked by a #rans-1,2-diaminocyclohexane group to
create a helical, macrocyclic structure. The CD spectrum of the rigid macrocycle 16 provided in depth
insight into its electronic structure compared with the mixture of ‘C’ and ‘S’ isomers of the acyclic 15.
Furthermore, as a result of the rigid macrocyclic structure of 16, hetero coupling of different electronic
transitions at similar energies was possible in the excited state which was not observed in the acyclic

analogues.!" The synthesis and study of the chiroptical properties of the PMDI-based macrocycle, 16
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in 2002 was the first of a series of investigations into such ‘molecular triangles’ where three aromatic
diimides (ADIs), such as PMDI, NDI or perylene diimide (PDI) are separated by a non-conjugating

enantiomerically pure (R,R)- or (S,S)-diaminocyclohexane linker (Figure 1.12).!2*

In 2013, Stoddart and coworkers'? followed the seminal work of Gawronski et al.''" (PMDI-based
macrocycle, 16) by synthesising the NDI-based molecular triangle, 17. Interestingly, DFT calculations
of the NDI-based molecular triangle, 17, showed that the LUMO was delocalised around the macrocycle
via through-space communication between adjacent n-surfaces (Figure 1.13a).!? The n-orbital overlap
in 17 occurs between NDI surfaces at 60° that are separated between two sp> centres in the
diaminocyclohexane linker and is therefore a form of aromatic homoconjugation. Furthermore, as the
through-space conjugation between NDI units in 17 occurs in a macrocycle to complete cyclic electron
delocalisation, we further classify this electronic communication as cyclic aromatic homoconjugation.
Such cyclic aromatic homoconjugation, where electron delocalisation occurs via through-space
electronic communication, around the molecular triangle framework provides a suitable comparison
with the CPPs discussed in Section 1.1 where the electron delocalisation instead occurs throughout the

macrocycle via through-bond conjugation.

on WO e NE

NE N

D gD

O

17
d e
e} O 0, O (0]
OO O
(0] (o} o} O
19 20

Figure 1.12. Molecular triangles which exhibit cyclic aromatic homoconjugation consisting of three aromatic diimides (ADIs)
using (a) pyromellitic diimide (PMDI),}%126 16 (b) naphthalene diimide (NDI),*?> 17 and (c) perylene diimide (PDI) 18.1%
Acyclic monomeric model compounds using (d) PMDI,11%12%6 19, (e) NDI,*% 20 and (f) PDI, 21.*%"

The redox-active nature of the NDI faces allowed Stoddart and coworkers'? to further confirm the
through-space electronic communication between aromatic n-surfaces using CV (Figure 1.13b) in the
same way as shown for aromatic homoconjugation in triptycenes. Each NDI is a two-electron acceptor,
therefore, the incorporation of three units into the molecular triangle allows for up to six reductions to
occur. As a result of the electronic communication between the two-electron acceptors, upon the

addition of the first electron to the macrocycle, it is delocalised around the ring. Consequently, the
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subsequent five electron reductions occur step wise with the increasing electron-density of the
macrocycle making it more difficult to reduce the molecular triangle further. Therefore, during
electrochemical reduction using CV, six reduction peaks are observed allowing for up to six individually
accessible reduced states. If there was no electronic communication between the redox-active faces, the
first reduction of each of the three NDI units would occur at the same potential to form a tris-radical
anion, [17]*. The addition of the second electron to each NDI unit would subsequently occur at a more

negative potential to form the hexa-anion ([17]%).!%

Cyclic aromatic homoconjugation in NDI-based molecular triangle, 17, was also proven through
electronic studies of the mono-radical anion of 17, [17] which was formed by the chemical reduction
with one equivalent of cobaltocene (CoCp;). Studies of the mono-radical anion by continuous wave
(cw) electron paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR)
spectroscopies showed that the electron in the free radical was delocalised across the three NDI units in
the macrocycle (Figure 1.13¢ and d). Comparisons between the cw-EPR and ew-ENDOR spectra of
[17] and the mono-radical anion of the analogous NDI monomer reference compound 20, showed the
expected differences for evidence of electronic communication. The linewidth of the splitting in the
EPR spectrum of [17]" are decreased by a factor of 1.75 compared with the monomeric [20] which is

in agreement with the convention that the linewidth scales with the reciprocal of Vn where n is the

number of units by which the electron is shared (V3 = 1.73). Further evidence was provided in the

cw-ENDOR spectrum where the hyperfine splitting of [17]" was also decreased by a factor of three

125

compared with [20]" on account of electron communication between three NDI units.
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Figure 1.13 Evidence of cyclic aromatic homoconjugation in NDI-based molecular triangle, 17 through (a) delocalisation of
the LUMO around the macrocycle in DFT calculations, (b) the presence of six accessible reduced states in the cyclic
voltammogram of 17 compared with monomeric NDI 20 and narrower line widths in (c) cw-EPR and (d) cw-ENDOR spectra
of [17]~ compared with [20]". Figure replicated and adapted from reference 125.1%

Stoddart and coworkers'?’

expanded the scope of molecular triangles to further investigate the
non-cofacial through-space conjugation between ADIs by synthesising a rigid equilateral macrocycle
composed of three PDI units which contained phenoxy-substituents on the aromatic core (18) to

improve solubility. They also synthesised the PMDI-based molecular triangle, 16, previously studied
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by Gawronski et al. using a slightly adapted chromatography free method."® Cyclic aromatic
homoconjugation was exhibited in 18 using cw-EPR and ¢w-ENDOR in the same manner as for
NDI-based 17. Upon chemical reduction of the macrocycle to the mono-radical anion ([18]) spectral
narrowing was observed in the cw-EPR spectrum compared with the monomeric PDI analogue.
Furthermore, a decrease by a factor of three in the hyperfine coupling between [21]" and [18]" occurred
on account of electron delocalisation between all three redox-active faces.'”” Whereas in 16, electronic
communication was evidenced using differential pulse voltammetry (DPV) where six accessible
reduced states were observed on account of delocalisation of the electrons around the rigid molecular

triangle.!?

In addition to equilateral triangles comprising three faces of the same ADI, Stoddart and coworkers!2%12?

have also synthesised asymmetric isosceles triangles containing combinations of two different ADIs
(PMDI, NDI and PDI), 22-25 (Figure 1.14). In these isosceles triangles, aromatic homoconjugation
does not occur around the whole macrocycle although some electron delocalisation does occur between
adjacent NDI and PDI faces as shown by cw-EPR and ¢cw-ENDOR experiments. In the asymmetric
macrocycles containing two PMDI faces (22 or 23) no through-space conjugation occurs with the
electron in the mono-radical anion residing on the NDI and PDI face as the cw-EPR and cw-ENDOR
spectra resemble the monomeric NDI and PDI reference compounds, 20 and 21 respectively.!?%!%
Whereas, in the macrocycle containing two NDI faces and one PMDI face, 24, the hyperfine splitting
of the cw-ENDOR spectrum decreases by a factor of two which indicates delocalisation of the
mono-radical anion between the two NDI units.'?® Furthermore, in an isosceles triangle containing two
NDI units and one PDI face, 25 a decrease in the linewidths in cw-EPR and ew-ENDOR spectra
compared with the reference PDI 21 were observed, although not as much to represent full
delocalisation of the mono-radical anion, but nevertheless indicating a small amount of electronic

communication.'?
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Figure 1.14 Isosceles triangles containing two PMDI faces and (a) one NDI unit,*?8 22 and (b) one PDI unit, 23 and two NDI
faces'?® and (c) one PMDI unit, 2428 and (d) one PDI unit, 25.1%°

The incorporation of NDIs into non-triangular macrocycles has also been studied, where although the
geometry of the redox-active faces are non-optimal for efficient orbital overlap, electron hopping has

still been shown to occur.'3%!13!

A square-shaped macrocycle, 26, composed of four NDI faces connected
by four (S,S)-trans-1,2-diaminocyclohexane linkers was synthesised by Stoddart and co-workers!*°

which was structurally similar to the dimers> and molecular triangles'?* discussed previously (Figure
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1.15a). The synthesis of the square-shaped macrocycle induces strain in the NDI faces and
diaminocyclohexane linkers via bending and puckering respectively. As a result of the redox-active
faces being almost perpendicular to each other in the square-shaped macrocycle limited m-orbital
overlap occurs across the non-conjugated cyclohexane sp* carbon atoms. Despite limited through-space
conjugation, studies of the mono-radical anion (formed by chemical reduction with 1 equiv. CoCp,) by
cw-EPR and cw-ENDOR spectroscopies showed a decrease in the isotropic hyperfine coupling in the
respective spectra indicating that the free radical was delocalised around the macrocycle. As a result of
the absence of cyclic aromatic homoconjugation the delocalisation of electrons must therefore occur

via hopping between the aromatic n-surfaces. !>

Electron hopping was also exhibited in the mono-radical anion of a chiral covalent organic cage
containing three NDI faces, 27, (Figure 1.15b) where in cw-EPR spectra, decreased isotropic hyperfine
couplings were observed at elevated temperatures (350 K). At 295 K the free radical is localised on one
NDI unit in the trimeric cage, where weak electronic coupling between the redox-active faces occurs as

a result of the redox-active NDI faces being separated by a distance of 9.9 A."3!

Sfa=a Q é‘
i

Figure 1.15 Structures of NDI-based compounds where electronic communication can occur (a) a molecular square 26%°
and (b) organic cage 27.%3!

Another series of preorganised macrocycles that have begun to be investigated for aromatic
homoconjugation and subsequent electron delocalisation are pillar[n]arenes, where n is the number of
1,4-disubstituted benzene units that are linked by methylene (CH») groups and the aromatic groups are
separated by an obtuse angle (>90°). Electron delocalisation by through-space conjugation has been
observed in pillar[5]arenes with the benzene units substituted with phenylethynyl substituents
(macrocycle 28) via red-shifted absorption and emission peaks with respect to the acyclic monomer
(1,4-bis(phenylethynyl)benzene) (Figure 1.16a).!3? Such red-shifted absorption and emission is similar
to the observations for aromatic homoconjugation in the 7,7-diphenylnorbornanes discussed in Section
1.3.2.% However, whether the delocalisation of the electrons is as a result of aromatic homoconjugation
between diphenyl motifs in the pillar[5]arene backbone or longer-range through-space interactions
between the phenylethynyl substituents is unclear. Despite the uncertainty of whether aromatic

homoconjugation occurs in the 1,4-bis(phenylethynyl) substituted pillar[5]arene, it was subsequently
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confirmed in pillar[5]arenes where non-aromatic ethylene glycol substituents were used.'** For
example, 1,4-dimethoxy substituted pillar[5]arene 29 was shown to be inherently fluorescent as a result
of aromatic homoconjugation and aggregation effects in AIE (Figure 1.16b). The fluorescence of the
pillar[5]arene macrocycle was then utilised for sensing of n-alkane solvents where upon adsorption of
the alkane chains in the cavity, the emission was quenched.'*> The potential for electronic
communication via through-space conjugation in pillar[n]arenes (n = 5 or 6) has been further confirmed
in macrocycles where two or more disubstituted benzene units are replaced by redox-active quinone
groups.**135 As was discussed for redox-active triptycenes®® and molecular triangles!'?>!26,
electrochemical experiments (CV and DPV) can be used to provide evidence of through-space
conjugation as a result of delocalisation of electrons in each reduced state. Indeed, in pillar[n]arenes
containing more than two quinone units (compounds 30-33) resolution of the consequential reductions
was observed by square-wave voltammetry (SWV) indicating electronic communication between
adjacent redox-active centres (Figure 1.16c). Where, the redox-active quinones are not adjacent, the
electrons are localised on the respective electron-acceptor.!**!¥ The aromatic homoconjugation
between adjacent quinone groups has also been exhibited by DFT calculations where the LUMO is
delocalised across the non-conjugating CH, sp® centre.!3#!3° Furthermore, anisotropic current intensity
density (AICD) calculations show electron delocalisation via through-space conjugation in 5- and

6-membered pillar[n]arene macrocycles containing more than two quinone groups replacing the

135

standard 1,4-disubstituted benzene units.

Figure 1.16 Pillar[n]arene compounds that exhibit through-space communication with (a) phenylethynyl (28)3? and (b)
dimethoxy (29)!3 substituents and (c) benzene units replaced with 2-5 quinone groups (30-33).134
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1.3.4 PROPERTIES AND APPLICATIONS FROM CYCLIC AROMATIC HOMOCONJUGATION IN
MOLECULAR TRIANGLES

The utilisation of cyclic aromatic homoconjugation in pillar[n]arenes for use as a fluorescence sensor!*?
shows that electron delocalisation in macrocycles can impart additional functionality and properties for
applications in supramolecular chemistry. Indeed, the delocalisation of electrons in molecular triangles,
in addition to the inherent nature of the three electron-deficient, redox-active ADI faces, provides the

macrocycles with attractive properties.'”* These properties include supramolecular assembly,!36-138

125,139-142

host—guest complexation and co-crystallisation, charge and electron-transport!®!4* and radical

144-147

anion formation which allow for the aromatic macrocycles to be studied for applications in

supramolecular gels,'3” two-photon absorption,'*’ upconversion-emission,'*> non-linear optics,'4!:148.149

126,143

cathodes in Li-ion batteries, and organic spintronic devices.!* Notably, most of the properties and

applications of molecular triangles have been studied with respect to the NDI-based macrocycle 17.

The supramolecular assembly of NDI-based molecular triangle 17, can be tuned by the presence of
different guest molecules and solvent molecules to interact non-covalently with the macrocycle
especially within the electron-deficient cavity in the presence of three, cyclic aromatic homoconjugated
n-surfaces. Halogenated solvents are able to be encapsulated within the cavity of the macrocycle via
favourable halogen-- 7 interactions. Furthermore, when haloalkanes are used as the solvent, X---X
(X = ClI or Br) NCIs also occur to template the formation of 1D chains of macrocycle.!*!*” The
formation of 1D channels of macrocycle 17 has been proven by studies of the X-ray diffraction pattern
of single-crystals of enantiomerically pure 17 (using (R,R)-trans-1,2-diaminocyclohexane (17-R) or
(S,5)-1,2-trans-diaminocyclohexane (17-S) linkers) grown via vapour diffusion of hexane into a
solution of the molecular triangle in 1,2-dibromoethane (Figure 1.17a and b). In the crystal structure,
the 1D channels are shown to be composed of stacked dimers of the molecular triangle with one
macrocycle in the dimer rotated 60° compared with the other. In addition, the two macrocycles in the
dimer are non-covalently bonded by three pairs of C-H---O interactions. When the analogous
1,2-dichloroethane solvent was used, 1D channels were indeed formed, however, the macrocycles are
rotated by 62.7°, with the formation of helical tetramers instead (Figure 1.17c). The screw axis of the
helical tetramer is induced by the chirality of the (R,R)- or (S,S)-1,2-trans-diaminocyclohexane linker,
where if the opposite enantiomer was used, the opposite m- or p- helix forms. The absence of the helical
1D channels when BrCH,CH>Br and other analogues (1-chloro-2-bromoethane and
1-chloro-2-iodoethane) were used as crystallisation solvents suggests that the length of the chlorinated
alkane and subsequent Cl---Cl interactions are optimal to allow the cooperative C-H:--O interactions

to translate the molecular chirality to the supramolecular scale.'*®
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Figure 1.17 Crystal structures showing the assembly of NDI-based macrocycle to form supramolecular nanotubes with
1,2-dibromoethane from (a) top view and (b) side view. (c) Assembly with 1,2-dichloroethane forms a helical chain with an
additional 5.4° twist. Figure replicated and adapted from reference 136.1%¢

The influence of the size of and geometry of the halogenated solvent was also exhibited when the
cis-isomer of 1,2-dichloroethene was dissolved in 17-R, where an organogel was formed composed of
nanofibers which assemble into intertwined nanoribbons.'*® An organogel is formed in this scenario as
a result of increased flexibility in the 1D channels of triangle molecules where alkene: - & interactions
occur between solvent (1,2-dichloroethene) and the electron-deficient cavity of 17 in addition to longer
(and thus weaker) Cl---CI NCIs. Although, organogels are not formed when enantiomerically pure 17
(-R or -§) is dissolved in saturated halogenated alkane solvents, when a 1:1 racemic mixture of 17-R
and 17-S is dissolved in 1,2-dichloroethane a gelated network of interwoven fibrillar chains is formed.'*’
The formation of the fibrils is templated by (i) Cl---m (between solvent and 17) and (ii) CI---Cl
interactions (between solvent molecules) as discussed for the 1D chains in the crystalline state above.
As no gelation occurs when enantiomerically pure samples of NDI-based triangle 17 (17-R or 17-S) are
dissolved in CICH>CH,Cl, the preference of the racemic mixture to form 1D fibrils was attributed to
the greater cooperativity of the two opposite enantiomers of the macrocycle for 12 intermolecular
C-H---O interactions compared with two molecular triangle molecules of the same chirality (6 C-H---O
NClIs)."*” Although organogels do not form when racemic mixtures of 17 are dissolved in other
halogenated solvents (CH.Cl,, CHCIs;, CICH,CH,Br, CICH,CH,l and BrCH,CH,Br) they do form
precipitates, with the BrCH>CH,Br solid assembling into 1D fibres in a similar manner to the organogel
although in the brominated solvent more rigid, thicker and straighter structures are formed which

potentially influences its ability to form a gelated structure.'¥’

The supramolecular packing of molecular triangles can also be tuned through the growth of single
crystals using host—guest mixtures or co-crystallisations utilising the cyclic aromatic homoconjugation
in molecular triangles for interactions with the electron-deficient delocalised m-surface. For example,
NDI-based macrocycle 17 also forms helical 1D chains in the solid state when complexed with an
electron-rich triiodide anion guest (Figure 1.18).' Host—guest complexes between 17 and I~ (17215)
have been observed in a 1:1 ratio in the crystalline solid state enabled by anion- -7 interactions between
macrocycle and anion. In the structure, the guest anion is encapsulated within the electron-deficient
cyclic aromatic homoconjugated aromatic cavity with the tetrabutylammonium counter cation being
charge-separated. In CD,Cl, solution, a binding constant of 25 + 2 M~ was measured by 'H NMR

spectroscopy and in the solid state, the supramolecular packing of the molecular triangles form p- or
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m-helical chains depending on which chiral linker is used, (R,R)- or (S,5)-1,2-transdiaminocyclohexane
respectively. The assembly of 1D helical chains of 1751;™ is enabled by intermolecular 7 - -7 interactions
between adjacent macrocycles. Such aromatic interactions are ‘turned on’ upon incorporation of an
electron-rich guest within the cavity of the macrocycle, with no 7---m interactions observed in the
absence of I;.'> Although, subsequent crystal engineering of NDI based macrocycle 17 at a range of
concentrations in MeCN did show different supramolecular packing into a honeycomb and hexagonal
pattern of nanotube like structures via n---w and C-H:--O interactions with encapsulated diethyl ether

anti-solvent molecules in the cavity of the molecular triangle.'3®

Figure 1.18 Host—guest complex of 175l3~ where encapsulation of the triiodide anion (a) ‘turns on’ 7t -7 interactions between
macrocycles in the unit cell and (b) induces the formation of helical nanotubes where the chirality of the helix is dependent on
the presence of (R,R)- or (S,S)-trans-1,2-diaminocyclohexane in the molecular triangle. Figure replicated and adapted from
reference 125.1%

Alternatively, a range of different supramolecular packing arrangements form when 17 is co-crystallised
with the electron-rich tetrathiafulvalene (TTF) small molecule.'*® Three polymorphs of 175TTF
charge-transfer (CT) cocrystals form depending on the solvents used and the crystallisation method,
e.g., slow evaporation in MeCN, vapour diffusion of hexane into CHCl; and either vapour diffusion of
diethylether or hexane into a CH>Cl, solution or slow evaporation of a CH,Cl, solution. The single
crystal grown in MeCN contains dimers of 17 that form on account of C-H---O interactions with a
disordered bridging TTF molecule encapsulated within the cavity of both macrocycles. The
encapsulation of the TTF molecule within the macrocycle is enabled by face-to-face m---m and
end-to-face S---m interactions between the TTF molecule and the cyclic aromatic homoconjugated
electron-deficient n-surface in the cavity. Outside of the cavity of the macrocycle, the two molecular
triangle units interact with a further two TTF molecules each with the third NDI surface interacting via
n-- -1 contacts with an adjacent molecule of 17. The various intermolecular contacts between triangle
molecules and triangle and TTF molecules leads to the formation of a 2D network of CT interactions

(Figure 1.19a)."38

Conversely, when 17 is co-crystallised with TTF in halogenated solvents (CHCl; and CH,Cl,), the
electron-rich molecule is unable to fill the cavity of the macrocycle as it faces competition with solvent
molecules which can interact via Cl-- & contacts between solvent and the through-space conjugated
n-surface. In the crystal structure with encapsulated CHCl; molecules, there are two macrocycles in the

unit cell, rotated by 60° to maximise intermolecular C-H- - -O interactions and allowing for the formation
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of supramolecular nanotubes. The two triangle molecules in the dimer represent two layers of ordered
structure in the supramolecular packing in the single crystal. In one of the layers, each of the 17
macrocycles interact with three TTF molecules through n-- - contacts with the NDI surface as well as
C-H---m interactions between the cyclohexane protons of the molecular triangle and the TTF guest
(Figure 1.19b and d). The regular pattern of the layer is also facilitated by CI---S interactions between
CHCI; and TTF molecules. Whereas in the second layer, the triangle molecules interact with CHCl;
molecules (via Cl---m interactions) only with no involvement of TTF molecules. The solvent molecules
present in this second layer are also interacting with each other through CI---Cl interactions to provide
additional order to the layer through the formation of a hexagonal grid of solvent. In both of the layers
of the crystal described above, the macrocycles are assembled in a vertex to edge manner which leads
to a tiling effect of the molecular triangles.'*® A slightly different scenario is observed when the cavity
of the macrocycle is filled with a CH>Cl, solvent molecule (single crystals grown either by vapour
diffusion of Et,O or hexane or slow evaporation of CH>Cl, solutions). As has been observed in other
crystal structures of 17, the macrocycles interact via complementary C-H---O contacts to form 1D
channels of supramolecular nanotubes. Furthermore, the unit cell contains a single molecular triangle
with an encapsulated CH,Cl, molecule inside the cavity and three external TTF molecules that
coordinate with the macrocycle through =n---m interactions. The packing within the crystal structure is
assisted by additional S---S interactions between TTF units in addition to the occurrence of - 7w
interactions between macrocycle and small molecule. These S-S interactions between TTF molecules
occur in a cyclic manner to form a triangular structure which is similar in size to a 17 molecular triangle
and subsequently leads to a tessellated pattern of molecular triangles and coordinated TTF

supramolecular triangles (Figure 1.19¢ and ¢).!*®
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Figure 1.19 Supramolecular tessellation in the solid state of 17 with TTF in (a) MeCN, (b) CHClIs and (c) CH2Cl2. General
schematics of the 2D pattern of 17 and TTF in (d) CHClIs and (e) CH2Cl2. (f) Structure of tetrathiafulvalene (TTF). Figure
replicated and adapted from reference 138.13
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The co-crystals between 17 and TTF discussed earlier were prepared to investigate the potential
application of the CT interactions between the electron deficient, cyclic aromatic homoconjugated
n-surface and the electron-rich donor for charge and electron transport in organic semiconductor
devices.'*® Other co-crystals of molecular triangles have been prepared via D-A n--*m interactions
between electron-rich aromatic donors (coronene (Cor)),!**!*! 9,10-dichloroanthracene (DCA)'** or
1-chloronapthalene (CN)'*?) and electron-deficient 17 for non-linear optical applications. These

140.142 present similar structural features as discussed for 17o5TTF!*® where complementary

co-crystals
C-H:---O interactions between molecular triangles at 60° rotations to form 1D channels of acceptor
macrocycles and donors in 17oCor,'*° 175DCA'? and 17oCN.!** In the solid state, coronene prefers
to assemble with macrocycle 17 through face-to-face n---m interactions with the crystals emitting red
light under a fluorescent microscope, compared with green emission from the respective donor or
acceptor crystals alone and confirmed by fluorescence spectroscopy. Furthermore, the 17>Cor
co-crystals also exhibited greater two-photon absorption compared with the individual donor or
acceptor crystals on account of the m-orbital overlap between the coronene donor and molecular triangle
acceptor facilitating electron delocalisation and subsequent supramolecular electronic polarisation. 140-14!
In a similar manner to 175Cor, D-A co-crystals (17oDCA and 17o5CN) exhibit red-shifted emission
(red and yellow luminescence respectively) compared with crystals containing the individual D or A
components. The supramolecular packing of 175DCA forms a hexagonal superstructure with each
DCA donor molecule interacting with two macrocycles of 17 through #n---w, Cl--*w and Cl---H-C
contacts. Conversely, 17D5CN, forms a vertex-to-edge tiling superstructure which is enabled by -7
and C-H- -7 interactions between NDI-based molecular triangle 17 and 1-chloronaphthalene. The red
and yellow emission of 175DCA and 175CN respectively in co-crystals are replicated in their
crystalline thin films. As a result of stronger binding between macrocycle 17 with CN than DCA, upon
exposure of 17oDCA with solvent vapour of CN, the emission colour changes from red to yellow
representing the formation of co-crystals of 175CN with the transformation being reversible. The
co-crystals also exhibited two-photon absorption and excited fluorescence which combined with the

possible interconversion between 175DCA and 175CN could allow for application as a non-linear

optical switch with dual-colour emission.'*

The inherent properties of the redox-active nature of NDI and PMDI based molecular triangles 17 and
16 respectively have allowed them to be utilised as cathodic materials in lithium-ion batteries, taking
advantage of the high number of accessible reduced states (up to six electron reductions) for such
relatively small molecules. Such properties include (i) the cyclic aromatic homoconjugation enabling
the efficient delocalisation of electrons around the macrocycle, (ii) the porous nature of the molecular
triangle allowing for the diffusion of Li" ions and (iii) decreased solubility in battery solvents providing
the electrode increased stability.!?*126143 The molecular triangles maintain a high capacity performance

after a large number of cycles, e.g., after 300 cycles at a current rate of 10 C, 17 maintains a performance
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of 71.1 mAh g' compared with a theoretical maximum capacity of 154.8 mAh g' (46%). The
exceptional performance of 17 in Li-ion batteries shows a considerable improvement compared with
the acyclic, monomeric NDI reference compound (20) which exhibits a rapid loss of discharge capacity
(mAh g ') with the majority of the capacity lost after 10 cycles at a current rate of 1 C.'* Similarly, the
PMDI based molecular triangle 16, exhibits exceptional performance compared with the analogous
monomeric reference compound, 19. The initial capacity of macrocycle 16 was calculated to be 163
mAh g which reduced to 86 mAh g (64%) after 50 cycles at a current rate of 5 C. The high solubility
of the acyclic monomer 19 means it has poor performance in cathodic materials with the discharge

capacity reduced to less than 10 mAh g! (from an initial capacity of 94 mAh g!).!%

Upon chemical reduction of molecular triangle 17 with one equivalent of cobaltocene (CoCpz), the
mono-radical anion ([17]) was formed and studies of the free radical through cw-EPR and cw-ENDOR
experiments confirmed the delocalisation of electrons around the macrocycle via cyclic aromatic
homoconjugation.'?> Mono-radical anions of 17 in the crystalline solid state formed electrochemically
(with a range of electrolytes: RbeClO4,'* NH4ClO4,'* TBAC104%'%7 and MePy+PFs'#) have been
shown to assemble into a packing structure that resembles the elusive K4 polymorph of carbon via
supramolecular intermolecular 7---7 interactions between macrocycles. Further electrochemical
preparations of the mono-radical anion of 17 where the free electron is delocalised around the
macrocycle in the presence of multidentate ligands (18-crown-6, 15-crown-5 and 2,2,2-cryptand) and
electrolyte salts (Na*ClO4, K*ClO4, Rb*ClO4 and Cs*ClO4) revealed cubic or tetragonal space groups
with extensive supramolecular packing.'*® Consequently, upon further reduction to the tris-radical anion
([17]>") which was confirmed by X-ray crystallography, a doublet spin state is observed at 7 K which
then transitions to a quartet state above 15 K. Further studies by EPR spectroscopy and of magnetic
susceptibility confirm an antiferromagnetic intramolecular superexchange in the tris-radical anion via

three cobaltocenium counter anions as well as the tris-radical anion exhibiting spin frustration.'*

Thus far, the influence of electron delocalisation via cyclic aromatic homoconjugation on the structural
and optoelectronic properties of rigid, shape-persistent molecular triangles has been shown.
Furthermore, the ability of the electron-deficient through-space conjugated macrocycles to interact with
solvents and electron-rich guests to (i) enable supramolecular packing into nanotubes or tessellated 2D
nanosheets and (ii) to form D—A charge-transfer complexes to access optically active two-photon
absorption and dual-emissive materials has been discussed. The redox-active nature of the molecular
triangles to accept electrons has also prompted their study as cathodic materials in Li-ion batteries

alongside characterisation of the radical-anion reduced states.

1.4. CORE-FUNCTIONALISED AROMATIC DIIMIDES

Molecular triangles have been known for over 20 years since the seminal synthesis of the PMDI based

macrocycle 16 by Gawronski et al.'" in 2002. Subsequently, it has been shown that cyclic aromatic
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homoconjugation around the macrocycle imparts attractive structural and optoelectronic properties in
the molecular triangles for potential applications in optical devices and lithium-ion batteries. Despite
the extensive study of the properties of molecular triangles, the influence of core-functionalisation of
ADI faces in the macrocycles has only recently begun to be explored.'*® Although the PDI based
molecular triangle 18 contained 12 phenoxy-substituents on the aromatic core (four substituents per
ADI face), this was to improve the solubility of the macrocycle and the effect of the functionalisation

on the properties of the compound was not investigated.'?’

The lack of exploration of core-functionalised molecular triangles is surprising given that
core-substituted ADISs, in particular NDIs and PDIs, have been extensively studied and reviewed in the
literature. '3!3 Core-functionalisation of NDIs and PDIs usually begins with the halogenation of the
aromatic core of the parent anhydride which can then be converted to diimides by condensation with a
wide range of amines.'*® The presence of the aromatic C-X (X = Cl or Br) bonds allows for the access
of a large scope of products through various reaction types including (i) nucleophilic substitution
(SnAT),'57158 (i) Buchwald-Hartwig!® and (iii) Suzuki-Miyaura'®®!'¢! couplings (Figure 1.20). Upon the
addition of electron-donating or -withdrawing substituents to the aromatic core in NDIs or PDIs the
optoelectronic properties can be tuned to vary the absorption and emission wavelengths and reduction

potentials of the two-electron acceptors.'¢?
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Figure 1.20 Examples of the synthesis of core-functionalised ADlIs including (a) SnAr of NDI 34,8 (b) Suzuki-Miyaura
coupling of PDI 36 and (c) Buchwald—Hartwig coupling of NDI 38.1%°
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Although NDIs are not inherently luminescent, their emission can be ‘turned on’ upon
core-functionalisation of the electron-deficient m-surface with electron-rich alkylamines or alkoxy
substituents.'®® Furthermore, the emission of NDIs can be tuned towards delayed fluorescence (DF) and
room-temperature phosphorescence (RTP) upon core-functionalisation with electron-rich carbazoles in
40 and 41 (Figure 1.21a and b), where the D—A interaction with the electron-deficient n-surface allows
for triplet harvesting by narrowing the energy gap between the singlet and triplet excited states.!'®*
Alternatively, core-functionalisation with two N-benzyl-4-aminopiperidine substituents 42
(Figure 1.21c¢) enables the NDI based small molecule to be used as a pH sensor where the emission is
sensitive to the presence of H' cations on account of the protonation of the piperidine nitrogen in 43.
The emission is blue-shifted in the protonated form with increased quantum yield compared with the
neutral form with interconversion between the two states being reversible upon addition of
trifluoroacetic acid and triethylamine respectively.'% The redox-active nature of electron-deficient NDI
small molecules to accept electrons makes them attractive materials for charge transport in organic
semiconductors (OSCs). Furthermore, the ability to tune the energies of the frontier molecular orbitals
of NDIs through functionalisation of the aromatic core can improve the air stability of the compounds
in the anionic state. Most commonly, NDIs are utilised as n-type materials on account of the transport
of electrons being favourable via the electron-deficient m-surface which can be enhanced through
core-functionalisation with electron-withdrawing substituents, e.g. 2-(1,3-dithiol-2-ylidene)malonitrile
moieties in 44 (Figure 1.21¢).'*® However, when the naphthalene core is fused with electron-rich
carbazole donors in 45 (Figure 1.21d), the charge transport can be tuned towards the movement of holes
in p-type OSCs. The inclusion of bulky 1,3-diisopropylaniline end-groups prevent cofacial 7 -7
interactions of the m-surfaces, with intermolecular slip-stacked interactions between carbazole donors

on adjacent NDI molecules promoting transport of holes. %
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Figure 1.21 Examples of core-functionalised NDIs substituted with (a) carbazole'®* and (b) phenyl carbazole for DF and RTP
emission,'®* (c) piperidine derivatives for use as fluorescent pH sensors,'®® (d) 2-(1,3-dithiol-2-ylidene)malonitrile for use as
an n-type OSC% and (e) fused carbazole for p-type OSCs.166
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In addition to influencing the optoelectronic properties, core-functionalisation of NDIs and PDIs can be
used to tune the supramolecular assembly of the compounds. The inclusion of methoxytriethylene
glycol chains on aromatic core-substituents in 46 induces supramolecular assembly of the NDIs into
spherical vesicles which were observed by transmission electron microscopy and confirmed by dynamic
light scattering to have an average size of 90 nm (Figure 1.22a).'%” Furthermore, the aggregation of
NDIs was tuned by inverting alkyl and peptide functionality in N-substituted end-group and aromatic
core-substituents in 47 and 48 (Figure 1.22b). When the peptide-based substituent is located on the
aromatic core and N-alkyl imide end-group, m-- -7 interactions are dominant to form an H-aggregated
state in n-hexane. Whereas when the substituents are inverted with N-peptide imide end-groups and
alkylated aromatic core, intermolecular hydrogen-bonding between amino acids is preferred towards a
J-aggregated state in n-hexane.'®® Core-functionalisation of PDIs has also been shown to enable
dimerisation as shown earlier in Section 1.2 by Penty et al.>® where click reactions were used to generate
macrocycle 7 (Figure 1.5). Alternatively, Ball ef al.'® used a Stille reaction to synthesise a through-bond
conjugated PDI dimer 49, where the helicity of the perylene aromatic core means that a mixture of
interconvertible (R,R), (S,5) and (S,R) conformations are isolated. These conformers can interconvert at
room temperature and the authors showed that a pure sample of the (S,S) isomer interconverted to the

equilibrium mixture with the (R,R) isomer and achiral (S,R) forms within two hours.'®
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Figure 1.22 Structure of core-functionalised NDIs to influence the supramolecular assembly into (a) spherical vesicles (46)67
and (b) H-aggregates (47) and J-aggregates (48).1%8 (c) Core-functionalisation of PDI to generate a through-bond conjugated
macrocycle 49 in (R,R), (S,R) and (S,S) conformations.'® Figures reproduced from References 167, 168 and 169,167-169
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Although dimerisation via core-functionalisation has been shown in PDI dimers, macrocyclisation is
more commonly achieved through end-group substitution for example in the NDI dimer 6 which
exhibited cofacial w-orbital overlap.>? Macrocycles containing two or more PMDI units have also been
synthesised by end-group substitution e.g. 50—54. The presence of core-halogenated PMDI faces in
these dimers and trimers provides functional handles via cross-coupling reactions towards carbon
nanotube like structures, where the oligomerisation could be capped by the macrocycles containing
asymmetric mono-functionalised PMDI units. Indeed, the core-brominated macrocycles have been
n-extended via Sonogashira coupling with phenylethynyl substituents to provide a proof-of-concept
towards future carbon nanotube like structures (Figure 1.23a).!7°172 The PMDI trimers, 51-53, bear a
resemblance to the rigid shape-persistent molecular triangle 16, which until recently, no

150 presented the first

core-functionalised analogues of had been prepared. In 2023, Wang and Zhao
example of a core-functionalised, cyclic aromatic homoconjugated PMDI based molecular triangle
through the addition of six bromine atoms, 55 (Figure 1.23b). They showed that core-bromination of
the PMDI based molecular triangle influences the supramolecular assembly of the macrocycle to form
a crystalline, porous hydrogen-bonded organic framework which can be reversibly converted to and
from its amorphous form upon the removal and addition of solvent molecules.!* Apart from the
influence of core-bromination on the supramolecular assembly of the molecular triangle in the solid
state, no other properties or applications of the functionalised macrocycle were explored which is

despite the wide range of properties and applications that have been studied for both unsubstituted

molecular triangles and core-functionalised ADIs discussed in this Chapter.
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Figure 1.23 (a) Examples of core-functionalised PMDI macrocycles 50-54 through end-group linkages*’®*72 and (b) PMDI
based molecular triangle 16112 and its core-brominated derivative 55.1%
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1.5. OVERVIEW

As discussed in this Chapter, cyclic aromatic homoconjugation in molecular triangles comprised of
aromatic diimides (ADIs) provides the macrocycles with a vast array of structural and optoelectronic
properties. It is surprising therefore that until 2023, the influence of core-functionalisation of the ADI
faces in molecular triangles had not been explored, despite substitution of the aromatic core being
shown to also affect the structural and optoelectronic properties of the small molecules. Therefore, it
was envisioned that the n-electronics of cyclic aromatic homoconjugated molecular triangles could be
tuned through the introduction of either electron-withdrawing or -donating substituents to the aromatic

core of the ADI faces in the macrocycle.

In Chapter 2, the first report of a core-substituted PMDI-based molecule triangle (55) by Wang and
Zhao'* is discussed and the structural and optoelectronic properties of the core-brominated macrocycle
is investigated in addition to further post-synthetic functionalisation to yield a hexa-arylated molecular
triangle. The core-functionalised molecular triangles (Figure 1.24) synthesised and studied in Chapter
2 present the first steps towards triangular nanoprisms of covalently bonded molecular triangles. The
functionalisation of the PMDI based molecular triangle in this and future Chapters is selected on account
of its reduced number of sites for aromatic substitution providing greater selectivity compared with the
analogous NDI and PDI macrocycles. In Chapter 3, analogous tris-brominated and -arylated molecular
triangles (Figure 1.24) are presented which exist as a mixture of atropisomers. Consequently, the role
of the electron-deficient cyclic aromatic homoconjugated w-surface in the cavity of the macrocycle

through intra- and intermolecular halogen- - ‘& interactions is investigated.

N

o) Ar 9] { 00 o)
O°~ O OO
6Br D Ar= AQ 3Br O

6Ar

°o
Do
Oc:l

Figure 1.24 Structures of core-functionalised PMDI based molecular triangles synthesised and studied in this Thesis.

Chapter 4 discusses the influence of core-functionalisation of molecular triangles on the solution- and
solid-state luminescent properties of the macrocycles. Furthermore, synthetic efforts to pursue
core-hydroxylated molecular triangles are presented to access their potential as luminescent compounds
through excited-state intramolecular proton transfer. Lastly, in Chapter 5, the potential application of
core-functionalised molecular triangles as n-type organic semiconducting materials is discussed through
the fabrication and electrochemical reduction of macrocyclic thin films. Additionally, the potential of
an electron-deficient hexa-brominated molecular triangle as a dopant for electron-rich p-type polymers

as bulk heterojunctions in photovoltaic cells is investigated. This Thesis expands the scope of molecular
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triangles through the core-functionalisation of the PMDI core with three or six bromine atoms and
3,5-dimethylbenzene groups. Thus, synthetic methods for progress towards triangular nanoprisms of
covalently bonded molecular triangles are provided in addition to the inherent interesting dynamic

structural and optoelectronic properties of the core-functionalised macrocycles.
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SYNOPSIS

Molecular triangles, composed of three aromatic diimide (ADI) units connected by three chiral (R,R)-
or (S,S)-trans-1,2-diaminocyclohexane linkers, have been developed over the last 22 years and studied
extensively for their ability to (i) act as macrocyclic hosts, (ii) accept electrons and (iii) undergo
supramolecular assembly. More recently, in 2023, a molecular triangle containing core-substitution of
pyromellitic diimide (PMDI) faces with six bromine atoms was synthesised and studied for its
adsorption properties in the solid state where it forms a crystalline hydrogen-bonded framework.
However, the influence of core-bromination of the PMDI based molecular triangle on its host—guest
capabilities and optoelectronic properties were not explored. In this Chapter, an alternative synthesis of
the core-brominated molecular triangle 6Br is presented and subsequently exploited as a functional
handle to introduce new functional groups i.e. six 3,5-dimethylbenzene groups via a Suzuki-Miyaura
cross-coupling reaction to yield a core-arylated macrocycle 6Ar. The structural and optoelectronic
properties of the molecular triangles upon the addition of six electron-withdrawing (6Br) and
electron-donating (6Ar) groups are studied and compared with the unsubstituted molecular triangle 6H.
Analysis of X-ray crystal structures of 6H, 6Br and 6Ar show how core-substitution influences the
supramolecular packing of the macrocycle and the structural properties of the rigid shape-persistent
molecular triangle backbone. In addition, the impact of the introduction of electron-donating
and -withdrawing substituents on the aromatic core of molecular triangles on the energy of the frontier
molecular orbitals (FMOs) is presented by modelling 6H, 6Br and 6Ar with DFT calculations and
studying the compounds by UV-vis spectroscopy and electrochemical experiments. The results of this
Chapter demonstrate an expanded scope of molecular triangles where core-functionalisation can tune
the optoelectronic properties of the macrocycle. The fundamental understanding of the structural and
optoelectronic properties of core-functionalised molecular triangles gained in this Chapter, lead to
further studies on the host-guest chemistry (Chapter 3) and emission (Chapter 4) of the macrocycles as

well as beginning to explore their application as organic semiconductors (Chapter 5).
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2.1 INTRODUCTION

Electron-deficient, two-electron acceptor aromatic diimides (ADIs), e.g., pyromellitic, naphthalene, and
perylene diimides (PMDI, NDI and PDI), respectively (Figure 2.1a), are attractive functional molecules
for applications in anion-w catalysis,' lithium-ion batteries,” dyes and pigments® and as n-type organic
semiconductors.* Functionalisation of the aromatic core of ADIs is also a useful tool for tuning the
optoelectronic properties of the chromophores,® stabilising the formation of persistent radical anions
and cations,® and influencing the self-assembly of the n-surfaces.” Core-substitution of the smallest ADI,
PMDI, is favourable due to its limited sites of substitution providing greater selectivity for further
functionalisation compared with the larger NDIs and PDIs. The introduction of coordinating atoms or
functional groups (halogen atoms, carboxylic acid groups or pyridine rings) onto the PMDI core allows
the molecule to participate in non-covalent interactions, e.g. intermolecular halogen:--O=C interactions
in compounds 1 and 2% (Figure 2.1b). The ability of core-substituted PMDI molecules to participate in
intermolecular bonding means they can be incorporated into metal-organic frameworks (3)° (Figure

2.1¢) and coordinating networks (4) (Figure 2.1d)."°
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Figure 2.1 (a) Aromatic diimides PMDI, NDI and PDI (generalised R-group). (b) Halogen:--carbonyl interactions in 1 and 28,
PMDI molecules that are core-functionalised with (c) carboxylic acids® and (d) pyridine rings'® to interact with metal ions for
incorporation into metal-organic frameworks and 2D coordination polymers respectively.

The presence of halogen atoms on the PMDI core introduces additional reactivity in the molecule for
core-extension via metal-catalysed cross-couplings (e.g. Ullman'!, Suzuki-Miyaura'? and
Sonogashira'®) (Figures 2.2a—c). The properties of the resulting core-extended PMDI molecules have
been studied showing localisation of polyradicals in oligomer chain 7 maintaining high spin

multiplicity!! and tuning of the aggregation-induced emission of conjugated luminophores, e.g. PMDI
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9.2 Guo and Watson'?® showed that the introduction of electron-rich phenyl-alkyl substituents influenced
the optical properties of the donor-acceptor systems due to lower energy electronic transitions and
narrowing of the band gap. In addition, their DFT models show that the HOMO was delocalised around
the core-substituent with the LUMO residing on the PMDI scaffold 10. Furthermore, metal catalysed
cross-coupling reactions have also been used to synthesise polymers containing core-functionalised
PMDI molecules, e.g. Sonogashira'® (polymer 11) and Stille,'*!5 for applications as n-type organic
semiconductors (OSCs) in photovoltaic devices,'* and field-effect transistors'> and as cathodic materials

for Li- and Na-ion batteries, with favourable interactions between sodium ions and polymer chain.'®
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Figure 2.2 Synthesis of core-extended PMDI molecules via (a) Ullman,** (b) Suzuki-Miyaura!? and (c) Sonogashira®
cross-coupling reactions.
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[=:]

In addition to aromatic core-substitution, variation in the N-position of PMDI small molecules increases
their synthetic versatility and makes them suitable for incorporation into macrocycles for molecular
recognition'” and as precursors towards carbon nanotube like structures such as in compounds 12 and
13 (Figure 2.3a).'82° Despite core-functionalised PMDI small molecules and polymers being studied
extensively for a range of applications, the incorporation of core-substituted PMDI units in the

molecular triangle, e.g. 6H was not achieved until 2023.*!
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Figure 2.3 (a) Macrocycles 12 and 13 containing core-functionalised PMDI units'®2 and (b) PMDI based molecular triangle
6H.

Zhao and Wang?! recently reported the synthesis of a hexa-brominated PMDI-based molecular triangle,
6Br, (Figure 2.4) via a chromatography-free method originally developed by Kim et al.?> for 6H. The
resulting core-halogenated molecular triangle, 6Br, crystallised in non-coordinating THF solvent
forming a hydrogen-bonded organic framework (HOF-1) through C=0---H-C interactions. The porous,
supramolecular crystalline material that formed showed uptake of n-hexane in the pores of the HOF.
The crystallinity of the hexane-soaked HOF was monitored by powder X-ray diffraction (pXRD) whilst
being exposed to air and after 24 hours the structure became disordered due to desolvation. However,
upon soaking in n-hexane again the crystallinity returned with this cycle being repeated up to three
times. These results show a self-repairing mechanism with the crystalline structure reforming upon the
addition of n-hexane after previous collapse of the ordered structure due to desolvation. This result is
significant because no reformation of the crystalline structure upon resolvation of single crystals of 6H
was observed. Furthermore, HOF-1 was used to separate benzene from cyclohexane on account of the
potential for n-- -7 interactions between PMDI side units and the aromatic solvent to lead to favourable
uptake in the cavity of the macrocycles within the crystalline material. Indeed, benzene uptake by the
crystal was around seven times greater than that of cyclohexane with negligible results for the non-

aromatic solvent.?!

This first report of a core-substituted PMDI-based molecular triangle by Zhao and Wang?! explores the
differences in the crystalline properties of the brominated molecular triangle, 6Br, compared with 6H
as well as the potential for reversible uptake and separation of solvent molecules. However, the work
by Zhao and Wang?! does not explore how core-bromination influences the optoelectronic properties of
molecular triangles. For instance, how does the introduction of bromine atoms affect (i) the cyclic
aromatic homoconjugation of molecular triangles, (ii) the electronics and redox-active behaviour of the
macrocycle, (iii) the optical and emissive properties of the chromophores and (iv) the reactivity towards
cross-coupling reagents for post-synthetic functionalisation? These investigations are of interest to

provide a direction for second-generation molecular triangles such as the incorporation of the
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macrocycles in more complex structures such as triangular nanoprisms through oligomerisation. Such
chains of molecular triangles would be attractive due to their electron-deficient channel composed of
the cavities of each macrocycle. Supramolecular interactions have been shown to facilitate the
formation of nanotubes® and tessellated, 2D nanosheets** of the NDI based molecular triangle
(macrocycle 17 c.f- Figure 1.12 vide supra). The decreased solubility of covalently bonded molecular
triangle polymers, coupled with its ability to accept 6n electrons (where n is number of macrocycles)
could provide enhanced stability as cathodic materials in Li-ion batteries for greater capacity

performance.?
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Figure 2.4 (a) Chemical structure, solid state X-ray crystal structure and supramolecular packing of 6Br into the porous
HOF-1. (b) Crystal structure of 6Br with an encapsulated n-hexane molecule in the cavity. (c) Adsorption and separation of
benzene (Bz) from cyclohexane (Cy) via favourable interactions with HOF-1.2! Figure reproduced from reference 21.2!

This Chapter describes the investigations into the effect of core-bromination on the structural and
optoelectronic properties of the molecular triangle through comparison of 6Br with 6H. The
post-synthetic Suzuki—Miyaura cross-coupling of the brominated macrocycle with an aryl boronic acid
is also shown to synthesise a hexa-arylated molecular triangle 6Ar, to make progress towards the overall
goal of triangular nanoprisms. The fundamental experimental and theoretical investigations that are
discussed in this Chapter provide a background for serendipitous discoveries that are explored more
deeply with advanced techniques in later chapters to unravel the consequences of core-substitution on
the structural (Chapter 3) and optical (Chapter 4) properties of molecular triangles towards potential

applications as organic semiconductors (Chapter 5).
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2.2 RESULTS AND DISCUSSION

2.2.1 SYNTHESIS AND CHARACTERISATION

The synthesis of brominated molecular triangle 6Br was achieved by adapting literature procedures in

8.11.22 and (iii) macrocyclisation.?®

a three-step synthesis composed of (i) oxidation,®!!?? (ii) ring-closing
In order to prepare the key brominated PMDA precursor 16, tetramethylbenzene 14 was first oxidised
with excess KMnOys (up to 2.5 equiv. per methyl group) to tetraacid 15 (74%) before the formation of
anhydride 16 (89%) by refluxing in an equal volume mixture of glacial AcOH and Ac,O. Full synthetic
procedures and characterisation can be found in the Supplementary Information (Sections 2.4.2 and

2.43).

NH. ; ‘-
HO & OH OO0 Q ’ ¥ NOON 0
KMnO NH, Br. Br
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Scheme 2.1 Synthesis of brominated molecular triangle 6Br via tetraacid 15 and anhydride 16 precursors.

The condensation reaction of anhydride 16 with (S,S)-trans-1,2-diaminocyclohexane to synthesise
macrocycle 6Br followed an adapted 2002 procedure?® from Gawronski et al. which was originally used
for 6H. Molecular triangle 6Br was isolated following purification using automated column
chromatography (SiO,: 0-100% Me>CO in CH>Cl) in a yield of 11% and characterised using 'H and
3BC NMR spectroscopy and high-resolution mass spectrometry (Supplementary Information, Sections

and 2.4.2 and 2.4.3).

Molecular triangle 6H was also synthesised following the procedure developed by Gawronski et al.
to assist in the characterisation of 6Br. In the "H NMR spectrum of 6H in CDCl; (Figure 2.5a), the
chemical shift for the aromatic proton (H') is represented as a singlet at 8.03 ppm, the cyclohexane
proton adjacent to the imide unit (H*) as a multiplet between 5.23-5.11 ppm and the cyclohexane
protons (H> and H®) as overlapping multiplets in regions between 2.13—1.88 and 1.63—1.51 ppm. The
cyclohexane proton environment adjacent to the diimide (H?) is used as an indicator to confirm
successful condensation of the (S,S)-trans-1,2-diaminocyclohexane linker with the anhydride, as upon
diimide formation, the chemical shift for the proton is more deshielded and moves downfield, to a shift
of around 5 ppm. The aromatic proton (H'!) and cyclohexane proton (H*) have equal integration (6:6),
with protons (H® and H°) integrating to a total of 24 as expected for synthesis for 6H macrocycle with
three PMDI side units and three cyclohexane linkers. The cyclohexane proton environments in the 'H
NMR spectrum, Figure 2.5b, of 6Br is similar to 6H with the peak representing H* between 5.23-5.09
ppm and H® and H° represented by peaks at 2.03—1.88 and 1.58—1.50 ppm. The absence of any aromatic
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proton environments provides further evidence of full functionalisation of the PMDI core of the

macrocycle.
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Figure 2.5 Stacked 'H NMR (400 MHz, CDCls, 298 K) spectra of (a) 6H and (b) 6Br.

Furthermore, the 3*C NMR spectra (Figure 2.6) for the two synthesised macrocycles are similar with
the three cyclohexane carbon environments (4, 5 and 6) present below 60 ppm and the core aromatic
carbon where substitution occurs (1) at 119.08 and 114.7 ppm for 6H and 6Br respectively. The change
in shift of the carbons directly bonded to the hydrogen or bromine atoms shows the influence of
core-substitution on the electronics of the environment, with the presence of heavy halogen atoms
increasing the shielding of the carbon leading to an upfield resonance shift. The carbon environments
for carbons 2 and 3 are split it into two peaks (2 & 2’ and 3 & 3”). The presence of two carbon peaks
despite the symmetric X,PMDI unit (X = H or Br) is due to the helical nature of the macrocycle which
is induced through the use of chiral (S,S)-frans-1,2-diaminocyclohexane linkers with the separate peaks
representing carbon atoms on the same end of the PMDI unit (Figure 2.6). As a result of the inverse
symmetry of the chiral linker at the opposite end of the PMDI unit, the carbon environments for 2 & 2’
and 3 & 3’ are equivalent diagonally across the PMDI face. These symmetry effects of two distinct

carbon environments are also observed for the NDI-based molecular triangle.?’
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Figure 2.6. Stacked '*C NMR (101 MHz, CDCls, 298 K) spectra of (a) 6H and (b) 6Br.

With the brominated molecular triangle 6Br in hand, a Suzuki—Miyaura cross-coupling reaction with
3,5-dimethylbenzene boronic acid was achieved to synthesise a hexa-arylated macrocycle, 6Ar
(Scheme 2.2). Such post-synthetic functionalisation of a core-substituted molecular triangle provides
the potential for covalently bonded macrocycles towards triangular nanoprisms. Successful synthesis
of 6Ar was achieved using 5 mol% catalyst (Pd(OAc).) loading per bromine atom in a yield of 18%
following purification via automated column chromatography (SiO2: 0—100% EtOAc in n-hexane). The
desired product 6Ar was separated from side-products that could include partially arylated molecular

triangles in addition to unreacted boronic acid, triphenylphosphine and triphenylphosphine oxide.
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Scheme 2.2 Synthesis of aryl-substituted molecular triangle 6Ar through a Suzuki—-Miyaura coupling of 3,5-dimethylbenzene
boronic acid with 6Br.

The arylated macrocycle 6Ar was characterised by 'H and '*C NMR spectroscopy (Supplementary
Information, Sections 2.4.2 and 2.4.3) with the aid of 2D NMR spectroscopy techniques (COSY (Figure
S2.10, HMQC (Figure S2.11) and HMBC (Figure S2.12)) to assign proton and carbon environments.
The "H NMR spectrum of 6Ar (Figure 2.7) revealed the diagnostic cyclohexane proton environments
(H*) between 5.00—4.81 that are shifted upfield relative to 6H and 6Br on account of the increased

electron density due to the electron-donating aryl substituents. The cyclohexane proton environments
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between 2.13—1.76 ppm and at 1.34 ppm for H> and H® are observed in similar regions to 6H and 6Br.
In addition, the 3,5-dimethylbenzene protons H® and H'® are separated into two distinct environments
which could be due to the steric crowding and rigid nature of core-substituted aryl groups around the
3D macrocycle. The crystal structure of 6Ar allows for the methyl protons H' and H'" to be
distinguished and discussed below (Section 2.2.2). In the '*C spectrum of 6Ar (Figures S2.8 and S2.9,
Section 2.4.3), carbons 2 and 3 are also split into individual environments similar to 6H and 6Br, on

account of the 3D nature of the core-functionalised molecular triangle.
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Figure 2.7 *C NMR (101 MHz, CDCls, 298 K) spectrum of 6Ar.
Upon increasing the core-functionalisation of the PMDI based molecular triangle from 6H to 6Br to
6Ar, the solubility in polar aprotic solvents increases. Core-substituted molecular triangles 6H and 6Br
are most soluble in chlorinated (dichloromethane and chloroform) and amide based
(N,N-dimethylformamide (DMF), 1-methyl-2-pyrrolidinone (NMP) and N,N-dimethylacetamide
(DMAUC)) solvents. Whereas, upon core-functionalisation with 3,5-dimethylbenzene substituents, the

molecular triangle becomes more readily soluble in more solvents including tetrahydrofuran (THF) and

ethyl acetate.

2.2.2 STRUCTURAL PROPERTIES OF CORE-FUNCTIONALISED MOLECULAR TRIANGLES

Absolute structure confirmation and a resulting study of the solid-state packing of synthesised
compounds 6H, 6Br and 6Ar were achieved through growing single crystals and analysis of crystal
structures obtained through X-ray diffraction. Single crystals were grown via vapour diffusion of a

non-polar solvent (hexane and pentane) into a solution of compound in polar solvent (acetone and
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CH,Cly). Tabulated crystallographic data for all structures are provided in the Supplementary

Information (Section 2.4.4).

A new polymorph of the previously studied literature compound, 6H, was discovered by growing a
single crystal through the vapour diffusion method with hexane into an acetone solution. Previously,
6H has been shown by Gawrofiski et al.?® in 2002 to crystallise with benzene molecules in a P65 space
group (6H:2002, Figure 2.8a), or as shown by Stoddart and coworkers in 2017,%* with two triangle
molecules in an unit cell of space group P1 (1) with NMP solvent molecules (6H:2017, Figure 2.8b).?
Herein, we present a third polymorph of 6H in a monoclinic system with a P2; space group, with two
triangle molecules (6H*Me>CO (1) and 6H*Me,>CO (2)) in the unit cell of the crystal structure (Figure
2.8c). Subsequent Hirschfeld analysis of the P2, unit cell does not reveal any close non-covalent
contacts influencing the supramolecular packing of the macrocycles with Van der Waals interactions

between hydrogen atoms being most common (Figure 2.8.d).

6H-Me,CO (2)

6H:2002 6H:2017

30.04% 14.87%

o
O000ITOX

38.82%

6H-Me,CO(1)

Figure 2.8. Different crystal structure polymorphs of 6H. (a) Supramolecular packing of 6H:2002 in P63 space group with
benzene solvate molecules shown by Gawronski et al.?® (b) Unit cell of 6H:2017 in P1 (1) space group with NMP solvent
molecules as shown by Stoddart and coworkers.?? (c) Monoclinic unit cell of 6H in P21 space group with acetone solvent
inside cavity of macrocycle grown in this study and two triangle molecules (6H (1) and 6H (2)). Hirschfeld analysis of
molecule 6H (1) in monoclinic unit cell with (d) Hirschfeld surface of triangle molecule, (e) the percentage of reciprocal
internal interactions higher than 1% and (f) the accompanying fingerprint plot for all interactions. Cyclohexane protons have
been omitted for clarity.

Two polymorphs of the hexa-brominated triangle 6Br have been discovered depending on whether the
crystal is solvated or not. When a non-coordinating solvent was used to dissolve the macrocycle
(CH2Cl,), a desolvated crystal structure (hexagonal, P63) was obtained with the same framework
structure (Figure S2.16) as reported by Wang and Zhao*' in 2023 and discussed in Section 2.1.

Hirschfeld analysis indicates that Van der Waals interactions and H---O hydrogen bonds contribute to
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the formation of the crystalline HOF structure (Figure S2.17). Conversely, when 6Br was crystallised
with coordinating acetone solvent (6BreMe,CO), a trigonal crystal structure (R32) was found
containing a hexagonal array of triangles forming 1D channels (Figure 2.9). The channels are formed
due to the presence of a crown of acetone molecules with carbonyls facing towards triangle units in
both directions. The C=0 bonds of the acetone molecules are interacting non-covalently with bromine
atoms of the triangle through C=0---Br halogen bonding interactions with two triangle units interacting
cooperatively with one crown of acetone molecules. Furthermore, Hirschfield analysis of the crystal
structure indicates that all interactions between carbonyl groups (C=0) and bromine atoms occur via
halogen bonding between macrocycle and acetone molecules rather than between adjacent molecular

triangle units (Figures S2.14 and S2.15).

1D ‘channels’ stabilised

by
_cea [CH--0] (2.714 A)
. and [C=0O-:-Br]
interactions

\/ 2.808 A

Ly [C=0---Br]  Two triangles interact cooperatively
with a sphere of solvent through

[C=0---Br] interactions

Figure 2.9 (a) Supramolecular packing of 6Br-Me.CO forming a hexagonal array of 1D channels. (b) Two triangle molecules
interact with a crown of acetone molecules with (c) Hirschfield analysis revealing that C=0---Br interactions occur solely
between acetone solvent and triangle molecules.

Two different polymorphs of 6Ar were discovered depending on the crystallisation conditions used and
the quantity of solvated acetone molecules present, 6Ar<2Me;CO and 6Ar<3Me,CO. In both crystal
structures of 6Ar, solvated acetone molecules are present and the 3,5-dimethylbenzene groups are all
twisted away from the PMDI face at dihedral angles between 52.7° and 59.3°, to minimise the steric
hindrance of the bulky substituents. Furthermore, the two 3,5-dimethylbenzene substituted on the same
PMDI unit are twisted in opposite directions. In addition to minimising steric repulsion, the rotation of
3,5-dimethylbenzene substituents positions a methyl group (-CHs) facing towards the n-surface of an
adjacent aryl group prompting potential C-H---& interactions. The donation of electron density from a
methyl group to a m-surface would deshield the methyl protons towards higher shifts in the '"H NMR

spectrum for 6Ar which allows for the assignment of protons H!” and H'” (Figure 2.7). Looking along
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and perpendicular to the macrocyclic cavity, the arylated molecular triangle begins to resemble carbon
nanotube like-structures and thus allows for the visualisation of triangular nanoprisms via the

oligomerisation of the macrocycle units (Figure 2.10).

6Ar-2Me,CO  BAr2Me,CO BAr-3Me,CO  BAr3Me,CO
(Front) (Side) (Front) {Side)

Figure 2.10 X-ray crystal structures of 6Ar with acetone solvent molecules and cyclohexane hydrogens omitted for clarity for
(a) 6Ar-2Me2CO, front view, (b) 6Ar-2Me2CO, side view, (c) 6Ar-3Me2CO, front view and (d) 6Ar+-3Me2CO side view.

The structural parameters of all molecular triangles in the solid-state (cavity distances 1,2 and 3, angles
a, b and ¢ between PMDI-units and bend within PMDI-units, (i—vi)) have been measured using Mercury
software from X-ray crystal structures and shown in Figure 2.11. Measurements were made for each
crystal structure obtained (6H*Me,CO, 6Br-Me,CO, 6Br, 6Ar-2Me,CO and 6Are3Me,CO), where in
the crystal structure of 6H*Me,CO with two triangle molecules present in the unit cell, parameters were
taken for both macrocycles, 6H*Me,CO (1) and 6H*Me,CO (2). These measurements reveal that
core-substitution does not significantly impact the cavity distance between the centre of a PMDI-unit
and opposite cyclohexane linker ranging between 9.26 and 9.80 A in all crystal structures. There is
some variation in distances 1-3 within a molecular triangle however the measured distances are
consistently relatively close. The angles between PMDI-units in the molecular triangles are close to 60°
as would be expected for equilateral triangles with a range of angles between 57.4 and 64.5° in the
crystal structures of 6H, 6Br and 6Ar. Lastly, a slight bend in the PMDI-unit is observed (angles i—vi)

in molecular triangles in the solid-state between 3.2° and 6.5°.

The unit cells for different polymorphs of the triangles contain one or two triangle molecules with
slightly different structural parameters (distances 1, 2 and 3, angles a, b and ¢ and bends i—vi)
highlighting effects of solvent encapsulation. For example, in the unit cell of 6H, there are two
macrocycles with varied distance and angular parameters. This could be due to the presence of acetone
solvent molecules inside the molecular triangles thus impacting the geometry of the structure in the
solid-state. Such variability in structural parameters is also observed in the two crystal structures
obtained for 6Ar in the presence of acetone molecules. Conversely, in the two crystal structures for
6Br, with and without acetone, the structural parameters are symmetrical as would be expected for
equilateral triangles. In the absence of solvent molecules in the unit cell (6Br, Figure 2.11¢e) equal cavity

heights and angles are measured, the bends within the PMDI units do vary on either side of the benzene
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core, although this is repeated throughout the macrocycle. However, for 6BreMe,CO (Figure 2.11d) the
absence of variability in the structural parameters is more surprising given the interacting solvent
molecules. The symmetrical structural parameters could be attributed to supramolecular packing in the

crystal where a ‘crown’ of solvent molecules interacts cooperatively with two macrocycles.
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Figure 2.11 Crystal structures showing (a) structural parameters of general macrocyclic structure for (b) 6HsMe2CO (1), (c)
6H-Me2CO (2), (d) 6BrsMe2CO, (e) 6Br, (f) 6Ar-2Me2CO and (g) 6Ar-3Me2CO.

The structural properties of molecular triangles, 6H, 6Br and 6Ar, in the solid-state (Figure 2.11) were
compared with geometry optimised structures from density functional theory (DFT) calculations at the
B3LYP-D3(BJ)/def2svp/PCM (Solvent = CH,Cl,) level of theory (Figure 2.12). The cavity distances
(1-3) of macrocycles 6H, 6Br and 6Ar in the optimised structures are very similar (within 0.04 A)
which are consistent with the cavity distances measured in X-ray crystal structures for 6H and 6Br
(Figure 2.11.) although more variable distances are observed in the experimental data for 6Ar. The
angles between PMDI-units in the geometry optimised structures of 6H, 6Br and 6Ar are comparable

with experimental values, which are close to the expected 60° for equilateral triangles. Despite the
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optimised structures exhibiting a slight bend in the PMDI-units, the calculated values for 6H and 6Br
(0.9—-1.2°) are smaller compared to the experimental values measured in the solid-state (3.2—6.7°.) The
bends in the PMDI units for geometry optimised 6Ar (1.7—4.3°) are larger compared to the theoretical
values for 6H and 6Br which could be due to the influence of the sterically bulky 3,5-dimethylbenzene
substituents. Furthermore, the bends in PMDI units in the geometry optimised structure for 6Ar are in
a similar range to the experimental data (3.5-5.7°) (Figure 2.11). The dihedral angles between the
3,5-dimethylbenzene substituents and the PMDI core were also measured from the geometry optimised
structure of 6Ar with a variable range (53.4—67.1°) observed which was comparable to the experimental
values (52.7 — 59.3°). In a similar manner to the experimental data, the aryl-substituents are twisted in

the geometry optimised structure of 6Ar to minimise steric repulsion.

The structural parameters that have been measured experimentally in the solid-state through XRD
measurements and theoretically through geometry optimisation DFT calculations are largely in
agreement. However, the experimental values tend to be more variable which can be attributed to the
more complex nature of the single crystals used to measure the experimental values, with other factors
playing an important role including solvation, non-covalent interactions and packing effects. In the DFT
calculations, electronic and steric effects are modelled along with a solvent model. As there are fewer
external factors influencing the structure of the molecular triangle in the calculated structures, less
variability in the structural parameters is observed, although the values are comparable to the

experimental data.
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Figure 2.12 Geometry optimised DFT structures showing (a) structural parameters of general macrocyclic structure for (b)
6H, (c) 6Br, (d) 6Ar. (e) Table showing dihedral angles of 3,5-dimethylbenzene substituents and PMDI core for 6Ar.
(B3LYP-D3(BJ)/def2svp/PCM (Solvent = CH2Cl2).
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2.2.3 OPTOELECTRONIC PROPERTIES OF CORE-FUNCTIONALISED MOLECULAR TRIANGLES

In addition to allowing for the evaluation of the structural features of core-substituted macrocycles,
DFT calculations provided an insight into the electronic structure of molecular triangles 6H, 6Br and
6Ar (Figure 2.13). DFT calculations at the B3LYP-D3(BJ)/def2svp/PCM (Solvent = CH,Cl,) level of
theory were completed, where PCM is the polarisable continuum model which treats the solvent
implicitly as a dielectric continuum medium rather than explicit methods which instead model the
solvent molecules directly. Upon core-bromination of 6H to 6Br, both stabilisation of the LUMO and
destabilisation of the HOMO is observed (HOMO: —7.70 to —7.48 eV and LUMO: -3.42 to -3.65 eV).
These energy level changes lead to a narrowing of the bandgap (£,) from 4.28 eV in 6H to 3.83 eV in
6Br. Furthermore, addition of six electron-donating 3,5-dimethylbenzene groups to the PMDI core of
molecular triangles also influences the electronics of the macrocycle compared to 6H, with a
destabilisation of both the HOMO and LUMO, where the effect on the energy of the HOMO is more
significant than the LUMO leading to a narrower band gap for 6Ar (3.11 eV).

In Figure 2.13, the HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1 and LUMO+2 energy levels are
plotted due to degeneracies seen in the energy levels. In 6H, the HOMO and HOMO-1 are doubly
degenerate (—7.70 eV) with the HOMO-2 0.1 eV lower in energy (—7.80 eV). Similar degeneracy is
observed in the LUMO and LUMO+1, with the energies doubly degenerate (—3.42 eV) and LUMO+2
at —3.32 eV. The same degeneracy of the LUMO and LUMO+1 is observed in 6Br (-3.65 ¢V) with the
LUMO+2 also 0.1 eV higher in energy (-3.55 eV). In contrast to 6H, the HOMO of 6Br is
non-degenerate (Fnomo = —7.48 ¢V), with the slightly lower energy HOMO-1 and HOMO-2 doubly
degenerate (—=7.51 eV). Lastly, the HOMO, HOMO-1 and HOMO-2 of 6Ar are all non-degenerate with
energies of —6.40, —6.47 and —6.53 eV respectively. However, the LUMO and LUMO+1 of 6Ar are
degenerate (—3.29 eV) with the LUMO+2 higher in energy (-3.17 eV).
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Figure 2.13 Energy levels of the HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1 and LUMO+2 for (a) 6H, (b) 6Br and (c)
6Ar, from DFT calculations (B3LYP-D3(BJ)/def2svp/PCM (Solvent = CH2Cl2)). The dotted lines represent the HOMO and
LUMO energy levels of the unsubstituted 6H for comparison.
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In the seminal work by Stoddart and co-workers?’” on the NDI-based macrocycle, a symmetric LUMO
with cyclic aromatic homoconjugation around the macrocycle was observed in the visual depiction of
the theoretically modelled MO. It was hypothesised that through-space conjugation between PMDI
units would also be observed in the MO depictions of molecular triangles 6Br and 6Ar (Figure 2.14).
Interestingly, the symmetric or asymmetric nature of the visual depictions of the frontier molecular
orbitals (HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1 and LUMO+2) correlate with the
degeneracy of the respective energy levels as discussed above. For 6H, 6Br and 6Ar, the LUMO,
LUMO+1 and LUMO+2 reside solely on the PMDI macrocycle core only and not on the
core-substituent. This explains why the doubly degenerate LUMO and LUMO+1, and slightly higher
energy non-degenerate LUMO+2 of 6H are also observed in 6Br and 6Ar. The density of the doubly
degenerate LUMO and LUMO+1 is asymmetric, with aromatic homoconjugation between adjacent
PMDI units observed in a similar manner to that shown by Stoddart and coworkers?’ in the LUMO of
the NDI based molecular triangle. Despite the density of the non-degenerate LUMO+2 being symmetric
no aromatic homoconjugation is observed. Visual depictions of the LUMO, LUMO+1 and LUMO+2
of 6Ar are shown as representative examples in Figure 2.14 (6H and 6Br shown in Supplementary

Information, Section 2.4.6, Figure S2.23).

The symmetry of the visual depictions of the HOMO, HOMO-1 and HOMO-2 of 6H, 6Br and 6Ar
are also correlated with the degeneracy of the respective energy levels, where a doubly degenerate
HOMO, HOMO-1 or HOMO-2 is represented by asymmetric and non-degenerate energy level
symmetric MOs respectively. Notably, the electron density of the MOs resides on both the macrocycle
and core-substituent, either bromine atoms or 3,5-dimethylbenzene groups which explains why the
degeneracy of the HOMO, HOMO-1 and HOMO-2 is different in 6H, 6Br or 6Ar upon
core-bromination or -arylation. Figure 2.14 shows representative examples of the HOMO, HOMO-1
and HOMO-2 from 6Ar from a front and side view (visual depictions for 6H and 6Br shown in

Supplementary Information, Section 2.4.6, Figure S2.23).
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HOMO HOMO+1 HOMO+2
(Front) (Front) (Front)

HOMO HOMO-1 HOMO-2
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Figure 2.14 Visual depictions of the LUMO, LUMO+1 and LUMO+2 and front and side views of HOMO, HOMO-1 and
HOMO-2 of 6Ar. Isovalue = 0.05.

The effect of core-substitution on the electronic structure of molecular triangles was studied in the
absorption spectra of 6H, 6Br and 6Ar in CHCI3, DMF and THF, Figure 2.15. The absorption of ADI
chromophores in molecular triangles typically occurs as a result of n-m* electronic transitions.?® For 6H
and 6Br the n-n* electronic transitions show vibronic fine structure between 310-320 and 350-370 nm
respectively with no significant change in wavelength between CHCI3;, THF and DMF. The red shift of
absorption from 6H to 6Br is further extended to longer wavelengths for 6Ar. A broad absorption peak
at 390 nm (CHCIl; and DMF) and 380 nm (THF) is observed for the n-n* electronic transition of 6Ar.
Furthermore, an additional n-* electronic transition for 6Ar is observed at 295 nm (CHCI3; and DMF)
and 290 nm in THF. The featureless nature of the absorptions for 6Ar is due to the population of a
greater number of vibrational energy levels in 6Ar on account of the 3,5-dimethylbenzene substituents
that are able to rotate in solution. Whereas, in the shape-persistent molecular triangles, 6H and 6Br,
where the PMDI core is substituted with hydrogen or bromine atoms, there is increased rigidity in the
absence of the flexible aryl groups. Excited state TD-DFT calculations could be completed in the future

to potentially confirm the electronic transitions related to each absorption peak.
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Figure 2.15 UV-vis spectra of 6H, 6Br and 6Ar (25 uM) in (a) CHCIs, (b) DMF and (c) THF.

The optical bandgap for 6H, 6Br and 6Ar was calculated experimentally using the onset wavelength of
the lowest energy transition in the absorption spectra in THF. A red shift in absorption for the n-n*
electronic transition was observed from 6H to 6Br to 6Ar, thus giving optical bandgaps (Egopt) of 3.68,
3.25and 2.76 eV respectively. The trend of decreasing bandgaps upon core-bromination and subsequent
arylation is in agreement with the bandgaps calculated by DFT calculations (4.28, 3.83 and 3.11 eV for

6H, 6Br and 6Ar respectively), although the theoretical values are greater in magnitude.

UV-vis spectra of molecular triangles 6H, 6Br and 6Ar were also recorded in CH,Cl, at a range of
concentrations (Figure S2.20-22, Section 2.4.5, Supplementary Information). Using the Beer-Lambert
law, the molar absorption coefficient was calculated at the Amax, giving values of 5830, 10700 and
35600 M cm™! for 6H, 6Br and 6Ar respectively. Core-bromination (6Br) and subsequent arylation
(6Ar) increases the molar absorptivity of the molecular triangles two- and six-fold respectively
compared with the unsubstituted macrocycle (6H). This was visually observed with 6Ar being a bright
yellow solid and forming relatively intense yellow solutions whereas 6H and 6Br are white, and
pale-yellow solids respectively. The greater extinction coefficient of core-functionalised molecular
triangles, 6Br and 6Ar compared with 6H indicates that the n-n* electronic transitions are more
populated. The influence of bromine and 3,5-dimethylbenzene substituents on the transition dipole
moment and thus the extinction coefficient could be as a result of vibronic coupling of the electronic

states leading to the relaxation of selection rules for absorption. 252

DFT calculations revealed that changes in core-substituent on molecular triangles affect the MO energy
levels with 6Br stabilising and 6Ar destabilising the LUMO energy respectively. As molecular triangles
are six-electron acceptors due to the presence of three PMDI two-electron acceptors units, the LUMO
energy levels of 6H, 6Br and 6Ar were calculated from experimental cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) data (Figure 2.16). The voltage at which each PMDI unit is
reduced depends on the energy of the LUMO and thus the nature of the core-substituent
(electron-donating or -withdrawing). Therefore, based on the DFT calculated energy levels, it was
hypothesised that 6Br (Erumo = —3.65 eV) and 6Ar (ELumo = —3.29 eV) would be reduced at the least
and most negative potentials respectively. The hypothesis was indeed observed experimentally via CV

and DPV with the first reduction occurring at —0.47, —0.78 and —0.84 V vs Ag/AgCl1 (CV) (Figure 2.16a)
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and —0.485, —0.760 and —0.805 V vs Ag/AgCl (DPV) (Figure 2.16b) for 6Br, 6H and 6Ar respectively.
Furthermore, experimental LUMO energies were calculated from the cyclic voltammograms for 6H,
6Br and 6Ar as —3.65, —3.94 and —3.60 eV respectively. The trend of the decrease in energy of the
LUMO from 6Ar to 6H to 6Br is consistent with the DFT calculations, although the theoretical values

are all between 0.23—0.31 eV higher in energy.
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Figure 2.16 (a) CV and (b) DPV of 6H, 6Br and 6Ar in anhydrous, degassed THF (1 mM) with TBAPFs (0.1 M) as supporting
electrolyte.

As discussed in Chapter 1, evidence for cyclic aromatic homoconjugation in molecular triangles can be
shown using CV and DPV, where electronic communication between overlapping m-orbitals leads to
the occurrence of six single-electron reductions, as opposed to two, three-electron processes. Indeed, in
the cyclic voltammograms (Figure 2.16a), the first reduction of each PMDI unit in 6Br and 6Ar are
split into three peaks, whereas the lack of well-resolved peak splitting for the subsequent second
reduction of 6Ar can be attributed to the slow kinetics of charge transfer at the electrode.?? The cyclic
voltammogram of 6Br was measured at a scan rate of 100 mV s™' (10 mV s™! for 6H and 6Ar), with
resolution of six accessible reduced states evidence for cyclic aromatic homoconjugation in the
macrocycle. In the cyclic voltammogram of 6H, the first reduction of each PMDI unit was split into
two peaks with the second reduction showing three single-electron processes. The differential pulse
voltammograms provided further evidence of electron delocalisation around the molecular triangles.
The area under a peak in the voltammogram in DPV represents the number of electrons in a
redox-process, and as such the first reductions observed for 6Br and 6Ar show three relatively equal
height reductions which could therefore be single-electron processes. This would indicate that the more
intense peak in the differential pulse voltammogram at —0.760 eV for 6H could represent two
overlapping single-electron reduction processes. Furthermore, the broader peaks at more negative
potentials (<—1.29 eV) for 6H, 6Br and 6Ar could also represent three successive overlapping one-

electron reduction processes.
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Table 2.1 shows experimental values that can be obtained from absorption spectroscopy (Amax (nm),
e M ecm™) and Egop (€V)) and CV (E12 (eV) and ELumo (€V)) with comparisons to theoretical MO
energy levels. Using the experimental band gap (F,op) and LUMO, experimental estimation of the
HOMO energy levels was calculated, with the values showing the same trend as in DFT calculations of
successive destabilisation of the MO upon core-substitution from 6H to 6Br to 6Ar.

Table 2.1 Experimental and theoretical values from UV-vis

spectroscopy, cyclic voltammetry and DFT calculations for
molecular triangles 6H, 6Br and 6Ar.

6H 6Br 6Ar

@ Amax / Nm 320 368 302
be/MTcm™? 5830 10700 35600
¢Egopt/ €V 3.68 3.25 2.76
YE1p IV -0.72 -0.42 -0.78

¢ ELumo (CV) / eV -3.65 -3.94 -3.60
T Eromo (Exp) / eV -7.33 -7.19 —6.36
9 ELumo (DFT) / eV -3.42 -3.65 -3.29
9 Evomo (DFT) / eV -7.70 —-7.48 -6.40
9Egprr / €V 4.28 3.83 3.11

aWavelength of maximum absorption in CH2Clz. "Molar absorption coefficient in CH2Clz calculated at the Amax. “Optical
bandgap measured through onset wavelength of lowest energy transition in UV-vis spectrum of compound in THF. ‘Half wave
potential of first reductions of compounds in THF (V vs Ag/AgCl). °The LUMO energy level was calculated form the onset of
the first reduction potential in CV, using the equation ELumo = [—e[Eonset, red —0.50 + 4.8] eV, where the oxidation potential of
Fc/Fc* against Ag/AgCl in THF with TBAPF¢ was found to be 0.50 V and 4.8 eV is the energy level of ferrocene below the
vacuaum  level.  Calculated from  Enomo = Etumo —  FEgop.  £Values from DFT  calculations
B3LYP-D3(BJ)/def2svp/PCM(solvent = CH2Cly)).

Following successful characterisation of the electronic structure of the neutral states of 6H, 6Br and
6Ar by UV-vis spectroscopy, the electronic structure of the reduced states of 6H and 6Br using
spectroelectrochemistry and chemical reduction were studied (Figure 2.17). Upon electrochemical
reduction of the molecular triangles by the application of a potential (0 to —2.0 V), a new set of
red-shifted peaks formed at 669 and 713 nm and 637 and 679 nm representing the formation of
tris-radical anions [6H]*"~ and [6Br]*" respectively. Upon further reduction, these two peaks decrease
in intensity, with two additional higher energy peaks forming at 526 and 555 nm for [6H]®.
Unfortunately, the hexa-anion of the brominated macrocycle, [6Br]®” was not observed. The inability
to observe [6Br]® could have been as a result of the increased reactivity of electron-deficient 6Br in

the electron-rich DMF solvent as discussed in Chapter 4.
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Figure 2.17 Spectroelectrochemical data of () 6H and (b) 6Br generated by electrochemical reduction using CV (0 to —2.0 V)
in anhydrous, degassed DMF (1 mM) with TBAPF¢ (0.1 M) as supporting electrolyte.

As the hexa-anion of 6Br was unable to be generated using spectroelectrochemistry, chemical reduction
of 6H and 6Br with decamethyl cobaltocene (CoCp*,) was carried out with the reduced states studied
using UV-vis spectroscopy (Figure 2.18). Upon the addition of up to three equivalents of CoCp*; two
new lower energy peaks were present at 665 and 715 nm and 640 and 680 nm representing tris-radical
anions [6H]*"~ and [6Br]* respectively. The wavelengths of these new species match the peaks for the
tris-radical anions [6H]*~ and [6Br]*"~ generated using spectroelectrochemistry (Figure 2.17). To prove
that the new species formed were indeed the tris-radical anions, the solutions were studied with
electroparamagnetic resonance (EPR) spectroscopy (Figure 2.18a and c (inset)). A signal was observed
in response to the change in the magnetic field, providing evidence for the presence of free radical
species e.g. [6H]*"~ and [6Br]*. The subsequent addition of an excess of CoCp*; initiated a decrease
in intensity of the peaks at 665 and 710 nm and 640 and 680 nm for the tris-radical anions and new
broad peaks formed at 545 and 550 nm representing the hexa-anions, [6H]* and [6Br]®. This is in
agreement with the absorption spectrum of 6H upon reduction after applying a potential (Figure 2.17).
Two well-resolved peaks for [6H]® are present upon electrochemical reduction (Figure 2.17a), whereas
the resolution of the peaks is absent in the absorption spectrum for the chemically reduced sample, with
a broad featureless absorption observed instead. The colour change upon chemical reduction would be
useful for the characterisation of the radical anion and hexa-anion states. However, the dark purple
colour of the CoCp*; reductant in DMF masked any colour change upon chemical reduction of the

molecular triangle.
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Figure 2.18 UV-vis spectra of reduced states of (a) 6H (0 — 3 eq. CoCp*2), (b) 6H (0 — > 10 eq. CoCp*2), (c) 6Br (0 — 3 eq.
CoCp*2) and (d) 6Br (0 — > 10 eq. CoCp*2) generated by chemical reduction with CoCp*2 in DMF. Inset: EPR spectra of
tris-radical anions of (a) 6H and (c) 6Br.

2.3 CONCLUSIONS

This Chapter detailed the synthesis and comprehensive structural, electronic and electrochemical
analysis of three PMDI based molecular triangles, functionalised at the aromatic core with hydrogen
atoms (6H), bromides (6Br) or bulky aryl (6Ar) substituents to understand the fundamental impact of
these structural modifications. Molecular triangles, 6H and 6Br, were previously known in the

212226 \whereas the novel synthesis of 6Ar was achieved by reacting 6Br with

literature,
3,5-dimethylbenzene boronic acid via a Suzuki-Miyaura coupling reaction. It was found that in the
crystalline solid-state, 6Br interacts with a crown of acetone molecules via C-Br---O=C interactions
leading to the formation of a supramolecular, hexagonal array of 1D channels. Whereas the bulky
aryl-substituents in 6Ar are twisted to minimise steric repulsion and maximise van der Waals
interactions. Notably, core-functionalisation of PMDI based molecular triangles does not significantly
influence the structural features of the rigid, shape-persistent macrocycle, with the cavity distance and
angles between XoPMDI (X = H, Br or 3,5-dimethylbenzene) side units being similar in 6H, 6Br and
6Ar as measured experimentally in X-ray crystal structures and theoretically from DFT calculated
geometry optimised models. The influence of core-functionalisation on the energy levels of the frontier
molecular orbitals of 6H, 6Br and 6Ar have been calculated theoretically (DFT calculations) and
experimentally (UV-vis spectroscopy and cyclic voltammetry). The HOMO of 6H is destabilised upon
the introduction of bromide (6Br) and aryl (6Ar) substituents, although more significantly by the latter.
Conversely, the LUMO of the macrocycle is stabilised upon core-bromination (6Br) and slightly
destabilised by the introduction of electron-rich 3,5-dimethylbenzene groups (6Ar). These effects lead
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to a narrowing of the bandgap in both 6Br (3.83 eV (DFT) and 3.25 (UV)) and 6Ar (3.11 eV (DFT)
and 2.76 eV (UV)) compared with 6H (4.28 eV (DFT) and 3.68 eV (UV)). The molar absorption
coefficient of the macrocycles increases upon core-bromination and -arylation, 5830, 10700 and 35600
M cm™ for 6H, 6Br and 6Ar respectively. Furthermore, core-functionalisation of molecular triangles
does not disrupt cyclic aromatic homoconjugation, with electronic communication around the
macrocycles evidenced by the splitting of redox events in CV and DPV showing more than three
accessible reduced states. The electronic structure of the globally reduced states (tris-radical anion and
hexa-anion) of 6H and 6Br were studied by absorption spectroscopy after reduction electrochemically
with an applied voltage and chemically with CoCp*,. These experiments revealed red-shifted peaks
above 600 nm representing [6H]**~ and [6Br]*", with subsequent reduction peaks blue-shifted to around

550 nm for [6H]* and [6Br]®.

Ultimately, this work has shown that core-functionalisation of molecular triangles with
electron-withdrawing and -donating bromide and aryl groups respectively influences the optical and
electrochemical properties which is a direct result of the stabilisation and destabilisation of the FMOs
and subsequent narrowing of the band gap. The tuning of these properties via the core-functionalisation
of molecular triangles could be utilised for application in electronic devices such as n-type organic
semiconductors which is investigated in Chapter 5. Furthermore, the presence of bromide reactive
handles in 6Br allows for post-synthetic functionalisation to expand the class of molecular triangles
even further, beginning with the Suzuki-Miyaura coupling with 3,5-dimethylbenzene to yield 6Ar. This
represents the first step on the journey towards triangular nanoprisms through cross-linking molecular

triangles.
2.4 SUPPLEMENTARY INFORMATION

2.4.1 MATERIALS AND GENERAL METHODS

All chemicals and reagents were purchased from commercial suppliers (Sigma Aldrich, Fisher
Scientific, Alfa Aesar, Fluorochem, Apollo Scientific or Tokyo Chemical Industry) and used without
further purification unless otherwise stated. Anhydrous solvents were obtained from a neutral alumina
Solvent Purification System under nitrogen and stored over activated (>250 °C at 0.01 mbar overnight)

3 A molecular sieves under a dry Ar atmosphere.

Analytical thin-layer chromatography (TLC) was performed on silica gel 60 plates pre-loaded with
F254 indicator (Sigma Aldrich) and visualised under UV light irradiation (254 and 365 nm). Automated
flash column chromatography was performed using a Teledyne ISCO Combiflash NextGen 300+ with
detectors using broad range UV-vis (200—800 nm) and evaporative light scattering (ELS) through N,
gas and loaded on pre-filled Redisep™ Gold cartridges (normal phase: SiO,) by dry loading from
adsorbed celite. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL ECS400D
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spectrometer (working frequency of 400 and 101 MHz for 'H and '*C nuclei respectively). Chemical
shifts () are reported in ppm relative to the signals corresponding to residual non-deuterated solvents
(CDCls: 9y 7.26 ppm, dc 77.16 ppm, (CD3)2SO: du 2.50 ppm, dc 39.52 ppm, (CD3)>CO: du 2.05 ppm,
dc 206.62 ppm, 29.84 ppm). Coupling constants (J) are reported in Hertz (Hz) and 'H multiplicities are
reported in accordance with the following convention: s = singlet, d = doublet, t = triplet, ¢ = quadruplet,
p = pentet, m = multiplet. Assignment of '"H and '*C NMR signals were accomplished with the aid of
DEPT-135 and two-dimensional COSY, HSQC and HMBC NMR spectroscopies. NMR spectra were
processed using MestReNova software, Version 14. High-resolution mass spectrometry (HR-MS) was
completed using a Bruker compact time-of-flight mass spectrometer using an atmospheric-pressure

chemical ionisation (APCI) source.

Diffraction data were collected at 110 K (cooled with liquid N using an Oxford Instruments Cryojet)
on an Oxford Diffraction Supernova diffractometer (CuKo A = 1.54184 A) using a Cannon EOS CCD
camera. A suitable crystal was selected and mounted (oil on 100 um mount) on a SuperNova Dual, Cu
at home/near, Eos diffractometer. Diffractometer control, data collection, initial unit cell determination,
frame integration and unit cell refinement were carried out with ‘CrysAlisPro’.*° Face-indexed
absorption corrections were applied using spherical harmonics implemented in SCALE3 ABSPACK
scaling algorithm.’! OLEX2 was used for overall structure solution, refinement and preparation of
computer graphics and publication data.’> Within OLEX2, the structures were solved with the Superflip
Structure solution program using ‘charge flipping’* or with the ShelXS/ShelXT structure solution
programs using Direct Methods.** Refinement by full-matrix least-squares used the SHELXL-97
algorithm within OLEX2. All non-hydrogen atoms were refined anisotropically and hydrogen atoms
were placed using a ‘riding model’ and included in the refinement at calculated positions. Visualisation,
exploration, distance and angle measurement and image capture of crystal structures were completed
using Mercury.*® Hirschfeld analysis and energy framework calculations of crystal structures were
performed using CrystalExplorerl7.5 software employing the TONTO utility for theoretical
calculations carried out at the DFT/B3LYP/6-31g(d,p) level of theory.*® For energy framework
calculations, a molecular shell with a 3.8 A radius was generated around a central molecule, and the
interaction energies (electrostatic, dispersion and total) between the molecular pairs were calculated.
The scale factors for benchmarked energies used for the construction of energy models were taken from
Mackenzie et al’’ The lattice energy was calculated as the halved sum of the interaction energies

between the given molecule and all the surrounding molecules within 25 A radius.?’

Solution-state absorption spectra were recorded using an Agilent Technologies Cary 5000 Series
UV-Vis-NIR spectrophotometer or Shimadzu UV 1800 spectrophotometer using standard 10 mm path

length UV-vis quartz cuvettes at room temperature using samples prepared in dry solvents.
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Solution-state electrochemical experiments (cyclic voltammetry (CV) and differential pulse
voltammetry (DPV)) were carried out using a Gamry Reference 3000 Potentiostat at room temperature
with a standard three-electrode setup using Ar-purged, freeze-pump-thawed sample solutions in
anhydrous THF. Tetrabutylammonium hexafluorophosphate (TBAPFs; 0.1 M) was recrystallized from
hot EtOH and used as the supporting electrolyte. A glassy carbon working electrode (BASi; 0.071 cm?)
was used where the electrode surface was polished routinely with 0.05 um alumina—water slurry on a
felt surface immediately before each use. A platinum wire counter electrode was used with an aqueous
Ag/AgCl reference electrode which was routinely stored in an aqueous 3 M KCIl solution.
Spectroelectrochemistry (SEC) experiments were performed at room temperature using an optically
transparent thin-layer electrochemical (OTTLE) cell (path length approx. 0.2 mm with two CaF,
windows separated by PTFE spacers) fitted with a Pt wire mesh working electrode, Pt wire counter
electrode and an Ag wire pseudo-reference electrode. All SEC samples were prepared as Ar-purged
freeze-pump-thawed solutions in anhydrous DMF containing TBAPF¢ (0.1 M) as the supporting

electrolyte and analysed with a sweeping voltage from 0 to —2.0 V.

Chemical reduction experiments were performed in an argon atmosphere using an MBraun UniLab Pro
glove box (<0.1 ppm O, and H>O content). Decamethylcobaltocene (CoCp*;) was used as a
single-electron reductant (E1, (CoCp*;) =—1.3 V vs Fc'/Fc¢) and titrated into analyte solutions prepared

under a dry Ar atmosphere and using anhydrous, thoroughly degassed DMF solutions.

Electron paramagnetic spectroscopy (EPR) spectra were recorded at X-band on a Bruker EMX-Micro
spectrometer using 0.1 G modulation amplitude. EPR samples were prepared and stored in an anaerobic
glove box (MBraun UniLab Pro) under a dry Ar atmosphere in anhydrous and thoroughly degassed
DMF solutions.

Theoretical density functional theory (DFT) ground state geometry optimisation and frequency
calculations were performed using Gaussian 16 software,*® on the Viking High Performance Computer
facility provided by the University of York. The calculations were carried out using Becke’s

three-parameter exchange functional®

with the gradient-corrected correlation formula of Lee, Yang and
Parr (B3LYP)* paired with the double zeta valence plus polarisation def2svp basis set,*' PCM solvation
model (CH.Cl,) and dispersion corrections (D3BJ).** Ground state geometries were verified by

convergence to a minimum stationary point and no negative vibrational frequencies observed.
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2.4.2 SYNTHESIS

1,4-DIBROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ACID (15)

00
HO OH
KMnO4
Br Br > Br1 Br
1:1 v:v H,O-t-BuOH
reflux HO OH
14 00
15
74%

1,4-Dibromo-2,3,5,6-tetramethylbenzene 14, (20.00 g, 68.5 mmol, 1.0equiv.) was suspended in
t-BuOH-H,0 (1:1 v/v, 308 mL) and stirred. Potassium permanganate (54.00 g, 342 mmol, 4.99 equiv.)
was added and the reaction mixture heated at reflux for 4 h at which point the pink colour remained.
The solution was cooled to rt and a second equal portion of potassium permanganate (54.00 g, 342
mmol, 4.99 equiv.) was added to the reaction mixture, which was then heated to reflux overnight. Upon
cooling the reaction mixture below 60 °C, absolute EtOH (200 mL) was added and the mixture heated
to 80 °C to quench any remaining KMnOQOs. The resulting mixture was cooled to rt, filtered to remove
insoluble MnOQ; salts, the filtrate was concentrated in vacuo and the resulting residue was dried at 80 °C
in a vacuum oven (1073 mbar) overnight. The dried crude material was re-dissolved in water (80 mL)
and conc. HCI (15 mL) added to the solution, at pH = 2 a precipitate formed. Additional water (100
mL) was added to fully dissolve solid and conc. HCI (5 mL) was added to until pH = 1. The acidic
solution was concentrated in vacuo, the resulting residue suspended in acetone and any insoluble salts
were removed by filtration. The filtrate was concentrated in vacuo to give a light brown solid. The
insoluble salts were re-dissolved in water and acidified to pH = 1 with conc. HCl and worked up as
previously to afford additional light brown solid. The light brown solids were combined and dried on

the high vacuum to give the desired product, 15, (21.00 g, 51.0 mmol, 74%).

13C NMR (101 MHz, (CD5),CO, 298 K): d¢ 165.9 (3), 138.4 (2), 116.5 (1). Spectroscopic data are

consistent with the literature.®
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1,4-DIBROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ANHYDRIDE (16)

HO a OH 03Oz0
Br Br > Br v Br
o 1:1 v:v GlacialAcOH-Ac,0
Y 4 reflux 0P Ng” =0
15 16
89%

1,4-Dibromobenzene-2,3,5,6-tetracarboxylic acid 15, (20.00 g, 48.55 mmol) was stirred in glacial
AcOH-ACc,0 (1:1 v/v, 122 mL) and heated to reflux overnight. The reaction mixture was cooled to rt
and the precipitate isolated by filtration, washed with H>O and dried on the high vacuum to give 16
(13.16 g, 35.0 mmol, 72%) as a light brown solid.

13C NMR (101 MHz, (CD;),CO, 298 K): d¢c 159.0 (3), 138.6 (2), 117.3 (3). Spectroscopic data are

consistent with the literature.?

MOLECULAR TRIANGLE 6H

ANH;

vr O
NH,
Glacial AcOH

0F N7 ~0 reflux

21%

A solution of (S,S)-trans-1,2-diaminocyclohexane (0.26 g, 2.29 mmol, 1.00 equiv.) in glacial AcOH
(9 mL) was added to a stirring solution of 17 (0.50 g, 2.29 mmol, 1.00 equiv.) in glacial AcOH (9.36
mL) and refluxed for 4 h. The reaction mixture was cooled to rt and concentrated in vacuo to give a
grey solid which was refluxed in CH>Cl, (50 mL) for 2 h. The suspension was cooled to rt and the
unwanted polymeric solid removed by filtration. The filtrate was concentrated in vacuo and the solid
subjected to column chromatography (SiO,: 0—100% Me,CO in CH,Cl,) to give 6H (0.14 g, 0.16 mmol,

21%) as a colourless solid.

'H NMR (400 MHz, CDCls, 298 K): 6,/ 8.03 (s, 6H'), 5.23-5.10 (m, 6H*), 2.13-1.88 (m, 18H**%), 1.61—
1.50 (m, 6H®). *C NMR (101 MHz, CDCl;, 298 K): é¢ 165.7 (3/3°), 165.0 (3/3°), 136.6 (2/2°), 136.3
(2/2%), 119.1 (1), 51.3 (4), 31.1 (5), 25.1 (6). APCI-MS (+ve, CH,Cl,): calcd for [M+H]" miz =
889.2464, found 889.2453. Spectroscopic data are consistent with the literature.?>*
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MOLECULAR TRIANGLE 6Br

NH
o) L ON  NQ
o o 3
ST koo
NH; BrZ AY3 Br

- 1 Br Br
Glacial AcOH o o
o (o] reflux ‘.N OO Br OO N
16 O v
(o] o]
Br
6Br
11%

A solution of (S,S)-trans-1,2-diaminocyclohexane (0.15 g, 1.34 mmol, 1.01 equiv.) in AcOH (5.66 mL)
was added to a stirring solution of 16 (0.50 g, 1.33 mmol, 1.00 equiv.) in glacial AcOH (5 mL) and
refluxed for 4 h. The reaction mixture was cooled to rt and concentrated in vacuo to give a brown solid
which was refluxed in CH,Cl, (50 mL) for 2 h. The suspension was cooled to rt and the unwanted
polymeric solid removed by filtration. The filtrate was concentrated in vacuo and the orange solid
subjected to column chromatography (Si)2: 0-100% Me>CO in CH>Cl,) to give 6Br (70 mg, 0.05 mmol,
11%) as a yellow solid.

'"H NMR (400 MHz, CDCls, 298 K): d; 5.23-5.10 (m, 6H"), 2.13-1.88 (m, 18H>*°), 1.56-1.48 (m,
6H°). *C NMR (101 MHz, CDCls, 298 K): dc 163.0 (3/3”), 162.1 (3/3%), 135.9 (2/2°), 135.7 (2/2°),
114.7 (1), 51.7 (4), 30.8 (5), 25.1 (6). APCI-MS (+ve, CH>Cly): caled for [M+H]" m/z = 1356.7095,
found 1356.7027. Spectroscopic data are consistent with the literature.?'

MOLECULAR TRIANGLE 6Ar

r Br KECOS
0 b o Pd(OAc), (30 mol%)
S % 7L D PPh, (60 mol%)
O"NO N 1:1 vAv’ THF=H,0
Br reflux
6Br
Ar= —
BAr

18%

A round bottom flask was charged with 6Br (250 mg, 0.18 mmol, 1.0 equiv.), 3,5-dimethylbenzene
boronic acid (167 mg g, 1.11 mmol, 6.07 equiv.), K.COs (76 mg, 0.55 mmol, 3.00 equiv.), Pd(OAc)
(13.2 mg, 0.059 mmol, 0.32 equiv.) and PPh; (28 mg, 0.11 mmol, 0.58 equiv.) and cycled under N,
atmosphere three times. A 1:1 v/v mixture of THF—H»O (5.4 mL) was degassed under N, and transferred
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to the reaction flask to dissolve the reagents before being heated to reflux overnight. The reaction
mixture was then cooled to rt before adding sat. NaHCOs3 (100 mL) and extracting the aqueous phase
with CH,Cl, (3 x 100 mL). The organic layers were combined, dried (Na>SQs), filtered and the filtrate
concentrated in vacuo. The resulting solid was purified by automated flash chromatography (SiO»: 0—

100% EtOAc in n-hexanes) to afford 6Ar (49 mg, 0.03 mmol, 18%) as a yellow solid.

'"H NMR (400 MHz, CDCls, 298 K): dx 7.02 (s, 6H*®), 6.94 (s, 6H**), 6.18 (s, 6H'!), 4.99-4.81 (m,
6H%), 2.35 (s, 18H'%), 2.13-1.69 (m, 18H*%), 1.75 (s, 18H'"), 1.39-1.29 (m, 6H®). 3C NMR (101 MHz,
CDCl;, 298 K): dc 164.6 (3/37), 164.0 (3/3”), 138.1 (7), 137.8 (9/9°), 137.0 (9/9°), 134.1 (2/2°), 133.3
(2/27), 131.3 (8/87), 129.8 (1), 127.5 (11), 126.9 (8/8”), 50.9 (4), 30.1 (5), 25.0 (6), 21.5 (10), 20.5 (10°).
APCI-MS (+ve, CHxCl,): caled for [M+H]" m/z=1513.6220, found 1513.6163.
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2.4.3 CHARACTERISATION

165.9

X (CH,),CO Ho on (CH,),CO

138.4
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o

—116.5

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
Chemical Shift / ppm
Figure S2.1 3C NMR (101 MHz, (CD3)2CO, 298 K) spectrum of 15.
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Figure S2.2 '3C NMR (101 MHz, (CD3)2CO, 298 K) spectrum of 16.
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Figure S2.4 '3C NMR (101 MHz, CDCl3, 298 K) spectrum of 6H.
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Figure S2.5 '"H NMR (400 MHz, CDCl;3, 298 K) spectrum of 6Br.
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Figure S2.6 '*C NMR (101 MHz, CDCls, 298 K) spectrum of 6Br.
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Figure S2.7 '"H NMR (400 MHz, CDCl3, 298 K) spectrum of 6Ar.
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Figure S2.8 '3C NMR spectrum (101 MHz, CDCl3, 298 K) of 6Ar.
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Figure S2.9 Inset of *C NMR (101 MHz, CDCl3, 298 K) spectrum of 6Ar.
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Figure S2.10 Annotated '"H-"H COSY NMR (400 MHz, CDCls, 298 K) spectrum of 6Ar.
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Figure S2.11 Annotated 'H-"3C HSQC NMR (400 MHz, CDCl3, 298 K) spectrum of 6Ar.
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Figure S2.12 Annotated 'H-'3C HMBC NMR (400 MHz, CDCl3, 298 K) spectrum of 6Ar.
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2.4.4 SINGLE X-RAY CRYSTALLOGRAPHY
2.4.4.1 CRYSTAL STRUCTURE OF 6H

6H+(CH3)20

Single crystals of 6H(CH3),CO suitable for X-ray diffraction were grown by solvent vapour diffusion
of n-hexane into a solution of 6H (0.47 mg mL™") in acetone. Crystal data for Cs;H42NsO13 (M = 946.90
g mol'): monoclinic, space group P2, a = 18.4875(6) A, b =7.5954(2) A, ¢ = 32.8636(14) A, a = 90°,
B =102.305(4)°, y = 90°, V = 4508.7(3) A’ , Z =4, T = 110.00(10) K, x#(Cu Ka) = 0.852 mm,
Poalc = 1.395 g cm, 27856 reflections measured (8.11° <260 < 134.128°), 12313 independent reflections
(Rint = 0.0968, Rgigma = 0.1103) which were used in all calculations. The final R; was 0.0549 (I > 20(1))
and wR, was 0.1151 (all data).

The unit cell contains two molecules of 6H with a single molecule of acetone encapsulated within the
cavity of each macrocycle. One of the acetone molecules was disordered and modelled in three positions
with refined occupancies of 0.448(4):0.339(4):0.212(4). Within this acetone molecule, C-C bond
lengths were restrained to be equal and the C=0 bond lengths restrained to be 1.21 A. The atomic
displacement parameter (ADP) of C99, C99A and C99B were constrained to be equal and C99 and
C99a were constrained to have the same coordinates. The ADPs of C97B, C98, C98A and C98B were

restrained to be approximately isotropic.

Figure S2.13 X-ray crystal structure of 6H showing (a) triangle 1 in unit cell (with relevant solvent atom labels for restraints
made in crystal structure determination), (b) triangle 2 in unit cell and (c) supramolecular packing of unit cell. Cyclohexane
hydrogen atoms have been removed for clarity.

2.4.4.2 CRYSTAL STRUCTURES OF 6BR

Two polymorphs of 6Br in the solid state have been discovered depending on the crystallisation
conditions and solvated nature of the crystal structure.
6BR¢(CH3).CO

Single crystals of 6Bre(CH3),CO suitable for X-ray diffraction were grown by solvent vapour diffusion
of pentane into a solution of 6Br (= 4.00 mg mL™") in acetone. Crystal data for Cs7HasBrsNeOis (M =
1536.47 g mol™): trigonal, space group R3», a = 19.5827(2) A, b =19.5827 (2) A, ¢ = 29.0126(3) A,
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a=90° B =90° y=120° V =96352(2) A>, Z=6, T=110.00(10) K, x(Cu Ka) = 5.078 mm™',
Peatc=1.589 g cm™3, 17061 reflections measured (8.02° <20 < 134.104°), 3840 independent reflections
(Rint = 0.0413, Ryigma = 0.0246) which were used in all calculations. The final R; was 0.0475 (I > 2o(I))
and wR, was 0.1142 (all data).

The crystal contained solvent channels filled with disordered solvent, two per unit cell. These channels
run parallel to the c-axis. Around the edge of the channel, it was possible to model acetone molecules
disordered over two positions with one acetone per asymmetric unit of equal occupancy. For these
acetones, the C—C bond lengths were restrained to be 1.52 A, the C=0 bond length restrained to be
1.21 A and the CH;—O distances restrained to be equal. The ADPs of the pairs O5 & 06 and C19 &
C22 were constrained to be equal. The ADPs of O5, 06, C17, C19, C21 & C22 were restrained to be
approximately isotropic. The remainder of the solvent in the channels was too disordered to produce a
discrete atom model and so was accounted for using a solvent mask. Each void was estimated to contain

129 electrons per unit cell which is equivalent to 3 pentane molecules.

< P Q < / 24.92%

EH-H
521% Ll H---O

3 27.23%

28.63%

e de

U6 U8 TU T2 T4 16 T8 20 726 28

Figure S2.14 X-ray crystal structure of 6Bre(CH3)2CO showing (a) unit cell of X-ray crystal structure of 6Br (with relevant
solvent atom labels for restraints made in crystal structure determination) and (b) supramolecular packing, cyclohexane
hydrogen atoms omitted for clarity. Hirschfeld analysis of 6Br+(CH3):CO showing (c) the percentage of reciprocal
intermolecular interactions higher than 1%, (d) front and back surfaces of triangle molecules mapped with dnorm and (e)
accompanying fingerprint plot for all interactions.
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Figure S2.15 Hirschfield analysis of 6Bre(CH3).CO showing (a) the front side of the surface of a 6Br molecule surrounded
by acetone molecules, (b) interactions between disordered Me2CO molecules and Hirschfield surfaces of two 6Br molecules,
(c) Hirschfield surface with highlighted regions showing only Br---O interactions between 6Br molecule and accompanying
Me2CO molecules only and (d) finger print region focusing on Br---O interactions only.

6BR

A single crystal of 6Br suitable for X-ray diffraction was grown by solvent vapour diffusion of n-hexane
into a solution of 6Br in CH>Cl,. Channels of electron density through the structure were modelled
using a SQUEEZE solvent mask. Crystal data for C4sH30BrgNeO12 (M = 1362.24 g mol™): hexagonal,
space group P63, a =20.1757(3) A, b=20.1757 (3) A, ¢ = 11.39170(10) A, & = 90°, 5 = 90°, y = 120°,
V =4015.84(12) A>, Z=2, T=110.00(10) K, #(Cu Ka) = 3.975 mm', pearc = 1.127 g cm, 9614
reflections measured (8.766° < 20 < 142.942°), 3735 independent reflections (Rinx = 0.022,
Rsigma = 0.0287) which were used in all calculations. The final R; was 0.0515 (I > 2¢6(I)) and wR, was
0.2063 (all data).
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Figure S2.16. Unit cell of solvent-free X-ray crystal structure of 6Br from (a) front-view and (b) side-view. (c), (d) and (e)
solvent-free supramolecular packing of 6Br in 3-dimensions. Cyclohexane hydrogen atoms have been omitted for clarity.
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28.49% - Br---H
6.92% [

4.21%
3.91%

51.86%

Figure S2.17. a) Supramolecular packing of 6Br with unit cell highlighted, looking along ¢ axis, cyclohexane hydrogen atoms
omitted for clarity. Hirschfeld analysis of 6Br showing (b) front and back surfaces mapped with dnorm, (¢) the percentage of
reciprocal intermolecular interactions higher than 1% and (d) accompanying fingerprint plot for all interactions.

2.4.4.3 CRYSTAL STRUCTURES OF 6AR

Two polymorphs of 6Ar in the solid state have been discovered, both contain solvated acetone
molecules, however, the difference between structures occurs due to number of solvated acetone

molecules in the crystal structure.
6AR*2(CH3).CO

Single crystals of 6Ar«2(CH;),CO suitable for X-ray diffraction were grown by solvent vapour
diffusion of n-hexane into a solution of 6Ar (= 4 mg mL"') in acetone. Crystal data for
Ci03.23Ho674N6O1448 (M = 1653 g mol™): orthorhombic, space group C222,, a = 16.7079(3) A, b =
21.4320(4) A, ¢ =28.0256(4) A, o =90°, B=90°, y=90°, V'=10035.5(3) A%, Z=4, T=110.00(10) K,
1(CuKa)=0.589 mm™', peaic = 1.094 g cm >, 17180 reflections measured (7.414° <260 < 134.15°), 8376
independent reflections (Rin = 0.0317, Ryigma = 0.0381) which were used in all calculations. The final
Ri was 0.0347 (I > 20(I)) and wR, was 0.0979 (all data).

The crystal contained disordered, partially occupied acetone molecules. One acetone molecule was
partially occupied with a refined occupancy of 0.758(5). The acetone molecule in the cavity of the
macrocycle was modelled in three positions (two of which were related by a mirror plane) with refined
occupancies of 0.379(6), 0.379(6) and 0.204(7). For this encapsulated solvent molecule, C-C bond
lengths were restrained to be 1.52 A and the ADPs of C53 and C53a constrained to be equal. The rest
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of the solvent was too disordered to model with a discrete atom model and so was modelled using a

solvent mask which predicted 33 electrons per asymmetric unit which would be one acetone molecule.

Figure S2.18. Unit cell of 6Ar+2(CH3)2CO from X-ray crystal structure with relevant solvent atom labels for restraints made
in crystal structure determination. Cyclohexane hydrogen atoms have been omitted for clarity.

6AR*3(CH3).CO

Single crystals of 6Are3(CH3),CO suitable for X-ray diffraction were grown by solvent vapour
diffusion of n-hexane into a solution of 6Ar (= 4 mg mL™") in acetone. Crystal data for CiosH102N6O1s
(M =1687.92 g mol™"): monoclinic, space group P2;, a = 13.38115(13) A, b = 16.20734(15) A,
c=23.8522(2) A, o =90°, = 100.5894(11)°, y = 90°, V' = 5084.80(9) A3, Z=2, T =109.95(10) K,
1(Cu Ka) = 0.594 mm™, peaec = 1.102 g cm3, 33029 reflections measured (7.076° < 20 < 134.15°),
14050 independent reflections (Rin: = 0.0344, Rgigma = 0.0427) which were used in all calculations. The
final Ry was 0.0372 (I > 20(I)) and wR» was 0.1003 (all data).

The crystal contained disordered solvent molecules. One acetone molecule was modelled in two
positions of equal occupancy with common sites for the methyl carbon atoms. The ADPs of two pairs
of disordered atoms were constrained to be equal (C97 & C97A, O13 & O13A). For the remainder of
the disordered solvent, a discrete atom model could not be achieved so this was modelled with a solvent
mask. There was evidence of acetone in the cavity of the macrocycle, but this was of low occupancy
and clearly disordered. The occupancy was estimated as 25% based on the electron count predicted by
the solvent mask. The other disordered solvent was in a cavity, had a predicted electron count of 66

electrons and is therefore likely to contain two acetone molecules.

Figure S2.19. Unit cell of 6Ar+3(CH3)2CO from X-ray crystal structure with relevant solvent atom labels for restraints made
in crystal structure determination. Cyclohexane hydrogen atoms have been omitted for clarity.
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Table S2.1 Crystal structure data for molecular triangles 6H and 6Br.

6H*Me,CO 6Br<Me,CO 6Br
Empirical Formula Cs1H42NgO13 Cs7H4sBreNsO1s CasH30BreNsO12
Formula Weight / g mol™* 946.90 1536.47 1362.24
Temperature (T) / K 110.00(10) 110.00(10) 110.00(10)
Crystal System Monoclinic Trigonal Hexagonal
Space Group P2, R32 P63
alA 18.4875(6) 19.5827(2) 20.1757(3)
b/A 7.5954(2) 19.5827(2) 20.1757(3)
c/A 32.8636(14) 29.0126(3) 11.39170(10)
al”® 90 90 90
B/° 102.305(4) 90 90
y/° 90 120 120
Volume (V) / A 4508.7(3) 9635.2(2) 4015.84(12)
z 4 6 2
peaic /g cm 1.395 1.589 1.127
! mmt 0.852 5.078 3.975
F(000) 1976.0 4572.0 1332.0
0.208 x 0.237 x 0.18 x
Crystal Size / mm?® 0.029 x 0.199 x 0.11x
0.023 0.091 0.8
Radiation CuKa Cu Ka CuKa
(A= 1.54184) (A= 1.54184) (A= 1.54184)
20 range for data collection / ° 8.11t0134.128 8.02 t0 134.104 8.766 t0 142.942
-21<h<22 -23<h<20 -23<h<18
Index Ranges -9<k<3 -16 <k<23 -24<k<15
-38<1<39 -34<1<26 -10<1<13
Reflections Collected 27856 17061 9614
12313 3840 3735
Independent Reflections Rint = 0.0968 Rint = 0.0413 Rint = 0.022
Rsigma = 0.1103 Rsigma = 0.0246 Risigma = 0.0287
Data/Restraints/Parameters 12313 /44 /1317 3840 /50 /281 3735/1 /217
Goodness-of-fit on F2 0.981 1.093 1.208
. R; =0.0549 R, =0.0475 R; =0.0515
Final R Indexes (1220 (1)) WR; = 0.0997 WR; = 0.1140 WR; = 01978
. R: =0.0960 R: =0.0478 R: =0.0590
Final R Indexes (all data) WR; = 0.1151 WR; = 0.1142 WR; = 0.2063
Largest diff. peak/hole / e A 0.22/-0.23 0.80/-0.83 1.65/-0.52
Flack Parameter 0.0(2) 0.00(3) 0.00(2)
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Table S2.2 Crystal structure data for molecular triangle 6Ar.

6Ar-2Me,CO 6Ar«3Me.CO
Empirical Formula C103.23H96.74N6O14.48 Ci05H102N6O15
Formula Weight / g mol* 1653.00 1687.92
Temperature (T) / K 110.00(10) 109.95(10)
Crystal System Orthorhombic Monoclinic
Space Group C222; P2;
alA 16.7079(3) 13.38115(13)
b/A 21.4320(4) 16.20734(15)
c/A 28.0256(4) 23.8522(2)
al”® 90 90
Bl° 90 100.5894(11)
y/° 90 90
Volume (V) / A 10035.5(3) 5084.80(9)
z 4 2
peaic /g cm’® 1.094 1.102
! mmt 0.589 0.594
F(000) 3496.0 1788.0
0.369 x 0.164 x
Crystal Size / mm? 0.181 x 0.137 x
0.11 0.021
Radiation CuRae Cu Ko
(A=1.54184) (A=1.54184)
20 range for data collection / ° 7.414 t0 134.15 7.076 to 134.15
-16<h<19 -14<h<15
Index Ranges -22<k<25 -19<k<13
-33<1<19 28 <1<28
Reflections Collected 17180 33029
8376 14050
Independent Reflections Rint = 0.0317 Rint = 0.0344
Rsigma = 0.0381 Rsigma = 0.0427
Data/Restraints/Parameters 8376 /2 /1602 14050 /1 /1160
Goodness-of-fit on F 1.070 1.024
_ R; =0.0347 R; =0.0372
Final R Indexes (I>2c (1)) WR, = 0.0967 WR, = 0.0975
. R; = 0.0364 R; =0.0422
Final R Indexes (all data) WR, = 0.0979 WR, = 01003
Largest diff. peak/hole / e A" 0.21/-0.17 0.39/-0.18
Flack Parameter 0.01(8) 0.12(11)
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2.4.5 UV-vIS SPECTROSCOPY
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Figure S2.20 Concentration-dependent UV-vis spectrum of compound 6H in CH2Clz (5-80 pM). Inset. Beer-Lambert plot

at 320 nm.
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Figure S2.21 Concentration-dependent UV-vis spectrum of compound 6Br in CH2Clz (5-80 uM). Inset. Beer-Lambert plot

at 368 nm.
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Figure S2.22 Concentration-dependent UV-vis spectrum of compound 6Ar in CH2Clz (1-30 uM). Inset. Beer-Lambert plot
at 302 nm.
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2.4.6 COMPUTATIONAL STUDIES

a N 4
,(*(,, . (%
P
6H
< (..
=4 O¢
LUMO+1 LUMO+2
b
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3
HOMO LUMO LUMO+1 LUMO+2

Figure S2.23 Visual depictions of the LUMO, LUMO+1, LUMO+2, HOMO, HOMO-1 and HOMO-2 of (a) 6H and (b) 6Br. Isovalue = 0.05.
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2.4.6.1 CARTESIAN COORDINATES

Table S2.3 Cartesian coordinates of DFT geometry-optimised 6H at the B3LYP-D3(BJ)/def2svp
level of theory in CH>Cl, (PCM solvent model).
5.62768 -8.15073 17.44009
5.420887 -9.22326 17.5527

4.843335 -7.62914 16.21712
5.023213 -6.54993 16.12413
7.914625 -9.17959 17.46813
9.297316 -8.71314 17.14066
10.50169 -9.41365 17.17883
11.62115 -8.67862 16.79328
13.05587 -9.10072 16.71359
12.91785 -6.87888 16.03823
11.54041 -7.33722 16.39634
10.33807 -6.63307 16.37023
9.218973 -7.36786 16.7566

7.78676 -6.94106 16.84824
7.071238 -8.07803 17.24119
13.75617 -7.99161 16.22455
7.560396 -10.2686 17.85259
13.535 -10.1728 17.00652
13.27258 -5.78588 15.66575

6.644305 -8.03482 11.52563
7.043005 -0.14848 10.78885
7.598568 -0.2214 9.399977
7.872423 -10.5739 9.166101
5.340344 -8.18945 14.9652
7.584079 -12.5879 10.29347
5.26701 -10.4659 15.44314
5.578014 -6.17936 13.81885
7.780909 -8.31301 8.62126
7.454032 -11.1367 6.77419
6.533676 -11.6517 7.089816
7.181487 -10.0973 6.527014
8.071303 -11.8287 5.555124
7.363041 -11.8025 4.71217
8.240176 -12.8936 5.793792
9.401515 -11.1826 5.155224
9.214868 -10.1534 4.800959
9.855974 -11.7286 4.31367
10.38041 -11.1349 6.33254

7.320412 -5.84514 16.63311 11.3048 -10.6085 6.049202
15.67036 -9.09162 15.06526 10.6634 -12.1563 6.636247
15.56316 -10.0314 15.62306 16.02498 -7.89077 17.25184
15.19079 -7.93315 15.96529 15.8622 -8.82244 17.81843
15.33144 -6.98987 15.42103 15.66941 -7.05841 17.87848
14.2792 -10.5162 13.54266 17.511 -1.72317 16.92017
13.45356 -10.2778 12.31891 18.10329 -1.7223 17.84864
12.68663 -11.176 11.57914 17.66422 -6.73777 16.44574

12.01624 -10.6191 10.4919
11.11192 -11.2751 9.494967
11.24975 -9.01372 8.966769

18.00333 -8.82224 15.97338
17.9614 -9.79613 16.49235
19.05771 -8.65308 15.70404

12.10671 -9.2589 10.16779 17.14837 -8.89599 14.70456
12.8846 -8.36337 10.89965 17.25677 -7.97002 1411611
13.55485 -8.9201 11.98725 17.4715 -9.73168 14.06495
14.46172 -8.26543 12.98329 5.165649 -7.42162 18.70806
14.8203 -9.26709 13.89282 5.401298 -6.34876 18.61373

10.67018 -10.2538 8.646266
14.46584 -11.5534 14.13294
10.8104 -12.4449 9.41857

11.07172 -7.97926 8.368997
14.82438 -7.11116 13.01605
8.444802 -11.1309 7.945244
8.689017 -12.169 8.207401
9.746308 -10.4136 7.528682

5.734147 -7.80877 19.56765
3.661445 -7.61847 18.91993
3.335273 -7.06825 19.81645
3.462744 -8.68725 19.11447
2.857696 -7.16926 17.69558
2.962481 -6.07691 17.57151
1.785066 -7.36853 17.84608
3.34125 -7.8649 16.41938
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Table S2.4 Cartesian coordinates of DFT geometry-optimised 6Br at the B3LYP-D3(BJ)/def2svp
level of theory in CH>Cl, (PCM solvent model).
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9.49662

7.493967
6.970538
6.48176

6.082752
5.520762
5.678179
6.167774

5.615218
5.406933
4.833812
5.019891
7.891631
9.282928
10.49425
11.62876
13.07239
12.94086
11.5527

10.34133
9.209513
7.771882
7.059295
13.77014
7.522983
13.56077
13.31037
7.297891
15.68997
15.59191
15.20699
15.34857
14.29696
13.45156
12.67176
11.99793
11.09594
11.23382
12.08674
12.8633

13.54867
14.46646
14.83256
10.66117

-9.3862

-11.3841
-10.4524
-10.7355
-9.62194
-9.55042
-7.38226
-8.31667

-8.15079
-9.22342
-7.6203

-6.54203
-9.1936

-8.72379
-0.42424
-8.68558
-9.10384
-6.86934
-7.33165
-6.63118
-7.3646

-6.93538
-8.08087
-7.98708
-10.2889
-10.1735
-5.77507
-5.83679
-9.07955
-10.0218
-7.92664
-6.97986
-10.5071
-10.2709
-11.1644
-10.6196
-11.2795
-9.02109
-9.25814
-8.36377
-8.91132
-8.2561

-9.25828
-10.2614

7.232326
10.25074
11.29671
12.57078
13.30725
14.6932

13.86507
12.80476

17.44701
17.55368
16.22628
16.13615
17.42521
17.1067

17.11407
16.76125
16.68514
16.05791
16.40147
16.39434
16.76651
16.88609
17.24384
16.22351
17.77064
16.96305
15.71068
16.71819
15.06727
15.62183
15.97195
15.43463
13.55616
12.33633
11.59367
10.49532
9.487505
8.953331
10.16815
10.91353
12.00354
13.00066
13.89963
8.63855
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2.800326
3.150865
6.420037
12.95936
12.61294
6.704437
10.56292
10.27716

6.686677
7.063786
7.615274
7.870942
5.333202
7.562655
5.185281
5.636991
7.80523

7.450662
6.527852
7.183109
8.069052
7.363758
8.230873
9.404255
9.224595
9.858521
10.38048
11.30733
10.65843
16.03794
15.87809
15.67968
17.52333
18.11593
17.67221
18.02047
17.98515
19.07337
17.16501
17.26753
17.49155
5.156323
5.395959
5.722009

-7.48454
-8.9491
-11.7515
-7.3056
-12.234
-7.01902
-10.4592
-5.58681

-8.03862
-9.15319
-9.23362
-10.5852
-8.18004
-12.5993
-10.4446
-6.16679
-8.33593
-11.1454
-11.6565
-10.1055
-11.8432
-11.8148
-12.9085
-11.2058
-10.1772
-11.7579
-11.1583
-10.636
-12.1794
-7.89171
-8.82803
-7.06471
-7.7159
-7.72152
-6.7254
-8.80396
-9.78255
-8.62598
-8.87271
-7.94216
-9.70266
-7.42835
-6.356
-7.82467

15.53923
16.47957
12.96345
10.64329
11.83462
11.13232
17.48434
16.06728

11.54311
10.78625
9.388166
9.154988
14.97388
10.25704
15.44156
13.86846
8.602004
6.76001

7.07446

6.510118
5.544522
4.699275
5.786179
5.146891
4.787643
4.30933

6.326764
6.044139
6.635282
17.26037
17.81995
17.89241
16.92888
17.85704
16.46396
15.97163
16.48204
15.70252
14.70246
14.12046
14.05727
18.71951
18.63344
19.57671
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14.5038 -11.5385 14.14586 3.650831 -7.6208 18.92708
10.79056 -12.4455 9.401221 3.326121 -7.07575 19.82717
11.05514 -7.9974 8.341412 3.446824 -8.69002 19.11321

14.83188 -7.10509 13.04418
8.440043 -11.1431 7.931794
8.680265 -12.1818 8.193591
9.743292 -10.429 7.515985
9.496659 -9.40342 7.212195
7.482911 -11.3963 10.23035
6.966227 -10.4603 11.28673

2.851038 -7.15811 17.70509
2.962637 -6.06568 17.58842
1.777182 -7.35197 17.85326
3.330488 -7.84896 16.42465
2.793004 -7.45951 15.54646
3.133372 -8.932 16.47839
r 12.52507 -12.9875 12.05432
6.46425 -10.7314 12.56453 r 6.343251 -12.4877 13.24102
6.067955 -9.61815 13.31367 r 10.58953 -11.2552 17.55657
5.481013 -9.53994 14.69734 Br 12.96854 -6.53022 10.48375
5.705633 -7.37072 13.89219 Br 6.857827 -6.27856 10.88708
6.186601 -8.30961 12.82165 Br 10.23909 -4.81329 15.90304

WWWITITOIITOIIO

OO0O0O0O0O0O0O0OITOIOO000O0

Table S2.5 Cartesian coordinates of DFT geometry-optimised 6Ar at the B3LYP-D3(BJ)/def2svp
level of theory in CH>Cl, (PCM solvent model).
5.467761 -8.12687 17.3064
5.259665 -9.19666 17.43693
4.764011 -7.64194 16.02098
4.932364 -6.5616 15.92266
7.748403 -9.14736 17.43903
9.136131 -8.71551 17.04326
10.35272 -9.41617 17.15873
11.48049 -8.6483 16.81001
12.93163 -9.04755 16.77758
12.77935 -6.86304 16.00323
11.39333 -7.32375 16.34698
10.17679 -6.63371 16.20874
9.056656 -7.38603 16.60345
7.629703 -6.93279 16.75051

7.579472 -14.3448 13.40366
8.621961 -12.6041 12.68386
5.18745 -14.0429 13.84509
4.40524 -12.0785 13.41167
6.335671 -14.8431 13.82353
6.262455 -15.8877 14.14041
7.026654 -6.68852 10.89018
8.299137 -6.27728 10.46734
5.931773 -5.83191 10.72366
8.485547 -5.03409 9.855475
9.154848 -6.94339 10.59101
6.091083 -4.57702 10.12299
4.941132 -6.15125 11.05203
7.368452 -4.20353 9.684378

6.91586 -8.05335 17.17403 7.499958 -3.23126 9.199879
13.62988 -7.93931 16.29068 10.04211 -5.24706 15.69794
7.36667 -10.1902 17.91443 9.181941 -4.98845 14.62045
13.44326 -10.0997 17.08923 10.70728 -4.18514 16.32205
13.1458 -5.79873 15.56113 8.957959 -3.6815 14.17827

7.151722 -5.83392 16.58377
15.63412 -9.01605 15.26267
15.52806 -9.9499 15.82977
15.07701 -7.85606 16.11585
15.22865 -6.91888 15.56443
14.30187 -10.4758 13.72627
13.41851 -10.239 12.52892
12.69865 -11.1705 11.75558
12.07977 -10.6051 10.62417
11.21278 -11.2636 9.584861

8.656236 -5.81252 14.13461
10.51015 -2.86668 15.89297
11.37583 -4.38512 17.16123
9.62467 -2.63489 14.83236
9.45215 -1.60672 14.49999
10.40678 -10.8253 17.62214
9.596361 -11.7951 17.00883
11.21544 -11.1905 18.70412
9.566309 -13.109 17.48185
8.961351 -11.5172 16.16614
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CHAPTER 3 | DYNAMIC ATROPISOMERISM AND HOST—GUEST BEHAVIOUR OF MOLECULAR
TRIANGLES

SYNOPSIS

Organic molecular balances have been used to measure the strength of non-covalent interactions (NCIs)
through the stabilisation of favourable conformations upon hindered rotation. Such restricted rotation
can also lead to atropisomerism (isomers exist with half-lives > 1000 s) and/or planar chirality in
macrocycles containing aromatic rings such as pillar[n]arenes. In these systems, the rate of rotation is
influenced by substituents on the rotating unit through steric hinderance or favourable NCls. In this
Chapter, the effect of intra- and intermolecular NCIs in core-substituted molecular triangles is
investigated via dynamic atropisomerism and host—guest chemistry. Tris-functionalised molecular
triangles, 3Br and 3Ar, are synthesised and their structural and optoelectronic properties studied and
compared with the hexa-functional macrocyclic analogues, 6H, 6Br and 6Ar (Chapter 2). Notably, 3Br
and 3Ar exist as a mixture of syn- and anti-atropisomers in solution evidenced by 'H NMR spectroscopy
and in the solid state (X-ray diffraction). Further studies using variable temperature (VT) '"H-'"H EXSY
NMR spectroscopy and internal reaction coordinate (IRC) density functional theory (DFT) calculations
show that 3Br and 3Ar can interconvert through rotation of PMDI side walls. For 3Br the rate of
interconversion between isomers is enhanced when the rotation goes via a pathway with an intra-annular
bromine rather than a hydrogen substituent, despite the increased van der Waals radius of the halogen
atom. Favourable intramolecular Br-- -7 interactions stabilise the intra-annular bromine transition state
by 2.9 kcal mol™!, with this system bearing a resemblance to ground state molecular balances. In a
separate example, intermolecular anion-- -7 interactions between the electron-rich triiodide anion and
electron-deficient 6Br macrocycle lead to host—guest complexes where the structure of the molecular
triangle adapts to maximise the binding (61 + 5 M~!, CDCls). The results from this Chapter therefore
highlight the influence that intra- and intermolecular NCIs on the structure of rigid, shape-persistent

macrocycles which bear similarities with the behaviour of enzymes in the induced-fit binding model.
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3.1 INTRODUCTION

The importance of catalysis is prevalent in nature, in particular through enzymes, where the presence
and activity of the biological catalyst enhances the rate of reaction, with such processes vital for the
survival of all biological life.! Non-covalent interactions (NCIs) such as hydrogen-bonds, electrostatics,
van der Waals, ©-- -7, cation- - -m and anion- - -7 are crucial in determining the tertiary structure of proteins
and the relative strengths of these interactions are crucial to allowing conformational change for the
specific binding of substrates in enhancing catalytic activity.>® The strength of such intramolecular
NClIs have been quantified and measured in synthetic model compounds experimentally through the
development of molecular balances.** A range of molecular balances which are all structurally rigid
with restricted rotation have been developed (Figure 3.1), including but not limited to; Wilcox’s
arylesters,®  Motherwell’s  bicyclononanes,”  Shimizu’s ~ N-arylimides,® and  Cockroft’s
diarylformamides.>!° These respective studies have allowed for the strength of NCls to be calculated
using the population ratio of favourable/unfavourable conformers. Many different NCls have been
characterised using these molecular balances including CH---z,'! OH---x,'? S---x,'3 halogen: - -m, 15
C=0--'x,'*!" n---m,'8 and chalcogen bonding," as well as the role of solvent in understanding the
preference for certain conformational isomers.?%2! Notably, these studies have shown that halogen-- =
interactions require an optimal distance between halogen atom and n-surface to avoid steric repulsion,
however if this is achieved successfully then the interaction can be stabilising by up to 5.0 kJ mol 2.1
Furthermore, C=0--‘1 interactions have been shown to aid in the rotation between conformers by
stabilising transition state structures.!” When considering potential intramolecular interactions in
molecular balances, the role of different solvent molecules must also be accounted for, e.g., different
functional groups and polarities, which can influence the equilibrium between different rotational

states.?0-2!

a Functional Group or
_O -------- atom, e.g. CH, OH,

S, -Br, C=0 etc.
Axle -1 — Intramolecular K Intermolecular

f— —

— NcI - NCI

— O e G s — @D

Molecular Balance Schematic

b o Y X
oM= K Me o..@ X K v
o — R 1
N s~ oz
S Fa o s (T ~C. 7
Wilcox’s Arylester Molecular Balance®? Motherwell's Bicyclononanes’ 4
d e e 0w _H H._O
K
oy T = e
N 2 ICACIRAN AT,
o = 0 ) F F
Y /“‘\‘ Y v “‘l‘l
L :" Q (\_EJ}

@----Solvent

7 ; Cockroft’s Diarylformamides®1°
Y .y Y
Shimizu's N-arylimides®

L

Figure 3.1 (a) General scheme for molecular balances with competing solvent molecules and examples: (b) Wilcox’s
arylesters,®° (c) Motherwell’s bicyclononanes,”'* (d) Shimizu’s N-arylimides,® and (¢) Cockroft’s diarylformamides®'°.
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The sterically hindered rotation in molecular balances is a form of atropisomerism which Oki??
classified formally as occurring when isomers exist with half-lives of above 1000 seconds
(AG* > 25 kcal mol™). Atropisomers can be found in natural products (e.g. vancomycin, flavomannins
and abyssomicin C), and synthetic compounds (sterically hindered acyclic and cyclic molecules) with
applications in asymmetric catalysis and as pharmaceutical drug candidates.?*** The potential for drug
candidates to rotate between atropisomers could lead to biologically active enantiomers with differing
and potentially dangerous properties and thus is an important property to be studied during the

development of new pharmacological compounds.?5-2¢

In addition to being a required consideration in drug development, the restricted rotation of dynamically
active atropisomers has been exploited in a molecular rotor system by Leigh and co-workers?’ through
the utilisation of the hindered rotation of a pyrrole-2-carboxylic acid (Figure 3.2a). They were able to
control the unidirectional rotation of this molecular motion through the use of enantiomerically pure
fuel (carbodiimide) and an anhydride hydrolysis catalyst, such that, if the opposite enantiomer of the
catalyst was used the rotation would occur in the opposite direction.?’” Another example of where
atropisomerism has been put to use is in the synthesis of macrocycles. The favoured syn-isomer of an
atropisomeric NDI molecule, syn-3, with restricted rotation was utilised with the preorganisation of the
major isomer allowing for efficient, high-yielding cyclisation without the need for common

macrocyclisation methods such as templation (Figure 3.2b).?
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Figure 3.2 (a) Leigh’s autonomous molecular motor for unidirectional rotation?” and (b) atropisomerism in an NDI molecule
where the preference for syn-3 provides preorganisation for the synthesis of macrocycle 4.28

Rotation within a macrocycle has been observed and studied in pillar[n]arenes (Figure 3.3a),2%3° which
were first reported in 2008 by Ogoshi and co-workers,*! with interconversion being enabled by

intramolecular hydrogen-bonds and occurring faster than the NMR timescale at room temperature.*?
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Pillar[n]arenes consist of [n] number of 1,4-disubstituted alkoxy aryls linked by methylene bridges and
can exist as two planar chiral enantiomers pR and pS, due to the regiochemical positioning of the alkoxy
groups on the benzene rings (Figure 3.3b).>* A range of alkoxy-substituted pillar[5]arenes with varying
lengths of alky chains have been synthesised and as the length of the alkyl chain increases,
interconversion between the two enantiomers becomes more hindered and thus occurs at a slower rate,
although separation of the enantiomers was still not possible.*> Upon the introduction of larger bulkier
groups such as cyclohexane and phenyl rings separation of pR and pS enantiomers of pillar[5]arene was
possible.3 Conversely, for pillar[6]arene, even the addition of cyclohexylmethylene (R = CH,Cy)
substituents did not prevent rotation due to the larger cavity size (7.5 A) of the macrocycle compared
with pillar[5]arene, with covalent bridging across one side of the macrocycle instead being used to fix
the conformation.** Another strategy to slow the rate of interconversion of planar chiral enantiomers of
pillar[n]arenes is the formation of host-guest complexes with cationic guests being encapsulated in the
electron-rich cavity of the 5-unit macrocycle (5 A diameter).>* The achievement of the separation of the
planar chiral enantiomers of pillar[n]arenes has enabled the pR and pS isomers to be used in chiral
applications such as chiral switches, enantioselective recognition, chirality sensing and circularly
polarised luminescent (CPL) materials.*

O-R
c C
H2 Hg

R-0

n
Pillar[n]arene

Figure 3.3 (a) General schematic for the structure of pillar[n]arenes3? and (b) rotation between planar chiral isomers (pS and
PR) of pillar[6]arene 5, where even when the R groups were large bulky cyclohexylmethylene substituents rotation occurred.*

Pillar[n]arenes, as a type of cyclophane, are therefore similar to molecular triangles, with the cavity
sizes on the same order of magnitude (Figure 3.4a). Consequently, it could be envisioned that rotation
would also occur in molecular triangles, although the increased rigidity in the shape-persistent
macrocycle could hinder rotation. Indeed, rotation has been investigated by variable temperature *H
NMR spectroscopy in an isosceles triangle containing two PMDI-side units with an additional NDI
wall, macrocycle 6 (Figure 3.4b). The protons present on the PMDI-core are represented as two peaks
due to the decreased (C;) symmetry in the macrocycle compared to the equilateral triangles (D3
symmetry).3”-® The two inequivalent proton environments of the PMDI-core, Ha and Ha:, coalesced at
a temperature of 426 K which relates to an energy barrier to interconversion of 23 kcal mol™.>” The
higher temperature of coalescence in the rigid isosceles molecular triangle indicates that rotation is more
hindered compared with pillar[n]arenes (where 4G is between 11 (R = C,Hs) and 15 (R = C12Has) keal
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mol~when n = 5) .32 The restricted rotation of PMDI units around a C-Ns++N-C axle in the isosceles
triangles differs to the interconversion in planar chiral pillar[n]arenes by the angle between repeating
units in the macrocycles. In molecular triangles, the angle between aromatic diimide side-units linked
by diaminocyclohexane vertices is acute at around 60°, whereas in pillar[n]arenes with n =5 and 6
being most common, the angle between 1,4-alkoxybenzene repeating units is obtuse (>90°), therefore

rotation in molecular triangles is more sterically hindered.

b
0 Ng N0
00
8] (6]
c N7 o N
H2 H2 \ 3 $
(=N LN
R=-0O 0 0
- =n 6H 6
Pillar[n]arene Cavity (DFT)=9.6 A Average Cavity (XRD) = 9.6 A%
n=5, Cavity=5.0 A O = C-N ++ N-C axle

n=6, Cavity=7.5 A

Figure 3.4 (a) Comparison of the cavity size of pillar[n]arenes (n = 5 or 6)3*% and PMDI based molecular triangle 6H
(Chapter 2). (b) Structure of 2PMDI-NDI isosceles molecular triangle 6 with average distance of cavity measurement shown
and PMDI protons Ha and Ha- labelled.%”

In this Chapter, the synthesis of tris-substituted molecular triangles 3Br and 3Ar are described and their
structural and optoelectronic properties compared with the hexa-substituted macrocycles 6H, 6Br and
6Ar introduced in Chapter 2. The tris-functionalised molecular triangles are found to exist as a mixture
of syn- and anti-isomers and interconversion between these isomers is possible via rotation of
mono-substituted PMDI side walls. Investigations into the energy barrier and mechanism of this
atropisomerism between syn- and anti-isomers of 3Br and 3Ar were completed using VT *H and H-'H
EXSY NMR spectroscopy and transition (TS) and IRC-DFT calculations. As hypothesised, steric
hinderance arising from the carbonyl groups and from bulky (aryl) substituents acts to slow down or
prevent rotation pathways. Surprisingly however, the presence of a large bromine substituent in the
place of a hydrogen atom leads to an increase in rate of rotation, which can be attributed to stabilising
Br---7 interactions developing at the modelled transition state, akin to a transition state molecular
balance.” In addition to intramolecular transition state halogen---m interactions, intermolecular
anion---m interactions between electron-deficient molecular triangles and an electron-rich trihalide
anion (lI37) have also been studied. Out of the five molecular triangles synthesised and characterised in
Chapters 2 and 3, 6Br exhibited the greatest binding with 15~ (61 £ 5 M in CDClIs) as determined by
13C NMR spectroscopy host—guest titrations which is almost three times greater than NDI based
molecular triangle 10 (25 = 2 Mtin CDCl, determined by *H NMR spectroscopy).*® These results

show that intermolecular halogen-- -7 interactions between electron-rich anions and electron-deficient
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molecular triangles are greater in the core-brominated PMDI based macrocycle (6Br) than in the
unsubstituted NDI based macrocycle 10, despite a smaller aromatic w-surface. The enhanced binding in
6Br could have potential implications for the supramolecular assembly of macrocycles towards
non-covalently bonded triangular nanoprisms or for sensing applications of electron-rich small

molecules.

3.2 RESULTS AND DISCUSSION

3.2.1 THE SYNTHESIS, STRUCTURAL AND OPTOELECTRONIC PROPERTIES OF
TRIS-FUNCTIONALISED MOLECULAR TRIANGLES

In Chapter 2, the synthesis, structural and optoelectronic properties of molecular triangles (6H, 6Br and
6Ar) composed of symmetric PMDI faces with aromatic core substitution with hydrogen atoms,
bromine atoms or 3,5-dimethylbenzene groups were discussed. Subsequently, the synthesis of
tris-substituted molecular triangle 3Br was pursued using adapted literature procedures (Scheme
3.1).%%41 The synthesis of macrocycle 3Br began with the oxidation of mono-bromo-tetramethylbenzene
7 with KMnOs to synthesise tetracarboxylic acid 8 (61%) followed by the formation of anhydride 9
(93%) by dehydration at 160 °C under reduced pressure (10~° mbar).

0o NHz

HO OH
‘gjé KMnO, NH2
Br _— Br
A _f. 3
1:1 viv H,O—-BuOH Ho oH 10-% mbar, 160 °C Glacwal AcOH N S
reflux reflux N O
7 0 O
N
8 o 5o
61% 93% '
3Br
27%

Scheme 3.1 Synthesis of brominated molecular triangle 3Br via tetra-acid 8 and anhydride 9 precursors.

The condensation reaction of anhydride 9 with (S,S)-trans-1,2-diaminocyclohexane to synthesise
macrocycle 3Br followed an adapted procedure from Gawroniski et al.** which was used for 6H and
6Br in Chapter 2. Macrocycle 3Br was isolated following purification using automated column
chromatography (SiO»: 0~100% Me>CO in CH,Cl) in a yield of 27% and characterised using 'H and
3BC NMR spectroscopy and high-resolution mass spectrometry (Supplementary Information, Sections

3.4.2 and 3.4.3).

In the '"H NMR spectrum for 3Br (Figure 3.5a), proton environments were observed in similar regions
to the hexa-substituted molecular triangles 6H, 6Br and 6Ar (Chapter 2), however, unexpected
additional peaks are also present. Four equal intensity aromatic peaks (H?), which are independent
environments as confirmed by ‘pureshift’ yielded chirp excitation (PSYCHE) '"H NMR spectroscopy
(Figure 3.5b), are observed at 8.02, 7.99, 7.98 and 7.97 ppm respectively. Furthermore, the four

overlapping cyclohexane peaks between 5.35-5.00 ppm (H’) are four independent proton environments.
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Figure 3.5 (a) *H NMR (400 MHz, CDCls, 298 K) spectrum of 3Br and (b) PSYCHE *H NMR (500 MHz, CDCls, 298 K)
spectrum of 3Br.

The aromatic proton (H?) (8.02-7.97 ppm) and cyclohexane proton (H’) (5.30-5.00 ppm) regions
integrate in a 1:2 ratio respectively which is the expected values for 3Br. Therefore, it was conceivable
that the additional proton peaks that were present in the 'H NMR spectrum (Figure 3.5a) were due to
the presence of a related macrocycle. Due to the 3D nature of molecular triangles, the substituents on
the PMDI core face into opposite planes and thus this led to a hypothesis that 3Br could exist as a
mixture of syn-isomer, where either all three bromine atoms point into the same plane and anti-isomer,
where two bromines point into the same plane with the third in the opposite direction (Figure 3.6). It
was hypothesised that one of the aromatic proton environments represents the syn-isomer, with the other
three environments representing the PMDI protons of the anti-isomer. As the four aromatic protons

integrate to equal values, this would indicate a ratio of syn:anti of 1:3 in a solution of 3Br in CDCls.

,&5” ff%

0 o
o

N N
a

syn- 3Br antr'—3Br
Figure 3.6 Structures of syn- and anti-3Br.

With the brominated molecular triangle in hand (possibly as a mixture of isomers) an analogous
palladium catalysed Suzuki—Miyaura cross-coupling reaction as to that used to synthesise 6 Ar (Chapter
2) was completed between 3Br and 3,5-dimethylbenzene boronic acid to form a tris-arylated
macrocycle 3Ar in a yield of 52% (Scheme 3.2). Macrocycle 3Ar was isolated as a bright yellow solid
following automated flash column chromatography (SiO2: 0-100% EtOAc in n-hexane) and
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characterised using 'H and '*C NMR spectroscopy and APCI-MS (Supplementary Information,

Sections 3.4.2 and 3.4.3).

0 0

BtOH);

K,CO,
F'd(OAc)2 15 mol%)
PF‘h3 (30 mol%)

1:1 v/ THF-| H20

4%

0 Br © reflux
3Br O
3Ar
52%

Scheme 3.2 Synthesis of tris-aryl-substituted molecular triangle 3Ar through a Suzuki-Miyaura coupling of
3,5-dimethylbenzene boronic acid with 3Br.

The '"H NMR spectrum of 3Ar (Figure 3.7) is very similar to that of 6Ar (Chapter 2) with the expected
3,5-dimethylbenzene proton environments in addition to the cyclohexane proton peaks for the
molecular triangle backbone. Furthermore, analogous to the "H NMR spectrum for 3Br, four aromatic
proton environments are observed in the spectrum for 3Ar (8.07, 8.05, 8.01 and 7,91 ppm), which
indicates that the tris-arylated macrocycle could also exist as syn- and anti-isomers in solution. In
contrast to 3Br, in the '"H NMR spectrum of 3Ar, one of the aromatic proton environments is much
more intense than the other three peaks, which would mean that the syn-isomer is the major component
(81%) compared to the anti-conformer (19%). The proposed greater proportion of syn-3Ar (81%) in
solution compared to the anti-isomer (19%) is the inverse of the ratio observed for syn- (25%) and

anti-3Br (75%).
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Figure 3.7 *H NMR (400 MHz, CDCls, 298 K) spectrum of 3Ar.
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As discussed above, it was observed that 3Br likely exists as a mixture of syn- and anti-isomers in
solution through the observation of two macrocyclic species by 'H NMR spectroscopy. This was
confirmed to be the case in the solid state through X-ray diffraction of a single crystal grown by vapour
diffusion of pentane into a solution of 3Br in chloroform (Figure 3.8). In the crystal structure, two
triangle molecules are present in the unit cell with both macrocycles containing disordered bromine
atoms which is where the isomerisation occurs. One of the macrocycles contains a single disordered
bromine atom which is present on either face of the molecular triangle throughout the single crystal.
Furthermore, the remaining two bromine atoms that are not disordered are facing into opposite
directions on the 3D macrocycle, which means that regardless of the position of the disordered bromine
atom, this molecular triangle in the unit cell always exists as anti-3Br (Figure 3.8). Conversely, the
second triangle molecule in the unit cell contains two disordered bromine atoms which can exist on
either face of the macrocycle which means it is present as either the syn- (<10%) or anti-isomer (>90%)
throughout the unit cell, where the % of each isomer has been calculated from the disorder in the
diffraction pattern. The greater proportion of anti-3Br in the single crystal is consistent with the solution

state data (‘H NMR spectroscopy) where the syn:anti ratio is 1:3.

Disordered -Br - Unit Cell

i Disordered -Br

anti-3Br

synlanti-3Br

1 disordered

>90% anti-3Br bromine atom

<10% syn-3Br

2 disordered
bromine atoms

Figure 3.8 X-ray crystal structure of 3Br showing supramolecular packing with two triangle molecules in unit cell. One
triangle has two disordered bromine atoms that can exist as either syn- (<10%) or anti-3Br (>90%). The second triangle has
one disordered bromine atom which exists as anti-3Br only. Cyclohexane hydrogen atoms omitted for clarity.

The structure of two polymorphs of tris-arylated molecular triangle 3Ar were confirmed by X-ray
diffraction of single crystals grown in either acetone (polymorph 3Are2(CH3)>CO)) or chloroform
(polymorph 3Ar«4CHCIs, with two triangles in the unit cell 3Ar-4CHCI; (1) and 3Ar«4CHCl; (2))
(Figure 3.9). In both crystal structures, 3Ar exists solely as the syn-isomer which is also consistent with
the solution state data ('"H NMR spectroscopy) where the syn:anti ratio is 81:19. The preference for the
syn-isomer in both solution and the solid state is surprising due to the steric hindrance and bulky nature
of the 3,5-dimethylbenzene substituents. The aryl-groups on the PMDI core are twisted to minimise

steric repulsion between the bulky substituents in the same manner as was observed for 6Ar (Chapter

2). Furthermore, the position of the methyl groups on the aryl-substituents in syn-3Ar in the solid state
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are pointing towards the benzene ring substituted on an adjacent PMDI unit in the same macrocycle
(distances between 2.713-3.112 A in the three triangle molecules across two crystal structures). Such
intramolecular C-H- -7 interactions could be stabilising the sterically hindered structure of syn-3Ar as
opposed to the anti-isomer. Furthermore, the presence of stabilising C-H: - ‘& interactions of one methyl
group on each aryl substituent allowed for the respective CH3 proton and carbon environments to be
distinguished in the 'H and '*C NMR spectra of syn-3Ar (Supplementary Information, Section 3.4.3,
Figures S3.7-9). The donation of electron-density from the methyl group would deshield the protons
and thus the CH3 proton environment would be at a higher shift. Subsequent characterisation with
'H-3C HSQC and HMBC 2D NMR spectroscopies allowed for the respective methyl carbon
environments to be distinguished (Supplementary Information, Section 3.4.3, Figure S3.8 and S3.9).

3Ar-4CHCl; 3Ar+2(CH,),CO - 3Ar2(CH,),CO

Figure 3.9 Unit cell of single crystal x-ray structures of (a) 3Ar«4CHClIz (two triangles in unit cell) and (b) 3Ar+2(CH3s)2CO,

front view with C-H-- & interactions shown and side view. Cyclohexane hydrogen atoms and solvent molecules have been
omitted for clarity.

The structural parameters of tris-substituted molecular triangles, 3Br and 3Ar were also measured in
the solid state to observe the effect of core-functionalisation on the distances and angles in the syn- and
anti-macrocycles (Figure 3.10a). In the triangle molecules that exist as either syn- or anti-3Br in the
single crystal unit cell (Figures 3.10b and c), the cavity distances within a macrocycle are quite variable
(9.74, 9.55 and 9.34 A, and 9.71, 9.60 and 9.54 A for syn/anti-3Br and anti-3Br respectively). The
angles between PMDI faces in a triangle molecule are all close to 60°, although the values are more
variable in anti-3Br (61.9, 61.3 and 57.9°) than syn/anti-3Br (60.4, 59.4 and 60.5°). Furthermore, in
both triangle molecules in the unit cell of 3Br, the PMDI faces are bent (1.5-5.2°) where the greater
bending angle is correlated with the larger cavity distances. In the structures of the three syn-3Ar
triangle molecules in the solid state (3Are2(CH3)>CO, 3Ar*4CHCIl; (1) and 3Ar-4CHCl; (2))
(Figures 3.10d-f) cavity distances of 9.60, 9.54 & 9.84 A, 9.61,9.53 & 9.61 A and 9.69, 9,52 &-9.71 A
were observed. The larger of the three cavity distances is also correlated with a larger bend within PMDI
units for syn-3Ar: 1.3-6.4°, 1.5-3.8° and 2.4-5.4° for 3Ar+2(CH3),CO, 3Ar*4CHCI; (1) and
3Ar-4CHCl; (2) respectively (Figures 3.10d—f). The dihedral angles (¢) between the
3,5-dimethylbenzene groups and PMDI faces in the three different macrocycles of 3Ar are relatively
similar 48.1-61.2°. Although in 3Ar<2(CH3),CO and 3Ar+4CHCI; the values are more consistent
(54.1-57.6° and 52.8-57.1° respectively) with more variability in 3Ar<4CHCI; (2) (48.1-61.2°).
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Figure 3.10 Crystal structures showing (a) structural parameters (distance, angle, bend and dihedral angle) for general
macrocyclic structure for (b) syn/anti-3Br, (c) anti-3Br, (d) 3Ar+2(CHzs)2CO, (e) 3Ar-4CHCls (1) and (f) 3Ar-4CHCIs (2).

The structural parameters of syn- and anti-isomers of 3Br and 3Ar were also measured in geometry
optimised macrocycles from DFT calculations at the B3LYP(D3-BJ)/def2svp level of theory in CH,Cl,
using the PCM model (Figure 3.11). The resulting measured distances and angles within each geometry
optimised macrocycle are generally more consistent than the crystal structure data due to the absence
of encapsulated or interacting solvent molecules that can influence the structure of the triangular
geometry, which was also observed in the solid state and theoretical structural analyses conducted for
6H, 6Br and 6Ar in Chapter 2. In the optimised structures of syn- and anti-3Br (Figures 3.11b and c)
the cavity distances (9.54-9.58 A), angles between PMDI faces (59.5-60.4°) and bends within
individual PMDI units (0.7-1.2°) are consistent within each macrocycle and between each isomer.
Conversely, more significant differences are observed between syn- and anti-3Ar. The structural
parameters within syn-3Ar are consistent with its cavity distances (9.47-9.49 A), angles (60.0—-60.3°)
and bends (2.0—4.0°) in a similar manner to syn- and anti-3Br. Whereas in anti-3Ar, the cavity distances
and bends within PMDI faces are significantly more varied. Cavity distances of 9.05, 9.07 and 9.65 A
were measured along with pairs of bends of 5.5 and 5.9°, 0.8 and 4.0° and 3.6 and 0.0°. In a similar
fashion to the solid-state structural parameters, a correlation is observed in the geometry optimised
structures of anti-3Ar, where the shorter cavity distances (9.05 and 9.07 A) are facing into PMDI units
with lower bends (0.8 and 4.0° and 3.6 and 0.0°). The longer distance of 9.65 A is therefore associated
with the opposite PMDI face with increased bending, 5.5 and 5.9° respectively.

Furthermore, differences in the dihedral angles between PMDI faces and 3,5-dimethylbenzene
substituents in the DFT calculated geometry optimised structures provides additional evidence for

potential intramolecular C-H- -7 interactions. The three dihedral angles for syn-3Ar are relatively
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similar (54.0, 53.3 and 52.5°) whereas the angles are more varied in anti-3Br (49.8, 57.7 and 62.3°).
The similar dihedral angles in syn-3Ar could show that the three core-aryl substituents are all twisted
to similar extents to minimise steric repulsion. It could also indicate that intramolecular CH- &
interactions are three-way cooperative with the formation of three NClIs (average C-H---x distance =
2.71 A). In anti-3Br, with only two 3,5-dimethylbenzene substituents on the same side of the
macrocycle, only one C-H:--7 interaction (2.69 A) can occur and therefore the absence of further
interactions allows greater rotation to occur. The formation of three C-H:---m interactions in syn-3Ar
could stabilise the isomer with respect to anti-3Ar with the former isomer being 0.19 eV lower in energy

and thus explain why syn-3Ar is the favoured conformation in the solution and solid states.

bend iii bend iv

®:53.8° anti-3Ar
syn-3Ar C-Heesr=2.69 A
Average C-Heeer=2.71 A

Figure 3.11 Geometry optimised DFT (DFT/B3LYP(D3-BJ)/def2svp/PCM(solvent = CH2Cl2) structures showing (a)
structural parameters of general macrocyclic structure for (b) syn-3Br, (c) anti-3Br, (d) syn-3Ar and (e) anti-3Ar.

The completion of DFT calculations also allowed for the energy of the frontier molecular orbitals
(FMOs) of syn-3Br, anti-3Br, syn-3Ar and anti-3Ar to be evaluated and compared to the unsubstituted
macrocycle, 6H (Chapter 2). The energies of the HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1 and
LUMO+2 were compared to observe any degeneracy in the energy levels (Figure 3.12). In syn- and
anti-3Br (Figure 3.12a and b), the HOMO (-7.63 eV) is slightly destabilised and LUMO (-3.54 eV)
stabilised compared to 6H (HOMO: —7.70 eV and LUMO: -3.42 eV)). However, the influence of
tris-bromination on the HOMO and LUMO energies is not as significant as 6Br (HOMO: —7.48 and
LUMO: -3.65 eV)). For syn/anti-3Ar, the HOMO (-6.47/-6.54 ¢V) and LUMO (-3.32/-3.34 ¢V)
energies (Figure 3.12b and c), are destabilised with respect to 6H, although not as significantly as in

6Ar (—6.40 and —3.29 eV). These effects led to a narrowing of the band gap in syn/anti-3Br (4.09 eV)
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and syn/anti-3Ar (3.15 and 3.20 eV) with respect to 6H (4.28) eV, although less significantly compared
with 6Br (3.83 eV) and 6Ar (3.11 V) as discussed in Chapter 2.

E/eV
a b . c d
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Figure 3.12 Energy levels of HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1 and LUMO+2 from DFT calculations for (a)
syn-3Br, (b) anti-3Br, (c) syn-3Br and (d) anti-3Br. Dashed line and additional arrow show data for 6H for comparison.
(B3LYP(D3-BJ)/def2svp/PCM (Solvent = CH2Cl2).

In addition to influencing the energies of the FMOs and resulting bandgap in the same way as in 6Br
and 6Ar (Chapter 2), tris-functionalisation of molecular triangles also affects the degeneracy of the
HOMO and LUMO in syn/anti-3Br and syn/anti-3Ar. In 6H, 6Br and 6Ar, the LUMO and LUMO+1
are doubly degenerate and the trend is observed in the same energy levels of syn-3Br, anti-3Br and
syn-3Ar, whereas the LUMO and LUMO+1 are non-degenerate in anti-3Ar. In 6Br, the HOMO-1 and
HOMO-2 are degenerate and the same degeneracy is observed in the syn-isomers of 3Br and 3Ar.
However, no such degeneracy is present in the HOMO, HOMO-1 and HOMO-2 of the anti-isomers of
3Br and 3Ar which is the same as for 6Ar (Chapter 2). The loss of degeneracy of the HOMO and
HOMO-1 energy levels from the syn- to anti-isomer of the tris-substituted molecular triangles could be

due to the loss of rotational symmetry in the macrocycle.

The visual depictions of the FMOs for the syn/anti-isomers of 3Br and 3Ar (Supplementary
Information, Figures S3.42 and S3.43) are analogous to those shown for core-functionalised molecular
triangles 6Br and 6Ar (Chapter 2) where in the LUMOs, electron density is situated on the PMDI
macrocycle backbone and in the HOMOs, electron density resides on the core-substituents (bromine
atoms and 3,5-dimethylbenzene groups) and macrocycle core. Aromatic homoconjugation is also
observed in the degenerate, asymmetric LUMOs of syn/anti-isomers of 3Br and 3Ar which provides
evidence that core-functionalisation does not impact the presence of through-space electronic

communication in molecular triangles.

Experimental values of the band gap of the mixtures of isomers (syn-/anti-) of 3Br (3.43 eV) and 3Ar
(2.90 eV) were determined from absorption spectra of the molecular triangles in THF which agrees with

the computational data that tris-functionalisation narrows the band gap compared with 6H although not
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as significantly as the analogous hexa-substituted macrocycles, 6Br and 6Ar. Concentration-dependent
UV-vis studies of 3Br and 3Ar in CH,Cl, were conducted (Supplementary Information, Figures S3.37
and S3.38) to determine the extinction coefficient, &, with 3Ar absorbing more light at the Amax in
solution (& = 32,000 M ! cm™!) compared to 3Br (¢ = 7550 M! cm™!). These results follow the trend
observed between 6Br and 6Ar (Chapter 2), that with core-functionalisation of molecular triangles,
symmetry selection rules for the electronic transitions are relaxed allowing for greater absorption of

light at the Amax.

The absorption spectra of the tris-functionalised molecular triangles (3Br and 3Ar) are similar to their
hexa-substituted analogues (6Br and 6Ar, Chapter 2). As expected for absorption profiles of aromatic
diimides, m—m* transitions are present for 3Br (325-350 nm) and 3Ar (385-395 nm) are present in
CHCIls;, DMF and THF, along with an additional smaller wavelength T—x* transition (290—310 nm) in
the spectrum of the tris-arylated macrocycle (3Ar). A red shift of absorption peaks with respect to the
electronic transitions of the unsubstituted macrocycle 6H upon tris-functionalisation is observed,
however it occurs to a lesser extent compared with the hexa-substituted macrocycles (Chapter 2) due to
fewer number of electron-donating and -withdrawing aryl groups and bromine atoms respectively.
Furthermore, the decreased vibronic fine structure of the spectra for 3Ar represents greater ability for

rotation and vibration of the aryl core-substituents in the rigid, shape-persistent molecular triangles.
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Figure 3.13 UV-vis spectra of 3Br and 3Ar (25 uM) in (a) CHCIs, (b) DMF and (c) THF.

Experimental values for the LUMO energies for 3Br and 3Ar were also estimated from cyclic
voltammograms of syn/anti-isomers of the macrocycles in THF (Figure 3.14a). Energy values of the
experimental values for the LUMO of 3Br and 3Ar of —3.81 and —3.86 eV show a stabilisation
compared with the experimental value for 6H (-3.65 eV), The stabilisation of the LUMO is expected
upon tris-bromination, although the effect is less significant than in 6Br (ELumo = —3.94 eV). The
stabilisation of the LUMO (-3.86 eV) upon the introduction of three electron-rich 3,5-dimethylbenzene
groups is unexpected and is in conflict with the theoretical energy values. The tris-arylated molecular
triangle is expected to be electron-rich and subsequently destabilising the LUMO as was modelled in
the DFT calculations (ELumo = —3.33 eV) and seen in the hexa-arylated macrocycle 6Ar (Chapter 2).
Full comparison of the experimental and theoretically calculated energies and optical data can be found

in Table 3.1.
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In both cyclic and differential pulse voltammograms of 3Br and 3Ar (Figure 3.14a and b) the reduction
peaks are split into multiple accessible redox-states due to cyclic aromatic homoconjugation around the
tris-substituted molecular triangle in the same way as for 6H, 6Br and 6Ar discussed in Chapter 2.
These results provide evidence that tris-functionalisation of molecular triangles does not influence the
ability of electrons to be delocalised around the macrocycle as was also seen in the visual depictions of

the LUMO (Figure S3.42 and Figure S3.43).
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Figure 3.14 (a) CV and (b) DPV of 3Br and 3Ar in anhydrous, degassed THF (1 mM) with TBAPFs (0.1 M) as supporting
electrolyte.

Table 3.1 Experimental and theoretical values from UV-vis spectroscopy, cyclic
voltammetry and DFT calculations for molecular triangles 6H, 3Br, 6Br, 3Ar and 6Ar.

6H 3Br" 6Br 3Ar" 6Ar

@ Jmax / NM 320 344 368 299 302
be/Mtcemt 5830 7550 10700 32000 35600

¢ Egopt/ €V 3.68 3.43 3.25 2.90 2.76
=V YAY, -0.72 -0.57 -0.42 -0.68 -0.78

¢ ELumo (CV) / eV -3.65 -3.81 -3.94 -3.86 -3.60
" Eromo (EXp) / eV 733 7.24 ~7.19 6.76 6.36
9 ELumo (DFT) / eV -3.42 -3.54 -3.65 -3.33 -3.29
9 Enomo (DFT) / eV -7.70 —7.63 —7.48 -6.51 -6.40
9Egprr/ eV 4.28 4.09 3.83 3.18 3.11

aWavelength of maximum absorption in CH2Clz. "Molar absorption coefficient in CH2Clz calculated at the Amax. “Optical
bandgap measured through onset wavelength of lowest energy transition in UV-vis spectrum of compound in THF. ‘Half wave
potential of first reductions of compounds in THF. °The LUMO energy level was calculated from the onset of the first reduction
potential in CV, using the equation ELumo = [—e[Eonset, red —0.50 + 4.8] eV, where the oxidation potential of Fc/Fc* against
Ag/AgCl in THF with TBAPF¢ was found to be 0.50 V and 4.8 eV is the energy level of ferrocene below the vacuum level.
fEroMo = ELumo — Eg,opt. 2Values from DFT calculations (B3LYP(D3-BJ)/def2svp/PCM(solvent = CH2Clz)). "Average values
from theoretical values for syn- and anti-isomer of 3Br and 3Ar.

The reduced states of 3Br, i.e. the tris-radical anion ([3Br]*") and hexa-anion ([3Br]®"), were formed
after reduction with decamethylcobaltocene (CoCp*;) and studied by UV-vis spectroscopy with the

presence of free radicals confirmed by electron paramagnetic resonance (EPR) spectroscopy (Figure
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3.15). The resulting absorption spectra upon titration of 0-3 equivalents of CoCp*; revealed a pair of
resolved red-shifted peaks at 650 and 695 nm, with the presence of free radicals confirmed by EPR
spectroscopy indicating the reduction of 3Br to [3Br]**. Subsequent addition of an excess of CoCp*,
(>10 equiv.) led to the previously formed peaks to decrease in intensity and a new broad peak at 545

nm to be generated.
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Figure 3.15 UV-vis spectra of reduced states of (a) 3Br (0 — 3 eq. CoCp*2) and (b) 3Br (0 — > 10 eq. CoCp*2) generated by
chemical reduction with CoCp*2 in DMF. Inset: EPR spectra of tris-radical anion of (a) 3Br.

The behaviour of 3Br under reducing conditions (CoCp¥*>) is similar to 6H and 6Br (Chapter 2), with
the absorption peaks representing [3Br]* (650 and 695 nm) being red-shifted with respect to the neutral
state, to longer wavelengths than for [6Br]*~ (640 and 680 nm) but not to as long wavelengths as [6H]**
(665 and 710 nm). Furthermore, upon subsequent reduction, from the tris-radical anion ([3Br]**) to the
hexa-anion [3Br]®, the absorption peaks are blue-shifted to form a broad peak at 545 nm which is
similar to the wavelengths for [6H]® (545 nm) and [6Br]® (550 nm).

3.2.2 DYNAMIC ATROPISOMERISM OF TRIS-SUBSTITUTED MOLECULAR TRIANGLES

In Section 3.2.1, it was hypothesised that 3Br and 3Ar existed as a mixture of syn- and anti-isomers in
solution (*H NMR spectroscopy) with both isomers of 3Br also present in the solid state (X-ray
diffraction). Due to the chiral nature of the (R,R) or (S,S)-trans-1,2-diaminocyclohexane linkers the two
isomers of 3Br might have different chiroptical properties including circularly polarised luminescence
for use in OLEDs.* To be able to investigate the potential property differences between syn- and
anti-3Br, attempts to separate the isomers by automatic flash chromatography and chiral HPLC were
performed, albeit unsuccessfully. The inseparable nature of syn- and anti-3Br led to a hypothesis that
the isomers could interconvert via rotation of a BrPMDI side-unit at room temperature — so called

atropisomerism.

The potential rotation between syn- and anti-isomers of 3Br was investigated using
variable-temperature *H and *H-'H EXSY NMR spectroscopy (DMSO-dg) (Figure 3.16). In DMSO-ds
the ratio of syn:anti atropisomers of 3Br are 23:77 (25 °C) and 13:37 (80 °C) which differs slightly to
the ratio of 1:3 in CDCI; (80 °C). At temperatures above 80 °C the aromatic protons (7.92—7.81 ppm)
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on the BrPMDI core begin to broaden and coalesce to one peak at 140 °C (Figure 3.16a, full spectrum
in Supplementary Information, Section 3.4.5.1, Figure S3.18). The coalescence of aromatic proton
environments indicates that rotation occurs at a rate faster than the NMR timescale and thus an average
of the two species is observed. *H-*H EXSY NMR spectroscopy experiments at 80 °C were conducted
to further confirm the interconversion between syn- and anti-3Br. The 2D experiments were completed
at 80 °C as the four proton environments are still separate and visible but the rotation is still likely to
occur more easily and thus exchange be observed in the EXSY NMR spectrum. Indeed, the 2D *H-'H
EXSY NMR spectrum for 3Br with a mixing time of 200 ms shows cross-peaks between the syn-proton

and the three proton environments for the anti-isomer (Figure 3.16b).
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Figure 3.16 (a) Variable temperature 'H NMR (600 MHz, DMSO-ds, 25-140 °C) spectra and (b) 'H-'H EXSY NMR (600
MHz, DMSO-ds, 80 °C, mixing time = 200 ms) spectrum to study the atropisomerism of 3Br.

Exchange peaks were also observed between anti-1 & anti-3 and anti-2 & anti-3 proton environments,
with the notable absence of exchange between anti-1 & anti-2 protons. A graphical representation was
used to represent the exchange between syn-3Br and different forms of anti-3Br to assist in the
understanding and explanation for the absence of exchange between the anti-1 & anti-2 proton peaks.
For example, in Figure 3.17, assume that white and blue circles represent a proton facing away and
towards the plane of the triangle respectively. Considering the interconversion of a blue circle to a white
circle as represented by the two anti-3Br representations at the top of the figure, this new white circle
does not change its relationship within the macrocycle. i.e., it still sees a white and blue circle. On the
other hand, the already existing white circle is now surrounded by two blue circles (as opposed to a
white and blue circle) and vice versa for the non-interconverting blue circle. Therefore, as the proton
that has changed its direction (blue to white) does not change its environment, therefore one exchange
peak will be absent. Whereas the other two circles, and thus proton environments, change their
environment and thus exchange occurs with the presence of an exchange peak in the *H-H EXSY NMR

spectrum.
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Figure 3.17 Representation of the interconversion between different forms of syn-3Br and anti-3Br.

H-'H EXSY NMR spectroscopy (Supplementary Information, Section 3.4.5.2, Figure S3.21)
experiments were performed at a range of mixing times, with the cross and diagonal peaks in the
resulting spectra integrated. The peak intensity ratio, »’ was subsequently calculated and further
manipulated with the mole fractions of the syn- and anti-isomers to give a value r which has a linear
relationship with the mixing time.** Using the average exchange rate, the Gibbs energy of the transition
state (AGY), the half-life at 80 °C and the exchange rate and half-life at 25 °C were calculated, Table
3.2. Full details on the method and equations to calculation the exchange rate and other energetic and
kinetic values are provided in the Supplementary Information, Section 3.4.5.2. The resulting calculated
short half-life of atropisomers of 3Br at room temperature, 96.3 + 1.6 s, explains why it was not
possible to separate the syn- and anti-isomers by column chromatography or HPLC as the two forms

are readily interconverting on the minutes timescale.

Table 3.2 Kinetic and energetic values related to exchange rate calculated from
the experimental data for 3Br.

3Br
Exchange rate (kr) (80 °C) /s 1.81+£0.03
Gibbs energy of transition state (AG*) / kcal mol 20.4+0.3
Half-life (t12) (80 °C) /s 0.383 £ 0.006
Exchange rate (kr) (25 °C) /s 0.00720 £ 0.00012
Half-life (ti2) (25 °C) /s 96.3+1.6
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The experimental energy barrier to rotation calculated via *H-'H EXSY NMR spectroscopy, 20.4 + 0.3
kcal mol?, has been corroborated by transition state (TS) quantum chemical calculations
(DFT/B3LYP(D3-BJ)/def2svp/ PCM (Solvent = CH>Cl,). The atropisomerism of 3Br was modelled,
with the rotation between syn- and anti-isomers via two potential pathways where either the bromine or
hydrogen atoms enter the cavity (Figure 3.18). As hypothesised, the TS calculations show that the initial
barrier to rotation of BrPMDI units arise from the steric hinderance between carbonyl groups on
adjacent PMDI faces. After the first transition state (TS1, Figure 3.18), an intermediate is reached where
either the -Br or H-substituent is pointing directly into the cavity after a total 90° rotation (Br-int or
H-int). Further rotation to the opposite atropisomer goes via a second transition state (TS2) due to
further steric repulsion of diimide carbonyls. It was hypothesised that the large van der Waals radius of
the bromine atom would hinder the rotation pathway via Br-int compared with the smaller hydrogen
atom, H-int. Surprisingly, the IRC calculation indicates that the rotation containing an intra-annular
bromine atom is energetically favourable compared to the intra-annular hydrogen rotation (18.3 and
22.2 kcal mol? respectively). Therefore, there must be a favourable intramolecular halogen---n
interaction in the transition state between the bromine substituent and the electron-deficient cavity of
the macrocycle.
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Figure 3.18 Internal Reaction Coordinate (IRC) DFT calculations (B3LYP(GD3BJ)/def2SVP/CH2Cl2) modelling the rotation
of a single BrPMDI unit from the syn-isomer to the anti-isomer and back to the syn-isomer via intra-annular hydrogen and
intra-annular bromine intermediates.

This enhancement of rotation via an intramolecular halogen---n mediated pathway compared to the
mechanism with an intra-annular hydrogen atom is significant because of the approximately 0.7 A
difference in van der Waals radius of the core-substituent atoms (H and Br).* Intuition of steric
repulsion of functional groups led to the initial expectation that the intra-annular hydrogen pathway
would be favoured on account of the reduced size of the atom. Thus, the average stabilisation of the

transition state of 3.6 kcal mol™ (~14.9 kJ mol™?) from the intra-annular bromine pathway was
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unexpected. The potential stabilisation from halogen---m interactions in core-brominated molecular
triangles (~14.9 kJ mol™?) is greater than that observed in molecular balances of 7.9 kJ mol™* for
bromine:--w (from benzene) interactions.'> The stabilisation in the system from DFT calculations is
around 1.9 times greater the previously reported values which could be due to the presence of two
adjacent electron-deficient PMDI z-surfaces for Br---m interactions to occur in the transition state.
Halogen- -7 interactions in the ground state have been shown to favour the least sterically hindered
interaction, e.g. -H over -X or -X over -CHs.!* This halogen---n mediated rotation in brominated
molecular triangles allows for a comparison with that of enzymes in nature where similar interactions
have been shown to play an important role for substrate selectivity with enzymes in drug discovery.*
In the induced-fit binding model, enzymes are thought to undergo structural changes in their quaternary
structure to enhance the binding of a substrate. This process is allowed to occur through the precise
order of amino acids in the sequencing of the protein. In the computational modelling of the
atropisomerism of 3Br, a bending and rotation of the adjacent PMDI-unit to avoid electronic repulsion
of carbonyl groups is observed to allow the bromine-substituent to enter the cavity. This remarkable
adaptation and structural flexibility of the rigid, shape-persistent molecular triangles as well as the
favourable interactions between the bromine substituent and the n-surface could be manipulated and

utilised in the future as a synthetic mimic to enzymes and proteins.

To confirm the presence of the favourable intramolecular halogen---n mediated pathway in 3Br,
variable temperature *H and *H-'H EXSY NMR spectroscopy experiments were performed for 3Ar. It
was hypothesised that in the absence of a core-substituted bromine atom, rotation between syn-3Ar and
anti-3Ar will be slower, as in the presence of the bulky 3,5-dimethylbenzene core-substituent, the
rotation would only go via the H-int intermediate due to the large size of the aromatic group not being

able to enter the cavity of the macrocycle.

As discussed in Section 3.2.1, room temperature *H NMR spectroscopy of 3Ar revealed that the
syn-isomer was preferred (81:19) compared with 3Br where the anti-form was greater in proportion
(syn:anti ratio 1:3) in CDCls. Indeed, as expected higher temperatures were required to observe
broadening and merging of aromatic proton environments in the 'H NMR spectrum (Figure 3.19a)
compared with 3Br, with full coalescence of 3Ar aromatic protons not achieved at the maximum
temperature of 140 °C in DMSO-ds. *H-'H EXSY NMR spectroscopy (Figure 3.19b) was used to
confirm interconversion of the syn- and anti-isomers through the exchange of proton environments. In
DMSO-ds, the order of syn- and anti-proton environments for 3Ar in the aromatic region is different to
3Br. However, the same proton exchanges are observed between the syn-environment with all three
anti-environments and between two anti-environments (anti-land anti-2) in the same manner as for
syn- and anti-3Br (Figure 3.16). Furthermore, in DMSO-ds the syn:anti ratio of atropisomers is 14:11
(25 °C) and 9:11 (80 °C) which is different to ratio of 81:19 in CDCl; (25 °C).
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Figure 3.19 (a) Variable temperature 'H NMR (600 MHz, DMSO-ds, 25-140 °C) spectra and (b) 'H-'H EXSY NMR (600
MHz, DMSO-ds, 80 °C, mixing time = 200 ms) spectrum to study the atropisomerism of 3Ar.

In a similar manner to 3Br, *H-'H EXSY NMR spectroscopy experiments were repeated at a range of
mixing times for 3Ar, (Supplementary Information, Section 3.4.5.2, Figure S3.22), to calculate the
average exchange rate, kr, Gibbs energy, 4G’ and half-life, ty, (Table 3.3). The exchange rate at 80 °C
for 3Ar (0.560 * 0.015 s%) is more than three times less than that for 3Br (1.81 + 0.03 s?), although
this only accounts for a 0.8 kcal mol difference in transition state energy barrier, 21.2 = 0.6 and 20.4
+ 0.3 kcal mol™! for 3Ar and 3Br respectively. These experimental values for the transition state energy
barrier lie within the DFT calculated values for the hydrogen and bromine rotational pathways (Figure
3.18). The experimental value for the energy barrier for 3Br could be greater than the calculated value
experimentally as it is feasible for the rotation to go via either pathway especially at elevated
temperatures (80 °C) and thus is an average of the two rotations via Br-int and H-int. However, as 3Ar
can only go via the intra-annular hydrogen route the experimental value (21.2 £ 0.6 kcal mol™") should
be closer to the DFT calculated value. Despite this inaccuracy, the corresponding exchange rate and
half-lives for rotation at room temperature (25 °C) for both 3Br and 3Ar show that isomers are
interconverting at the minutes time scale which explains why separation of atropisomers has not been
possible. LaPlante et al.*’ developed a qualitative guide and classification system to categorise potential
pharmaceutical candidates that exist as atropisomers based on the torsion rotation energy barrier and
thus rotation half-life to further understand their chirality and pharmacological properties. Using the
LaPlante categorisation both 3Br and 3Ar would be labelled as ‘Class 2’ atropisomers based on an
energy barrier of around 20 kcal mol™' and half-lives on the minutes timescale at room temperature.*’

Table 3.3 Kinetic and energetic values related to exchange rate calculated from the experimental data
for 3Ar and compared with 3Br.

3Ar 3Br
Exchange rate (ki) (353 K) / s 0.560 £ 0.015 1.81+0.03
Gibbs energy of transition state (4G?) / kcal mol™ 21.2+0.6 20.4+£0.3
Half-life (353 K) 1.24 £0.03 0.383 + 0.006
Exchange rate (kr) (298 K) / s* 0.00179 £ 0.00005 0.00720 £+ 0.00012
Half-life (298 K) / s 387 +10 96.3+1.6
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To provide further evidence that the atropisomerism in tris-brominated molecular triangles is catalysed
by an intramolecular halogen---m interaction in the intermediate, further control experiments were
completed using the hexa-substituted molecular triangles. We were able to take advantage of the
presence of two diimide carbonyl environments (3 & 3”) in the *C NMR spectra of molecular triangles,
6H, 6Br and 6Ar, which occurs as a result of the 3D chiral nature of the macrocycles with the C=0
bonds pointing in opposite planes as discussed in Chapter 2. Therefore, the rotation of the symmetric
X,PMDI-units (X = H, Br or Aryl group) were studied using *C-*C EXSY NMR spectroscopy, in
order to observe exchange between the two carbonyl peaks (3 and 3°). The use of **C nuclei for the
EXSY measurements added some extra complexity compared with using *H because of its low natural
abundance and low receptivity thus requiring more scans and longer experiment times. Furthermore,
carbonyls are known to have long T1 relaxation times and EXSY NMR spectroscopy experiments are
required to have a delay at least five times longer than the T1 time. Therefore, the T1 relaxation times
for the carbonyl peaks in 6H, 6Br and 6Ar were required to be measured prior to the *C-13C EXSY
measurements, (Supplementary Information, Section 3.4.5.3, Figures S3.24-26.). With the T1
relaxation times for the three symmetric macrocycles, 6H, 6Br and 6Ar, calculated, **C-3C EXSY
NMR spectroscopy experiments were conducted at 80 °C at a range of mixing times (Supplementary
Information, Section 3.4.5.4, Figures S3.27-29), to compare the ratio of integrations of cross and
diagonal peaks to assess the difference in rate of rotation between the three molecular triangles.

As expected, for 6Ar, no cross-peaks are present in the EXSY spectrum at 80 °C, thus with no exchange
of carbonyl environments, these experiments confirm that no rotation occurs due to the presence of
large, bulky 3,5-dimethylbenzene core-substituents (Supplementary Information, Section 3.4.5.4,
Figure S3.29). 3C-13C EXSY NMR spectroscopy experiments at a range of mixing times for 6H,
display some exchange of carbonyl environments at 80 °C, whereas 6Br showed more significant
exchange with the cross peaks, (Supplementary Information, Section 3.4.5.4, Figures S3.27 and S3.28).
Table 3.4 shows the ratio of the integrations of the diagonal and cross exchange peaks for 6H, 6Br and
BAr from the 3C-3C EXSY NMR spectroscopy experiments at a range of mixing times. As would be
expected, where there is exchange (6H and 6Br) the proportion of cross exchange peaks increases with
longer mixing time due to more time for rotation to occur. Whereas for 6Ar no exchange peaks were
observed and thus no rotation is occurring. Confirming the results seen by 'H-‘H EXSY NMR
spectroscopy experiments for 3Br, the hexa-brominated molecular triangle, 6Br showed a greater
proportion of cross peaks (smaller value in diagonal peak integration divided by cross peak integrations)
compared with 6H. These results show qualitatively that the rate of rotation in hexa-substituted
molecular triangles goes in the order 6Br > 6H > 6Ar. Quantitative evaluation of the ratio into an
exchange rate and other kinetic parameters was completed for 6Br where a linear relationship with
mixing time is observed (Supplementary Information, Section 3.4.5.4, Figure S3.30), to give a rotation

rate of 9.5 + 1.9 s at 80 °C and thus an energy barrier, AG*, of 19 + 4 kcal mol=. Large errors are
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present in both the exchange rate and energy barrier which is understandable given the nature of the
13C-13C EXSY NMR spectroscopy experiments which leads to a qualitative interpretation of the results
only compared with 6H and 6Ar. These qualitative results further confirm the conclusion from the
'H-'H EXSY NMR spectroscopy results for 3Br and 3Ar that the presence of core-substituent bromine
atoms enhance the rate of rotation in shape-persistent rigid macrocycles.

Table 3.4 Values of diagonal peak integration divided by cross peak integration from

BC-BC EXSY NMR spectroscopy experiments for 6H, 6Br and 6Ar at different mixing
times 100, 125, 150, 175 and 200 ms.

Mixing Time / ms 6H 6Br 6Ar
100 77.02 16.39 No exchange
125 22.35% 5.84 No exchange
150 49.38 5.37 No exchange
175 36.88 3.18 No exchange
200 Not Measured 1.91 Not Measured
2Probable Outlier

3.2.3 HosT-GUEST COMPLEXATION OF MOLECULAR TRIANGLES

In Section 3.2.2, the influence of an intramolecular halogen---m interaction on the dynamic
atropisomerism of the tris-brominated molecular triangle, 3Br was discussed. Therefore, intermolecular
halogen -7 interactions were also investigated via host—guest chemistry (host—guest UV-vis
spectroscopy and NMR spectroscopy titrations) between core-functionalised molecular triangles, (6H,
3Br, 6Br, 3Ar and 6Ar) and the electron-rich triiodide anion. Stoddart and coworkers®® showed that
the NDI based molecular triangle, 10, discussed in Chapter 1, was able to form host—guest complexes
with I3~ through favourable anion- - -m interactions between the electron-rich guest and electron-deficient
macrocycle with a binding constant of 25 + 2 Mt in CD,Cl, determined by *H NMR spectroscopy.
Therefore, it was hypothesised that the more electron-deficient 6Br, 3Br and 6H molecular triangles

would be more likely to form host—guest complexes compared to the more electron-rich 3Ar and 6Ar.

A single crystal of a host—guest complex of 6H with the triiodide anion was obtained by the slow
evaporation of diethyl ether into a chloroform solution of molecular triangle with tetrabutylammonium
triiodide (1:7 ratio of 6H:I57). Despite using a seven-fold excess of guest, a relatively high proportion
of free host and guest were observed in the unit cell of the crystal, one free 6H macrocycle, five free I3~
molecules, six tetrabutylammonium cation molecules and one host—guest complex, 6H>I;~ (Figure
3.20a and b). Conversely, 1:1 host—guest complexes between 6Br and TBA<I; formed more readily
upon vapour diffusion of diisopropylether into a 1:1.6 molar ratio solution of host and guest in
chloroform, with two 6Brol;~ complexes present in the unit cell of the resulting crystal structure (Figure
3.20c and d). The large tetrabutylammonium cations are non-interacting with the molecular triangles

and relatively separated from the triiodide counter-anions.
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Figure 3.20 Unit cells of crystal structures containing host—guest complexes of molecular triangles with a triiodide anion for
2(6H)*6(I37)*6((CaHg)aN*)*3CHCIs (a) with and (b) without solvent molecules and tetrabutylammonium cations and
2(6Br)+2(I37)*2((CsHg)aN*)+4CHCIs (c) with and (d) without solvent molecules and tetrabutylammonium cations. Hydrogen
atoms have been removed for clarity.

When observing the structural parameters of molecular triangles with and without encapsulated 15~
(Figure 3.21), considerable bending is observed in Bro,PMDI units of 6Brol;~ between the central
benzene ring and the two 5-membered rings containing the diimides. In the unit cell of the host—guest
complex between 6Br and I3, two complexes are present: 6Brol;™ (1) and 6Brols™ (2), with both
containing one face bent more considerably than the others, 7.6° & 7.6° and 5.1° & 6.0° respectively.
It is hypothesised that the significant bending occurs to maximise anion---m interactions which
consequently increases the cavity distance to 10.14 A and 9.90 A from the bent PMDI unit to the
opposite cyclohexane linker for 6Brol; (1) and 6Brol;~ (2) respectively. Furthermore, the angle of the
vertex between the other two, less bent PMDI units decreases upon the puckering of the opposite face
(55.6° and 57.3° for 6Brol; (1) and 6Brols™ (2) respectively). Conversely, despite one of the 6H
molecules in the unit cell encapsulating a triiodide anion (6H>I3"), there is no significant difference in
its structural properties compared with the free 6H macrocycle. The similar cavity distances, angles and
bends between 6H and 6H>I; could indicate that non-covalent interactions between the anion and
macrocycle are not occurring. Whereas the change in structure of the rigid, shape-persistent macrocycle
upon complexation of I3~ with 6Br (6Brol;™ (1) and 6Brol; (2)) compared with the free molecular
triangle provides evidence that anion- - -7 interactions could form between the electron-rich guest and
electron-deficient host. In the host-guest complexes of 6Br with Is~ (6Brol;™ (1) and 6Brols (2)), a
partially negatively charged terminal iodine*® atoms sits in the centre of the macrocycle with the other
two iodine atoms pointing out of the molecular triangle which could indicate that an interaction is
occurring. Conversely, in 6H>Is the central iodine atom of the linear I3~ chain sits in the centre of the

cavity which could provide evidence for the absence of a NCI.
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bend vi

bend ii

bend iii bend iv

6Brol,~ (1) 6Brol,~ (2)

Figure 3.21 Molecular triangle molecules from host-guest crystal structures showing (a) structural parameters (distance, angle,
bend and dihedral angle) for general macrocyclic structure for (b) 6H>ls, (c) 6H, (d) 6Brols™ (1) and (e) 6Brols (2).
Cyclohexane hydrogen atoms have been omitted for clarity.

With the proof-of-concept of host—guest complexation of core-functionalised molecular triangles with
the electron-rich I3~ achieved, experiments to calculate the binding constants in solution were
completed. Initially, UV-vis spectroscopy titrations of molecular triangles, 6H, 3Br and 6Br, with
TBA-I; in CH,Cl, were attempted to quantify the change in wavelength of the n-n* transitions which
could then be used find the binding constant (Supplementary Information, Section 3.4.6.2, Figures
S3.39-41). Unfortunately, high intensity and broad absorption peaks at 297 and 365 nm were observed
for TBA-«I; which overlapped with the peaks representing n-n* transitions at 310 and 320 nm, 334 and
344 nm and 354 and 370 nm for 6H, 3Br and 6Br respectively. The observed dark red colour observed
upon dissolution of TBA-I3 in CH2Cl; with absorption peaks at 297 and 365 nm is characteristic of the
triiodide anion.*® The dissociation of Is~ to I and I does occur in equilibrium, with an association

constant of 600 M favouring the polyiodide component.*’

As UV-vis spectroscopy titrations could not be used to monitor the binding of I3~ with
core-functionalised molecular triangles, NMR spectroscopy was used instead where the host—guest
titrant solutions contained an excess of TBA-l3, so that the effect of the presence of I, and I™ were
neglible.** For molecular triangles, 6H, 3Br and 3Ar, host-guest titrations were completed by
monitoring the change in shift of the PMDI aromatic protons through 'H NMR spectroscopy
(Supplementary Information, Section 3.4.5.5, Figures S3.31-33). These protons were selected as these
will be most influenced upon any anion- - -7 interactions between I3~ and the aromatic PMDI core. Upon
increasing the guest I3~ concentration, the signal (dux = 8.03 ppm), associated with the PMDI proton of

6H, experienced an upfield shift to signify a binding interaction (presumed to be the formation of the
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6H>oIs inclusion complex). However, upon addition of up to 250 equivalents of guest, the change in
shift had not plateaued indicating that saturation of the host—guest complex had not been reached (Figure
3.22a). In the host—guest titrations for tris-functionalised molecular triangles, 3Br and 3Ar, aromatic
proton peaks representing both syn- and anti-isomers were monitored by '"H NMR spectroscopy. A
similar trend to that of 6H was observed for both 3Br and 3Ar with an upfield shift of signals indicating
host—guest inclusion complex formation. Although even with the presence of around 250 equivalents
of guest, the change in shifts of the proton environments for both 3Br and 3Ar had not plateaued, again
indicating that saturation of the host—guest complex had not been achieved (Figures 3.22.b and c). The
results that host—guest complex saturation in solution was not reached for 6H, 3Br or 3Ar indicates

weak binding between the triiodide anion with these molecular triangles.
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Figure 3.22 Graphs showing the change in shift of diagnostic protons vs equivalents/concentration of TBA«I3 from 'H NMR
(500 MHz, CDCl3, 298 K) spectroscopy host-guest titrations for (a) 6H, (b) 3Br and (c) 3Ar.

The hexa-substituted molecular triangles, 6Br and 6Ar, do not have any available PMDI protons to
monitor by 'H NMR spectroscopy due to saturation of the aromatic core. Therefore, *C NMR
spectroscopy was used to measure the binding between molecular triangle and guest with the change in
shift of the carbon environment adjacent to the core-substituent monitored in the presence of increasing
equivalents Is~ guest (0—114 eq.) (Supplementary Information, Section 3.4.5.5, Figures S3.34-36). The
host—guest behaviour of 6Ar was similar to that of 6H, 3Br and 3Ar, in that a plateau in the change of
shift (dc = 129.9 ppm) with increasing equivalents of guest was not achieved, indicating that saturation
of the concentration of host—guest complex was not reached and thus the triiodide anion interacted
weakly with the hexa-arylated macrocycle (Figure 3.23). Such a weak interaction between 6Ar and I3~

is not unexpected on account of the increased electron-density of the n-surface in the cavity from the
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electron-donating 3,5-dimethylbenzene substituents. Binding constants are not given for 6H, 3Br, 3Ar

or 6Ar as saturation of the host—guest complex was not achieved in the NMR spectroscopy titrations.
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Figure 3.23 Graph showing the change in shift of diagnostic carbon vs equivalents/concentration of TBAeI3 from '*C NMR
(126 MHz, CDCls, 298 K) spectroscopy host guest titrations for 6Ar.

Although molecular triangles 6H, 3Br, 3Ar and 6Ar exhibited weak binding with [3~, a more significant
change in shift of the PMDI carbon (6c = 114.7 ppm) for 6Br was observed by '*C NMR spectroscopy
host—guest titrations with the electron-rich triiodide anion. Upon increasing the concentration of the
guest (I37) to 50 equivalents with respect to 6Br, the downfield shift of the carbon signal reached a
plateau, indicating that saturation of the host—guest complex, 6Brol;-, was achieved (Figure 3.24). Two
host-guest titrations were completed for 6Br so that an average association constant (K,) could be
calculated using the simulation software Bindfit.>® For each trial (run 1 and run 2), two binding models

were used modelling a 1:1 stoichiometry of host:guest, Nelder-Mead and L-BFGS-B and both models

provided the same association constant and error within the respective runs, Table 3.5.
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Figure 3.24 Graphs showing the change in shift of diagnostic carbons vs equivalents/concentration of TBAeI3 from '3C NMR
(126 MHz, CDClIs, 298 K) spectroscopy host-guest titrations for 6Br with (a) Run 1 and (b) Run 2. The graphs show

experimental data points and a binding isotherm from a simulated binding model using Bindfit software.

50-52

Table 3.5 Association constants and error for '*C NMR host-guest titrations of 6Br with I3~ using
different fitting models and an average across two runs and two methods.

Association Constant (Ka) / M™

Run 1 — Nelder-Mead 637
Run 1 - L-BFGS-B 637
Run 2 — Nelder-Mead 59 +11
Run 2 - L-BFGS-B 59+11
Average 61+5
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The calculated average binding constant, K, for 6Br with 157, 61 + 5 M™! is greater than the literature
value for NDI based molecular triangle 10 reported by Stoddart and coworkers in 2013, 25 £2 M1.%°
These results indicate that although the unsubstituted PMDI molecular triangle 6H binds weakly with
I3~ compared with the larger NDI macrocycle 10 on account of the decreased surface area of the
electron-deficient aromatic cavity. However, with the introduction of six electron-withdrawing bromine
atoms to the aromatic core of the PMDI based macrocycle, 6Br, stronger anion: - -7 interactions between
the molecular triangle and triiodide anion can occur, overcoming the weaker binding of 6H compared

with the NDI macrocycle 10 (Figure 3.25).

,ﬁ; ::§g & xg
N Br 4
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61+ 5 M-1 (CDCl,) 25+ 2 M- (CD,Cl,)

OO

Figure 3.25 Comparison of the binding constant of PMDI based (6Br) and NDI based (10)%° molecular triangles.
3.3 CONCLUSIONS

In this chapter, the role of the electron-deficient cavity of molecular triangles and its potential for
non-covalent interactions has been investigated. These include intramolecular halogen- - -n interactions
within the cavity of the electron-deficient macrocycles which can enhance the rate of rotation of PMDI
walls in molecular triangles and intermolecular anion-- & interactions in host—guest complexes. The
synthesis and characterisation of tris-substituted molecular triangles 3Br and 3Ar are reported with
these macrocycles having similar structural and optoelectronic properties as their hexa-functionalised
analogues 6Br and 6Ar. Furthermore, 3Br and 3Ar exist as a mixture of syn- and anti-isomers in the
solution state, with the conformers being able to interconvert which was shown using variable
temperature '"H NMR spectroscopy. The rate of rotation between these atropisomers was calculated
using '"H-'"H EXSY NMR spectroscopy (3Br: 1.81 £0.03 s™! and 3Ar: 0.560 + 0.015 s at 80 °C) which
corresponds to half-lives of 96.3 + 1.6 and 387 + 10 s for 3Br and 3Ar respectively. IRC- and TS-DFT
calculations indicate that the faster rotation of the brominated molecular triangle is due to a lower energy
barrier through stabilisation via an intramolecular Br---n interaction inside the cavity of the molecular
triangle. The potential for host—guest complexation between the electron-rich triiodide anion and
core-substituted molecular triangles has been studied by growing single crystals for X-ray diffraction
analysis and host—guest NMR spectroscopy titrations. The results from these experiments reveal that
the most electron-deficient molecular triangle 6Br, binds most strongly with I3~ (K, = 61 + 5 M
(CDCl3)) which is greater than the previously reported NDI based molecular triangle 10, 25 =2 M
(CD:Clz). When host—guest complexes of 6Brol;™ form in the solid state, the rigid, shape-persistent
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molecular triangle changes its shape to maximise anion-n interactions through bending of a Br.PMDI
face. In this Chapter the role of both intra- and intermolecular interactions between halogen atoms and
the m-surface of the cavity of molecular triangles in inducing a change in shape of the macrocycle is
discussed. This flexible behaviour of molecular triangles to maximise non-covalent interactions is

similar to the mode of action of enzymes upon binding of substrates in the induced fit model.
3.4 SUPPLEMENTARY INFORMATION

3.4.1 MATERIALS AND GENERAL METHODS

All chemicals and reagents were purchased from commercial suppliers (Sigma Aldrich, Fisher
Scientific, Alfa Aesar, Fluorochem, Apollo Scientific or Tokyo Chemical Industry) and used without
further purification unless otherwise stated. Anhydrous solvents were obtained from a neutral alumina
Solvent Purification System under nitrogen and stored over activated (>250 °C at 0.01 mbar overnight)

3 A molecular sieves under a dry Ar atmosphere.

Analytical thin-layer chromatography (TLC) was performed on silica gel 60 plates pre-loaded with
F254 indicator (Sigma Aldrich) and visualised under UV light irradiation (254 and 365 nm). Automated
flash column chromatography was performed using a Teledyne ISCO Combiflash NextGen 300+ with
detectors using broad range UV-vis (200—800 nm) and evaporative light scattering (ELS) through N,
gas and loaded on pre-filled Redisep™ Gold cartridges (normal phase: SiO,) by dry loading from
adsorbed celite. Nuclear magnetic resonance (NMR) spectra were recorded on either a JEOL ECS400D
spectrometer (working frequency of 400 and 101 MHz for 'H and *C nuclei respectively), a Bruker
AVIIIHDS500 spectrometer (working frequency of 500 and 126 MHz for 'H and *C nuclei respectively)
or a Bruker AVIITHD600 spectrometer (working frequency of 600 and 151 MHz for 'H and '*C nuclei
respectively). Chemical shifts (J) are reported in ppm relative to the signals corresponding to residual
non-deuterated solvents (CDCls: du 7.26 ppm, dc 77.16 ppm, (CD3)2SO: du 2.50 ppm, dc 39.52 ppm,
(CD3)2CO: dy 2.05 ppm, dc 206.62 ppm, 29.84 ppm). Coupling constants (J) are reported in Hertz (Hz)
and "H multiplicities are reported in accordance with the following convention: s = singlet, d = doublet,
t = triplet, q = quadruplet, p = pentet, m = multiplet. Assignment of 'H and *C NMR signals were
accomplished with the aid of DEPT-135 and two-dimensional COSY, HSQC and HMBC NMR
spectroscopies. NMR spectra were processed using MestReNova software, Version 14. High-resolution
mass spectrometry was completed using a Bruker compact time-of-flight mass spectrometer using an

atmospheric-pressure chemical ionisation (APCI) source.

Diffraction data were collected at 110 K (cooled with liquid N using an Oxford Instruments Cryojet)
on an Oxford Diffraction Supernova diffractometer (CuKo A = 1.54184 A) using a Cannon EOS CCD
camera. A suitable crystal was selected and mounted (oil on 100 um mount) on a SuperNova Dual, Cu

at home/near, Eos diffractometer. Diffractometer control, data collection, initial unit cell determination,
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frame integration and unit cell refinement were carried out with ‘CrysAlisPro’.® Face-indexed
absorption corrections were applied using spherical harmonics implemented in SCALE3 ABSPACK
scaling algorithm.** OLEX2 was used for overall structure solution, refinement and preparation of
computer graphics and publication data.*> Within OLEX2, the structures were solved with the Superflip
Structure solution program using ‘charge flipping’3® or with the ShelXS/ShelXT structure solution
programs using Direct Methods.”” Refinement by full-matrix least-squares used the SHELXL-97
algorithm within OLEX2. All non-hydrogen atoms were refined anisotropically and hydrogen atoms
were placed using a ‘riding model’ and included in the refinement at calculated positions. Visualisation,
exploration, distance and angle measurement and image capture of crystal structures were completed

using Mercury.>®

Solution-state absorption spectra were recorded using an Agilent Technologies Cary 5000 Series
UV-Vis-NIR spectrophotometer or Shimadzu UV 1800 spectrophotometer using standard 10 mm path

length UV-vis quartz cuvettes at room temperature using samples prepared in dry solvents.

Solution-state electrochemical experiments (cyclic voltammetry (CV) and differential pulse
voltammetry (DPV)) were carried out using a Gamry Reference 3000 Potentiostat at room temperature
with a standard three-electrode setup using Ar-purged freeze-pump-thawed sample solutions in
anhydrous THF. Tetrabutylammonium hexafluorophosphate (TBAPFs; 0.1 M) was recrystallized from
hot EtOH and used as the supporting electrolyte. A glassy carbon working electrode (BASi; 0.071 cm?)
was used where the electrode surface was polished routinely with 0.05 um alumina—water slurry on a
felt surface immediately before each use. A platinum wire counter electrode was used with an aqueous

Ag/AgCl reference electrode which was routinely stored in an aqueous 3 M KCl solution.

Chemical reduction experiments were performed in an argon atmosphere using an MBraun UniLab Pro
glove box (<0.1 ppm O, and H>O content). Decamethylcobaltocene (CoCp*;) was used as a
single-electron reductant (E)2 (CoCp*2) =—1.3 V vs Fc'/Fc) and titrated into analyte solutions prepared
under a dry Ar atmosphere and using anhydrous, thoroughly degassed DMF solutions.

Electron paramagnetic spectroscopy (EPR) spectra were recorded at X-band on a Bruker EMX-Micro
spectrometer using 0.1 G modulation amplitude. EPR samples were prepared and stored in an anaerobic
glove box (MBraun UniLab Pro) under a dry Ar atmosphere in anhydrous and thoroughly degassed
DMEF solutions.

Theoretical density functional theory (DFT) ground state geometry optimisation and frequency
calculations were performed using Gaussian 16 software,” on either Viking (University of York) or
Hamilton (Durham University) High Performance Computer facilities. The calculations were carried
out using Becke’s three-parameter exchange functional® with the gradient-corrected correlation
formula of Lee, Yang and Parr (B3LYP)®! paired with the double zeta valence plus polarisation def2svp

basis set,®” PCM solvation model (CH2Cl,) and dispersion corrections (D3BJ).% Optimised geometries
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of the minimum energy ground state (GS), intermediate (I) and transition state (TS) were confirmed by
carrying out frequency calculations to check for the presence and absence of negative vibrational
frequencies in GS and TS (saddle points) structures respectively. A relaxed potential energy surface
scan was conducted at 5° intervals to study the rotation of a BrPMDI unit between syn-3Br and anti-3Br
and find transition state (TS) structures that were optimised via a geometry optimisation calculation.
Intrinsic reaction coordinate (IRC) calculations were then performed to confirm that TS geometries

identified lie on a potential surface linking the relevant energy minima.
3.4.2 SYNTHESIS

1-BROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ACID (8)

KMnO4
Br

1:1 v:v H,O-t-BuOH
reflux

61%

1-Bromo-2,3,5,6-tetramethylbenzene 7 (20.00 g, 93.8 mmol, 1.0 equiv.) was suspended in --BuOH—
H>O (1:1 v/v, 350 mL) and stirred. Potassium permanganate (49.50 g, 313.2 mmol, 3.34 equiv.) was
added and the reaction mixture heated at reflux for 4 hours at which point the pink colour of the solution
had disappeared. The solution was cooled to rt and a second portion of potassium permanganate
(49.50 g, 313.2 mmol, 3.34 equiv.) was added to the reaction mixture, which was then heated to reflux
overnight at which point the pink colour of the solution had disappeared. The heating was removed and
a third portion of potassium permanganate (49.50 g, 313.2 mmol, 3.34 equiv.) was added to the reaction
mixture and heated to reflux for a further 24 hours at which point the solution was no longer pink. The
reaction mixture was cooled to rt, absolute EtOH (40 mL) was added and the resulting mixture stirred
for 20 min at which point it was filtered to remove insoluble MnO, salts and washed with H>O. The
filtrate was concentrated in vacuo and the resulting residue was dried at 80 °C in a vacuum oven (1073
mbar) overnight. The dried crude material was dissolved in water and acidified with conc. HCI until a
solution of pH = 1 was achieved. The solution was filtered of any insoluble precipitate, which was set
aside for additional product recovery, before concentrating the filtrate in vacuo. The resulting residue
was suspended in acetone and any insoluble salts were removed by filtration. The filtrate was
concentrated in vacuo to give a first crop of the desired product 8 as a pale-yellow solid. Meanwhile,
the insoluble precipitate from the acidification step was redissolved in water and the acidification

followed by filtration procedure repeated to ultimately afford a second crop of the desired product 8 as
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a pale-yellow solid. The isolated pale-yellow solids were combined and dried under high vacuum to

afford 8 (18.95 g, 56.9 mmol, 61%).

'"H NMR (400 MHz, (CD;).CO, 298 K): 4 8.70 (s, 1H?). *C NMR (101 MHz, (CDs),CO, 298 K)
0c167.1(5),164.6 (6), 143.4 (4), 132.2 (2), 130.3 (3), 118.3 (1). Spectroscopic data are consistent with

the literature.*°

1-BROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ANHYDRIDE (9)

00
HO OH 02%&o0
3 4
Br > Br 3 2
10-3 mbar, 160 °C
HO OH
00 0= ™70
8 9
93%

1-Bromo-2,3,5,6-tetracarboxylic acid 8 (19.13 g, 57.44 mmol, 1.0 equiv.), as an unstirred powder in a
beaker, was dehydrated in a vacuum oven under reduced pressure (10~ mbar) at 160 °C for 48 h to give

anhydride 9 (15.85 g, 53.4 mmol, 93%) as a brown solid.

"H NMR (400 MHz, (CD;),CO, 298 K): du 8.67 (s, IH?). BC NMR (101 MHz, (CD3),CO, 298 K): c
160.7 (6), 160.3 (5), 140.3 (3), 137.6 (4), 121.1 (2), 119.2 (1). Spectroscopic data are consistent with

the literature.*
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A solution of (S,S)-trans-1,2-diaminocyclohexane (0.19 g, 1.69 mmol, 1.01 equiv.) in AcOH (6 mL)
was added to a stirring solution of 1-bromobenzene-2,3,5,6-tetracarboxylic anhydride 9 (0.50 g, 1.68
mmol, 1.00 equiv.) in AcOH (7.46 mL) and refluxed for 4 h. The reaction mixture was cooled to rt and
concentrated in vacuo to give a red solid which was refluxed in CH>Cl, (50 mL) for 2 h. The suspension
was cooled to rt and the unwanted polymeric solid removed by filtration. The filtrate was concentrated
in vacuo and the red solid subjected to automated flash column chromatography (SiO,: 0-100% Me,CO
in CH,Cl,) to give 3Br (mixture of syn- and anti-atropisomers in a 1:3 ratio, 0.17 g, 0.15 mmol, 27%)

as a white solid.
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"H NMR (400 MHz, CDCls, 298 K): du 8.05-7.95 (m, 6H'** '), 5.30-5.02 (m, 12H"** "), 2.13-1.80
(m, 36H% *80+9% 9y '] 58 1.44 (m, 12H"* *?). 13C NMR (101 MHz, CDCls, 298 K): éc 164.7-163.0
(5a+5b+ 6a+6b), 138.4-137.5 (3a+ 3b), 134.6-134.0 (4a + 4b), 117.8-117.3 (2a + 2b), 116.6-116.1
(la + 1b), 51.9-51.1 (7a + 7b), 31.6-30.0 (8a + 8b), 25.3-24.5 (9a + 9b). APCI-MS (+ve, CH>Cl):
caled for [M+H]" m/z = 1122.9779, found 1122.9728.

MOLECULAR TRIANGLE 3AR

B(OH),
Br
K,CO,4
N Pd(OAc), (15 mol%)
N

PPh, (30 mol%)

o]
O
O‘ KP:«QON 1:1 v/’ THF=H,0

reflux

3Br

syn-3Ar + anti-3Ar
52%
A round bottom flask was charged with 3Br (200 mg, 0.18 mmol, 1.0 equiv.), 3,5-dimethylbenzene
boronic acid (87.4 mg, 0.58 mmol, 3.28 equiv.), K»COs (73.7 mg, 0.53 mmol, 3.00 equiv.), Pd(OAc)»
(6.4 mg, 0.029 mmol, 0.16 equiv.) and PPh; (13.5 mg, 0.052 mmol, 0.29 equiv.) and cycled under N,
atmosphere three times. A 1:1 v/v mixture of degassed THF—H»O (5.4 mL) was added under N> and the
reaction mixture was heated to reflux overnight. The reaction mixture was then cooled to rt before
adding CH,Cl, (100 mL) and washing with saturated NaCl (2 x 100 mL). The organic layer was dried
(MgSO04) and filtered. The filtrate was concentrated in vacuo and the resulting solid purified by
automated flash column chromatography (SiO2: 5-30% EtOAc in n-hexanes). The resulting yellow
solid was recrystallised with acetone—heptane to afford pure 3Ar (mixture of syn- and anti-atropisomers

in a 81:19 ratio, 113 mg, 0.094 mmol, 52%) as a yellow solid.

* 1 NMR (400 MHz, CDCls, 298 K): dy1 8.07 (s, 3H?), 6.97 (m, 6H'1"), 6.01 (s, 3H'), 5.14-5.04 (m,
6H7), 2.31 (s, OH'¥1), 2.08-1.79 (m, 18H*"), 1.57 (s, 9H'¥®), 1.52-1.38 (m, 6H’). *C NMR
(101 MHz, CDCls, 298 K): ¢ 165.6 (6/6°), 165.0 (5/5°), 164.8 (5/5°), 164.4 (6/6), 140.0 (10), 137.9
(12/127), 137.6 (3/37), 137.3 (3/37), 137.1 (12/12°), 133.1 (4/4°), 132.1 (4/4°), 131.7 (11/11°), 128.9 (1),
127.5 (14), 127.3 (11/11°), 117.3 (2), 51.4 (7/7°), 50.6 (7/7°), 30.6 (8), 25.1 (9), 21.4 (13), 20.0 (13°).
APCI-MS (+ve, CHCl): caled for [M+H]* m/z = 1201.4342, found 1201.4320.

*Characterisation for syn-isomer only as major atropisomer. Peaks representing anti-3Ar are too low
intensity for full characterisation.
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3.4.3 CHARACTERISATION
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Chemical Shift / ppm
Figure S3.1 '"H NMR (400 MHz, Me>CO, 298 K) spectrum of 8.
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Figure S3.2 3C NMR (101 MHz, (CD3)2CO, 298 K) spectrum of 8.
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Figure S3.3 '"H NMR (400 MHz, Me>CO, 298 K) spectrum of 9.
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Figure S3.4 3C NMR (101 MHz, (CD3)2CO, 298 K) spectrum of 9.
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Figure S3.5 '"H NMR (400 MHz, CDCl;3, 298 K) spectrum of 3Br.
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Figure S3.6 '*C NMR (101 MHz, CDCls, 298 K) spectrum of 3Br.
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Figure S3.7 *H NMR (400 MHz, CDCls, 298 K) spectrum of 3Ar.
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Figure S3.8 13C NMR (101 MHz, CDCls, 298 K) spectrum of 3Ar.
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Figure S3.9 Inset of 3C NMR (101 MHz, CDCls, 298 K) spectrum of 3Ar.
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Figure S3.10 Annotated 'H-'H COSY NMR (400 MHz, CDClIs, 298 K) spectrum of 3Ar.
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Figure S3.11 Annotated *H-3C HSQC NMR (400 MHz, CDCls, 298 K) spectrum of 3Ar.
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Figure S3.12 Annotated H-*C HMBC NMR (400 MHz, CDCls, 298 K) spectrum of 3Ar.
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3.4.4 SINGLE X-RAY CRYSTALLOGRAPHY
3.4.5.1 CRYSTAL STRUCTURE OF 3BR
3BR*4CHCL;

Single crystals of 3Br-4CHCl; suitable for X-ray diffraction were grown by solvent vapour diffusion
of pentane into a solution of 3Br (1.00 mg/mL) in chloroform. Crystal data for
Css.6sH3s 51Br3Cly1.5sN6O12 (M = 1630.70 g mol™'): monoclinic, space group P2, a = 17.1895(4) A,
b=18.1713.(3) A, ¢ = 21.4755(5) A, o = 90°, B = 108.702(2)°, y = 90°, V = 6353.8(2) A* , Z =4,
T=110.00(10) K, #(Cu Ka) = 7.388 mm™, pec = 1.705 g cm™>, 24606 reflections measured
(7.29° <20 <134.146°), 16789 independent reflections (Rin = 0.0705, Rsigma = 0.1200) which were used
in all calculations. The final R; was 0.0764 (I > 25(I)) and wR; was 0.2189 (all data).

The crystal exhibited disorder in both 3Br and solvent molecules, where the disorder in macrocycle
molecules led to the existence of a mixture of syn- and anti-isomers. One of the triangle molecules
contained two disordered bromine atoms and existed as either syn- or anti-3Br throughout the single
crystal. In this triangle molecule, two bromine atoms and one carbon atom were modelled in two
positions with refined occupancies of 0.903:0.097(3) for Br2:Br2A and C21:C21A and 0.631:0.369(5)
for Br3:Br3A. The second triangle molecule contained only one disordered bromine atom, and with the
two fixed bromine atoms facing towards opposite directions, existed solely as anti-3Br in the single
crystal. In this triangle molecule, the one bromine atom that was disordered was modelled with refined
occupancies of 0.577:0.423(5) for Br6:Br6oA. Three of the chloroform solvent molecules were
disordered and modelled in two positions with refined occupancies of 0.563:0.437(14), 0.629:0.371(19)
and 0.57:0.43(2), with the fourth chloroform molecule partially occupied with a refined occupancy of
0.676(9). A number of restraints and constraints were applied as follows: C-Cl bond lengths restrained
to be 1.765 A for CISA-C99A, CI7A-C99A, C19-C99 and CI8-C99. Atomic displacement parameters
(ADPs) of pairs of close disordered atoms were constrained to be equal for C97 & C97A, C98 & CI8A,
C99 & C99A, Br2 & Br2A, C17 & CI7A, Cl7a & Cl19, CI8 & CI8A, C21 & C21a. The ADP of atoms
C21, C21A, C98, C98A were restrained to be approximately isotropic. Bond lengths for Br2-C22 and
Br2A-C21A, C19-C21A and C23-C21A were restrained to be equal. In addition, there was disordered
solvent molecules which could not be modelled using discrete atoms. This was instead modelled using
a solvent mask with a predicted volume of 440 A’ per unit cell containing 92 electrons which

corresponds to an average of 1.5 pentane molecules and 0.5 chloroform molecules per unit cell.
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synlanti-3Br synlanti-3Br anti-3Br

Figure S3.13 X-ray crystal structure of 3Br showing (a) the unit cell with two triangle molecules and four chloroform solvent
molecules, (b) one of the triangle molecules that exists as either syn- or anti-3Br (solvent molecules omitted for clarity) and
(c) the second triangle molecule that exists solely as anti-3Br throughout the unit cell (solvent molecules omitted for clarity).
Relevant triangle and solvent atom labels are shown where restraints have been made in crystal structure determination.
Cyclohexane hydrogen atoms have been omitted for clarity.

3.4.5.2 CRYSTAL STRUCTURES OF 3AR

Two single crystal polymorphs of 3Ar were obtained from Me>CO or CHCI; solutions both crystallising

as the thermodynamically preferred syn-3Ar isomer.
3AR*2(CH3).CO

Single crystals of 3Ar<2(CH3),CO suitable for X-ray diffraction were grown by solvent vapour
diffusion of n-hexane into a solution of 3Ar (= 6 mg/mL) in acetone. Crystal data for C7sH7,NsO14 (M
= 1317.41 g mol'): orthorhombic, space group P2:21,, a = 21.40944(14) A, b = 20.16344(15) A,
c=17.77505(12) A, a = 90°, B = 90°, y = 90°, V' = 7673.28(9) A, Z = 4, T = 110.00(10) K,
1(CuKa) =0.644 mm™, peac = 1.140 g cm3, 29243 reflections measured (7.812° < 20 < 134.154°),
13137 independent reflections (Rin = 0.0277, Ryigma = 0.0347) which were used in all calculations. The
final Ry was 0.0281 (I > 20(I)) and wR» was 0.0723 (all data).

Two disordered acetone molecules were solvated in the single crystal. The encapsulated acetone
molecule was modelled in two positions with refined occupancies of 0.937:0.063(2). The ADPs of pairs
of disordered atoms were constrained to be equal (C73 & C73A, C74 & C74A, C75 & C75A, C76 &
C76A, C77 & C77A and C78 & C78A). For the minor form the C-C bond lengths were restrained to be
1.5 angstroms and the C-C distance to 2.38 A. One acetone was modelled in two positions with refined
occupancies of 0.505:0.495(8). The ADPs of atoms C77 and C77A were constrained to be equal. A
discrete atom model could not be obtained for the remaining solvent molecules, so they were modelled
with a solvent mask instead. This gave a predicted electron count of 68 per asymmetric unit equivalent

to two acetone molecules although the presence of pentane chains could not be discounted.
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C78/CT8A
;

Figure S3.14 Unit cell of 3Ar+2(CH3)2CO from x-ray crystal structure with relevant solvent atom labels given where restraints
have been made in crystal structure determination. Cyclohexane hydrogen atoms have been omitted for clarity.

3AR*4CHCL3

Single crystals of 3Ar*4CHCI; suitable for X-ray diffraction were grown by solvent vapour diffusion
of pentane into a solution of 3Ar (= 4 mg/mL) in chloroform. Crystal data for Cis3 86H132.55Cl23.81N12024
(M = 3377.65 g mol™): monoclinic, space group P2;, a = 17.43614(15) A, b = 20.88987(17) A,
c=22.10599(16) A, a=90°, f=95.6101(7)°, y = 90°, ¥ =8025.70(11) A* , Z=2, T=110.00(10) K,
1(Cu Ka) = 4.283 mm™, pearc = 1.398 g cm™, 53559 reflections measured (7.478° < 260 < 134.16°),
22329 independent reflections (Rin = 0.0389, Rsigma = 0.0445) which were used in all calculations. The
final R; was 0.0489 (I > 20(1)) and wR» was 0.1327 (all data).

The asymmetric unit cell contained two triangle molecules plus a large amount of solvent. There were
two ordered chloroform molecules situated within the cavity of the macrocycles, as well as four
disordered chloroform molecules, six partially occupied chloroform molecules and a partially occupied
pentane chain. For the first disordered chloroform molecule, the chlorine atoms were each modelled in
two positions in a refined ratio of 0.6:0.4(2) with a common site for the carbon. C-Cl bond lengths were
restrained to be equal and the CI—Cl distances within each form restrained to be equal. The second
disordered chloroform molecule was modelled in two positions with refined occupancies of
0.502:0.498(6). The ADPs of carbon atoms were constrained to be equal (C148 & C149). The third
disordered chloroform molecule was modelled in two positions with refined occupancies of
0.692:0.308(9). The ADPs of carbon atoms were constrained to be equal (C150 & C151) as were two
pairs of the chlorine atoms (CI19 & CI22, C120 & CI23). The C-Cl bond lengths were restrained to be
1.76 A. The fourth disordered chloroform molecule was modelled in two positions with refined
occupancies 0f0.529:0.471(6). The ADPs of carbon atoms were constrained to be equal (C152 & C153)
and restrained to be approximately isotropic. Within one form, the C-Cl bond lengths were restrained

to be equal (C152, C125-27).
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Figure S3.15 Unit cell of 3Ar-4CHCI3 from x-ray crystal structure with relevant solvent atom labels given where restraints
have been made in crystal structure determination. Cyclohexane hydrogen atoms have been omitted for clarity.
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Table S3.1 Crystal structure data of tris-substituted molecular triangles (3Br and 3Ar).

3Br«CHCl; 3Ar-2Me,CO 3Ar+4CHClI;
Empirical Formula Cs5.65H3581Br3Cli1ssNeO12  C7sH72NsO14a  CiszssHi13255C23.81N12024
Formula Weight 1630.70 1317.41 3377.65
Temperature / K 110.00(10) 110.00(10) 110.00(10)
Crystal System Monoclinic Orthorhombic Monoclinic
Space Group P2, P2:21, P2;
alA 17.1895(4) 21.40944(14) 17.43614(15)
b/A 18.1713(3) 20.16344(15) 20.88987(17)
c/A 21.4755(5) 17.77505(12) 22.10599(16)
al’ 90 90 90
Bl° 108.702(2) 90 95.6101(7)
y/° 90 90 90
Volume (V) / A3 6353.8(2) 7673.28(9) 8025.70(11)
Z 4 4 2
peaic /g cm 1.705 1.140 1.398
wl mm' 7.388 0.644 4,283
F(000) 3238.0 2776.0 3472.8
0.118 x 0.41 x 0.37 x
Crystal Size / mm? 0.048 x 0.167 x 0.27 x
0.023 0.103 0.17
Radiation CuKa Cu Ka CuKa
(A =1.54184) (A =1.54184) (A =1.54184)
20 range for data 7.812 10 7.478 10 134.16
collection / ° 7:2910134.146 134.154
-220<h<20 -25<h<25 -18<h<20
Index Ranges -l6<k<21 -24<k<22 -24 <k <23
-22<1<25 21 <116 21 <126
Reflections Collected 24606 29243 53559
16789 13137 22329
Independent Reflections Rint = 0.0705 Rint = 0.0277 Rint = 0.0389
Rsigma = 0.1200 Rsigma = 0.0347 Rsigma = 0.0445
Data/ 16789/ 13137/ 22329/
Restraints/ 38/ 3/ 84/
Parameters 1607 942 2179
Goodness-of-fit on F? 1.025 0.981 1.019
. R:1 =0.0764 R; =0.0281 R; =0.0489
Final R Indexes (1220 (1) WR; = 0.2016 WR; = 0.0714 WR; = 0.1312
. R: =0.0918 R: =0.0293 R; =0.0504
Final R Indexes (all data) WR; = 0.2189 WR; = 0.0723 WR, = 0.1327
Largest fngea”“O'e 1.29/-0.81 0.16/-0.14 0.73/-0.69
Flack Parameter 0.00(3) -0.03(5) 0.006(6)
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3.4.4.2 HOST-GUEST CRYSTAL STRUCTURES
2(6H)*6(1:7)6((C4Hg)sN*)*3CHCL3

Single crystals of 2(6H)*6(I157)*6((C4H9)sN")*3CHCI; suitable for X-ray diffraction were grown by
solvent vapour diffusion of diethylether into a solution of 6H (1.12 mg/mL) and TBA-I; (5.6 mg/mL)
in chloroform. Crystal data for Cis3s6H132.55Cl23.81N 12024 (M = 3377.65 g mol™): monoclinic, space
group P2,, a = 17.46314(15) A, b = 20.88987(17) A, ¢ = 22.10599(16) A, a = 90°, B = 95.6101(7)°,
y=90°, V'=28025.70(11) A3, Z=2, T=110.00(10) K, x#(Cu Ka)) = 4.283 mm™', pcarc = 1.398 g cm,
53559 reflections measured (7.478° < 26 < 134.16°), 22329 independent reflections (Rin = 0.0389,
Rsigma = 0.0445) which were used in all calculations. The final R; was 0.0489 (I > 20(I)) and wR, was
0.1327 (all data).

The tetrabutylammonium cation containing butyl chain containing atoms C21-C24 was disordered with
atoms C21, C22 and C23 modelled in a two-component system with 50:50 occupancy ratio. Triiodide
molecule 1416 was disordered across two positions and modelled with a 0.82:0.18 occupancy ratio.
Three triiodide anion molecules were disordered across two positions (I3~ molecules containing atoms
14-16, 110-112 and 116-118) and they were subsequently modelled with a 0.82:0.18, 0.53:0.47 and
0.71:0.29 occupancy ratio respectively. For all disordered groups, SADI restraints were used to maintain
consistent geometry between parts. The butyl chain containing atoms C17-C20 was modelled with

DFIX, DANG and RIGU constraints to fix geometry.

Figure S3.16 Unit cell of 2(6H)*6(137)+6((C4H9)aN")*3CHCl; from X-ray crystal structure with relevant atom labels given
where restraints have been made in crystal structure determination. Hydrogen atoms have been omitted for clarity.

2(6BR)*2(l57)+2((C4Hs)sN*)*4CHCL;

Single crystals of 2(6Br)+2(I5)*2((C4Ho)sN")*4CHCI; suitable for X-ray diffraction were grown by
solvent vapour diffusion of diisopropylether into a solution of 6Br (0.65 mg/mL) and TBA-l;
(0.47 mg/mL) in chloroform. Crystal data for CssHesBreCleIsN7,O12 (M = 2224.13 g mol™!): monoclinic,
space group P2, a = 18.3628(3) A, b = 19.6026(3) A, c = 21.9826(3) A, o = 90°, f = 90.3125(12)°,
y=90°, V'="7912.72(18) A* , Z=4, T=110.00(10) K, u(Cu Ko) = 15.225 mm !, peac = 1.867 g cm 3,
30756 reflections measured (7.712° < 26 < 134.158°), 20066 independent reflections (Rine = 0.00417,
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Rsigma = 0.0640) which were used in all calculations. The final R; was 0.0475 (I > 20(I)) and wR, was
0.1219 (all data).

The terminal methyl group of one of the butyl chains from a tetrabutylammonium cation was disordered
and modelled in two positions (C112 and C137) with refined occupancies of 0.56:0.44(7). The atomic
displace parameters (ADPs) of these carbon atoms were constrained to be equal and restrained to be
approximately isotropic. Three of the chloroform solvent molecules were disordered, with two solvent
molecules being modelled in two positions (containing atoms C130 & C131 and C132 & C133) with
refined occupancies of 0.666:0.334(8) and 0.707:0.293(7) respectively. The third chloroform molecule
was modelled in three positions (containing atoms C134, C135 & C136) with refined occupancies of
0.495(9):0.258(7):0.247(7) respectively. For the three disordered chloroform molecules, C-Cl bond
lengths were restrained to be 1.73 A and the CI-Cl distances to 2.9 A. The ADPs of proximal atoms
were constrained to be equal (chlorine atoms Cl15 & CISA, Cl16 & Cl4A, C17 & Cl7A, CI8 & CI8A, CI9
& CI9A, CI10 & CI18, Cl11 & Cl15, Cl12 & Cl14, C113 & CI16 & CI17 and carbon atoms C130 &
C131, C132 & C133, C134 & C135 & C136,). Chlorine atoms C15 and CISA were also constrained to

have the same coordinates.

Figure S3.17 Unit cell of 2(6Br)«2(137)*2((C4Ho)4aN")*4CHC]l; from X-ray crystal structure with relevant atom labels given
where restraints have been made in crystal structure determination. Hydrogen atoms have been omitted for clarity.
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Table S3.2. Crystal structure data of host-guest complexes 2(6H)*6(137)*6((C4sHy)sN")*3CHCI; and
2(6Br)*2(I3)*2((C4Ho)N")*4CHCls.

2(6H)+6(15)¢ 2(6Br)«2(I3)*
6((CsHg)aN*)*3CHCl3 2((C4Hg)N*)*4CHClI3
Empirical Formula Ci53.86H132.55Cl23.81N12024 Ce6HesBrsClslsN7012
Formula Weight 3377.65 2224.13
Temperature / K 110.00(10) 110.00(10)
Crystal System Monoclinic Monoclinic
Space Group P2, P2,
alA 17.46314(15) 18.3628(3)
b/A 20.88987(17) 19.6026(3)
c/A 22.10599(16) 21.9826(3)
al”® 90 90
pl° 95.6101(7) 90.3125(12)
y/° 90 90
Volume (V) / A 8025.70(11) 7912.72(18)
z 2 4
peaic /g cm 1.398 1.867
! mmt 4.283 15.225
F(000) 3472.8 4320.0
0.37 x 0.125 x
Crystal Size / mm?® 0.27 x 0.113 x
0.17 0.058
Radiation Cu Ko Cu Ka
(A=1.54184) (A=1.54184)
20 range for data collection / ° 7.478 t0 134.16 7.712 to 134.158
-18<h <20 221 <h<20
Index Ranges -24 <k <23 -17<k<23
21 <126 26 <1<25
Reflections Collected 53559 30756
22329 20066
Independent Reflections Rint = 0.0389 Rint = 0.00417
Rsigma = 0.0445 Rsigma = 0.0640
Data/ 22329/ 20066 /
Restraints/ 84/ 84/
Parameters 2179 1876
Goodness-of-fit on F2 1.019 1.014
Final R Indexes (1>2c (1)) \:F;Z :Odc,)fgsfz \:F;Z =06(.)f17 256
. R; = 0.0504 R; =0.0621
Final R Indexes (all data) WR, = 0.1327 WR, = 0.1219
Largest It peaidhole 0.73/-0.69 163/-1.15
Flack Parameter 0.006(6) -0.014(4)
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3.4.5 AbvANCED NMR SPECTROSCOPY
3.4.5.1 VARIABLE-TEMPERATURE NMR SPECTROSCOPY
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Figure S3.18 Variable temperature stacked 'H NMR (600 MHz, DMSO-ds, 25-140 °C) spectra for 3Br.
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Figure S3.19 Variable temperature stacked "H NMR (600 MHz, DMSO-ds, 25-140 °C) spectra for 3Ar.
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Figure S3.20 Zoomed in aromatic region of *H NMR (600 MHz, DMSO-ds, 80 °C) spectra for (a) 3Br (syn:anti = 13:37) and (b) 3Ar (syn:anti = 9:11).
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3.4.5.2 'TH-"H EXSY NMR SPECTROSCOPY
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Figure S3.21 'H-'"H EXSY NMR (600 MHz, DMSO-ds, 80 °C) spectra for 3Br at (a) 20 ms, (b) 50 ms, (c) 100 ms, (d) 200 ms and () 400 ms, with representative regions of integration shown

with their values.
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Figure S3.22 'H-'"H EXSY NMR (600 MHz, DMSO-ds, 80 °C) spectra for 3Ar at (a) 20 ms, (b) 50 ms, (c) 100 ms, (d) 200 ms and (e) 400 ms, with representative regions of integration shown

with their values.

161



CHAPTER 3 | DYNAMIC ATROPISOMERISM AND HOST—GUEST BEHAVIOUR OF MOLECULAR

TRIANGLES

Table S3.3 Data from 'H-"H EXSY NMR spectroscopy for 3Br (Figure S3.21) showing the

integration intensities for all exchange processes and the resulting intensity ratio, r’, at a range of

mixing times, 20, 50, 100, 200 and 400 ms.

Mixing Time / ms 20 40 100 200 400
lsyn — syn 100.00 100.00 100.00 100.00 100.00
lanti-1 — anti-1 103.54 118.21 114.31 130.66 148.10
|anti-2 — anti-2
a3 —ani-3 234.34 263.72 255.09 295.20 365.23
|anti-2 — anti-3
|anti-3 — anti-2
lanti-1 — anti-3 0.59 1.27 4.30 10.08 26.62
lanti-3 — anti-1 0.84 1.16 3.20 9.36 24.26
lsyn — anti-1 0.37 0.97 2.96 7.91 18.86
Isyn—anti-2 0.51 2.31 6.03
Isyn — anti-3 000 108 312 2579 6063
lanti-1 — syn 0.67 0.80 3.87 8.68 19.89
Ianti-z_syn 079 355 736
Ianti-3_syn 015 145 362 2650 5909
Total 439.31 484.36 476.90 545.30 664.21
Total 2.49 10.16 26.96 68.88 158.47
Peakiintensity ratio 76 45 47.67 17.69 7.92 4.19

r

Table S3.4 Data from '"H-"H EXSY NMR spectroscopy for 3Ar (Figure S3.22) showing the integration
intensities for all exchange processes and the resulting intensity ratio, 7, at a range of mixing times,

20, 50, 100, 200 and 400 ms.

Mixing Time / ms 20 40 100 200 400
Lot anit 35.29 33.62 32.48 29.80 25 44
lyn sy 100.00 100.00 100.00 100.00 100.00
lant-2— anti2 37.24 36.70 35.95 3451 31.94
lont-s — anti-a 34.50 33.05 31.91 28.60 24.42
lantet — anics 0.47 115 2.24 4.16 6.61
lanti-2— anics 0.00 0.11 0.12 0.21 0.38
lanti-s— anti1 0.56 0.99 2.24 4.50 6.76
lanti-s_ anti-2 0.00 0.04 0.18 0.32 0.53
lant-1 — syn 0.30 0.44 0.81 1.87 3.80
lant-2— syn 0.00 0.38 0.86 1.93 3.62
lant-a— syn 0.44 0.58 1.03 2.12 3.72
lyn anti1 0.00 0.76 0.71 1.54 3.30
lyn anti2 0.05 0.49 0.50 1.43 3.33
logn— ani- 0.13 0.40 0.89 1.92 3.72
Total 208.06 205.66 205.12 202.10 196.08
Total 0.92 3.05 4.80 10.81 21.49
Peak intensity ratio, 5, 45 67.43 42.73 18.70 9.12

7

Calculations to find the exchange rate and other kinetic parameters were completed for 3Br and 3Ar

following the method below. Using the integrations of each diagonal and cross peak, a peak intensity
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ratio can be calculated (), Equation S3.1. Further manipulation of the peak intensity ratio, 7’ using the
mole fractions of the syn- and anti-isomers was completed to give », Equation S3.2. The exchange rate

constant, k,, can be related to » through the rate of exchange equation, Equation S3.3a, which can be
further rearranged to give a relationship between r, and k., Equation S3.3b. From a graph of ln%1 VS tm,

the exchange rate, &, is given from the gradient of the line.*

Isyn:synJr Lanti-v:andi-1 Hanti-2:anti-2 Hlandi-3:anti-3 + Lanti-vanti-3 Hlanti-2:ani3 andi-3:anti-1 landi-3:andi-2 ( 1 )

Peak intensity ratio v’ =
Isyn:anl’i-1+ Isyn: anti-2 +Isyn:aﬂti—3 Hani-1 syn + Ianti-Z:syn +anis syn

Equation S3.1 Peak intensity ratio, Sr, calculated from the integrations of the diagonal and cross peaks.
2
r=4X) Xp)r'— (Xy - Xp)
where X, = mole fraction of syn-isomer (syn-3Br = 0.26, syn-3Ar = 0.45) and X3 = mole fraction of (2)
anti-isomer (anti-3Br = 0.74, anti-3Ar = 0.55).

Equation S3.2 Value of r, calculated from peak intensity ratio »” and mole fractions (ratios) of syn- and anti-isomers at
80 °C in DMSO-ds.

r+1

1 +1
(@) k=In" (b) In"== Kitn, 3)

Equation S3.3 (a) Rate of exchange equation, relating the exchange rate constant, &, function of », and mixing time, #» and
(b) rearranged equation to give a linear relationship between » and #n.

Using the gradient of the lines from the linear relationship between mixing time, #» and a function of ,
the exchange rate, k., for 3Br and 3Ar can be calculated. Using transition state theory, the rate of
exchange can be related to the Gibbs energy through a modified Arrhenius equation (Equation S3.4).
The modified Arrhenius equation can be rearranged to allow for the Gibbs energy of activation to be
calculated for the exchange process from k. (Equation S3.5). Furthermore, using the Arrhenius equation,

half-lives for the rotation of 3Br and 3Ar at 353 and 298 K can be calculated (Table S3.5).

ksT AGH

k= = e 4)

Equation S3.4 A modified Arrhenius equation for the rate of exchange, k-, with Gibbs energy of the transition state for the
rotation process.

i ki
AG'=-RTIn(:77)

Equation S3.5 A rearranged Arrhenius equation to give 4G? with respect to exchange rate.

)

ao0s y=1.8117x - 0.0274 bo.25 ] y = 0.5605x - 0.0029
0.7 R? = 0.9993 ] R2=0.998
=06 = 02 ;
=05 =0.15 ]
£ 04 T
F03 T 01
0.2 0.05
0.1
Ol"l‘l"'ll"'l'l""l O-v"l1'lr'l'-"|v"'|
0 01 02 0.3 0.4 0 01 02 0.3 0.4
Mixing time / s Mixing time / s

Figure S3.23 ln%] vs mixing time, t» graphs with line of best fit for the exchange of (a) 3Br and (b) 3Ar.
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Table S3.5 Values for exchange rate, k., Gibbs energy, AG* and half-life, #;,, at 353 and 298 K from
"H-"H EXSY NMR spectroscopy experiments.

3Br 3Ar
Exchange rate (k;) (353 K) /s 1.81 £0.03 0.560 + 0.015
Gibbs energy of transition state (4G¥) / kcal mol 20.4+0.3 21.2+0.6
Half-life (353 K) /s 0.383 + 0.006 1.24 £0.03
Exchange rate (ki) (298 K) /s* 0.00720 £ 0.00012  0.00179 + 0.00005
Half-life (298 K) / s 96.3+ 1.6 387 + 10
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3.4.5.3 3C NMR SPECTROSCOPY T1 RELAXATION MEASUREMENTS
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Figure S3.24 13C T1 relaxation measurements for 6H using different inversion recovery delay times, (a) stacked 3C NMR (600 MHz, DMSO-ds, 298 K) spectra for carbonyl peaks at 166.2 and
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Figure S3.25 '3C T1 relaxation measurements for 6Br using different inversion recovery delay times, a) stacked '3C NMR (600 MHz, DMSO-ds, 298 K) spectra for carbonyl peaks at 163.6 and
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162.8 ppm. b) Graph of integration vs inversion recovery delay time with three parameter fitting applied for carbonyl peaks at 163.6 and 162.8 ppm.
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Figure S3.26 3C T1 relaxation measurements for 6Ar using different inversion recovery delay times, (a) stacked 3C NMR (600 MHz, DMSO-ds, 298 K) spectra for carbonyl peaks at 164.7
and 164.2 ppm. (b) Graph of integration vs inversion recovery delay time with three parameter fitting applied for carbonyl peaks at 164.7 and 164.2 ppm.

Table S3.6 Values from *C T1 relaxation measurements for 6H, 6Br and 6Ar using a three-
parameter exponential fit (y = B + Fexp(—xG)), where T1 = 1/G for carbonyl peaks.

Chemical Shift / ppm B F G Tl/s
64 166.2 43.0076 ~74.92 0.502492 1.99
165.5 54.684 -80.4709 1.06031 0.94
6Br 163.6 798.233 -1503.34 1.01969 0.98
162.8 761.2554 -1428.24 1.11895 0.89
6Ar 164.7 289.096 —-629.004 1.88083 0.53
164.2 228.345 -471.15 2.19431 0.46
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3.4.5.4 13C-"3C EXSY NMR SPECTROSCOPY
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Figure S3.27 13C-13C EXSY NMR (600 MHz, DMSO-ds, 80 °C) spectra for 6H at (a) 100 ms, (b) 125 ms, (c) 150 ms and (d) 175 ms.
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Figure S3.28 13C-13C EXSY NMR (600 MHz, DMSO-ds, 80 °C) spectra for 6Br at (a) 100 ms, (b) 125 ms, (c) 150 ms, (d) 175 ms and (e) 200 ms.
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Figure S3.29 13C-13C EXSY NMR (600 MHz, DMSO-ds, 80 °C) spectra for 6Ar at (a) 100 ms, (b) 125 ms, (c) 150 ms and (d) 175 ms.
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The integration values of the cross peaks were divided by the integration of the diagonal peaks to give
the peak intensity ratio, ’, Table S3.7 which is equal to the value of » for 6Br as the mole fractions of
the two forms were assumed to be equal (X4 = Xz = 0.5) as per Equation S3.2. The resulting values of a
function of » were plotted against mixing time, ¢, using Equation S3.3b (Figure S3.30a), providing the
exchange rate from the gradient of the line of best fit. The exchange rate, k., was then used to evaluate
the Gibbs energy barrier of the transition state, AG* (Equation S3.5) and half-lives at 353 and 298 K,
Table S3.8.

Table S3.7 Values of peak intensity ratio, " and thus 7 from *C-1*C EXSY NMR spectroscopy
experiments showing the ratio of cross and diagonal exchange peaks for 6H, 6Br and 6Ar at different
mixing times 100, 125, 150, 175 and 200 ms.

Mixing Time / ms 6H 6Br 6Ar
100 77.02 16.39 No exchange
125 22.35% 5.84 No exchange
150 49.38 5.37 No exchange
175 36.88 3.18 No exchange
200 Not Measured 1.91 Not Measured

*Probable Outlier

14 -
1.2
= 1 1
£08 -
0.6 -
204
0.2 -
0

y =9.5333x - 0.8985
R?=0.8922

0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2
Mixing time / s

Figure S3.30 ln% vs mixing time, #» graph with line of best fit for 6Br.

Table S3.8 Values for exchange rate, ki, Gibbs energy, 4G* and half-life, ti2, at 353 and 298 K from
13C-13C EXSY NMR spectroscopy experiments for 6Br.

6Br
Exchange rate (k/) (353 K) /st 95+1.9
Gibbs energy of transition state (4G¥) / kcal mol* 19+4
Half-life (353 K) / s 0.069 £ 0.014
Exchange rate (k/) (298 K) / s! 0.054 £ 0.011
Half-life (298 K) / s 13+3
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3.4.5.5 HOST-GUEST NMR SPECTROSCOPY TITRATIONS

The ability of molecular triangles, 6H, 3Br, 3Ar, 6Br and 6Ar to host an electron-rich guest were
studied by either 'H or 3*C NMR spectroscopy titration depending on whether the macrocycle had a
proton on the PMDI aromatic-core. The titrations were carried out by sequentially adding portions of a
solution of guest (tetrabutylammonium triiodide) in CDCI; to a solution of host (molecular triangle) in
CDCIs at room temperature. The concentrations of host and guest solutions used for each molecular
triangle are shown in Table S3.9. Two guest solutions were prepared for low (= 0—10 eq.) and high
(=25-250 eq.) guest equivalents measurements. The guest solutions contained host at an equivalent

concentration to the original solution to maintain a constant concentration of host in the NMR tube.

Table S3.9 Concentrations of host and guest solutions used in NMR titrations for molecular triangles,
6H, 3Br, 6Br, 3Ar, 6Ar.

Host NMR Host Concentration / Guest Concentration/  Guest Conce_ntration /
experiment mM mM (Low) mM (High)

6H 'H 1.46 151.14 1598.96

3Br 'H 1.40 151.04 1565.56

3Ar 'H 1.64 162.37 1462.26

6Br 13C 5.41 1049.56 1591.13

6Ar 13C 5.28 1001.01 1001.01
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Figure S3.31 Stacked "H NMR (500 MHz, CDCl3, 298 K) spectra from host-guest titrations for 6H. (Inset) showing carbon environment in which the change in shift is monitored and the change
in shift plotted against guest equivalents/concentration with experimental data points.
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Figure $3.32 Stacked 'H NMR (500 MHz, CDCl3, 298 K) spectra from host-guest titrations for 3Br. (Inset) showing carbon environment in which the change in shift is monitored and the change
in shift plotted against guest equivalents/concentration with experimental data points.
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Figure S3.33 Stacked '"H NMR (500 MHz, CDCl3, 298 K) spectra from host-guest titrations for 3Ar. Inset showing carbon environment in which the change in shift is monitored and the change
in shift plotted against guest equivalents/concentration with experimental data points.
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Figure S3.34 Stacked '*C NMR (126 MHz, CDCl3, 298 K) spectra from host-guest titrations for 6Ar. Inset showing carbon environment in which the change in shift is monitored and the change
in shift plotted against guest equivalents/concentration with experimental data points.
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Figure S3.35 Stacked '3C NMR (126 MHz, CDCl3, 298 K) spectra from host-guest titrations for 6Br for run 1. (Inset) showing carbon environment in which the change in shift is monitored and
the change in shift plotted against guest equivalents/concentration with experimental data points and a line showing the values for the least-squares regression fitting.
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Figure S3.36 Stacked '3C NMR (126 MHz, CDCl3, 298 K) spectra from host-guest titrations for 6Br for run 2. (Inset) showing carbon environment in which the change in shift is monitored and
the change in shift plotted against guest equivalents/concentration with experimental data points and a line showing the values for the least-squares regression fitting.
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3.4.6 UV-vIiS SPECTROSCOPY

3.4.6.1 CONCENTRATION-DEPENDENT UV-VIS SPECTROSCOPY
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Figure S3.37 Concentration-dependent UV-vis spectrum of compound 3Br in CH2Cl (80-5 uM). Inset. Beer-Lambert plot
at 344 nm.
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Figure S3.38 Concentration-dependent UV-vis spectrum of compound 3Ar in CH2Cl2 (301 pM). Inset. Beer-Lambert plot
at 299 nm.

3.4.6.2 HOST-GUEST UV-VIS SPECTROSCOPY TITRATIONS

The potential for molecular triangles 6H, 3Br and 6Br to host the triiodide anion was investigated by

UV-vis spectroscopy. The titrations were carried out by sequentially adding portions of a solution of
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guest (tetrabutylammonium triiodide) in CH>Cl; to a solution of host (molecular triangle) in CHCl, at

room temperature. The concentrations of host and guest solutions used for each molecular triangle are

shown in Table S3.10.

Table S3.10 Concentrations of host and guest solutions used in UV-vis
spectroscopy titrations for molecular triangles 6H, 3Br and 6Br.

Host Host Concentration / mM Guest Concentration / mM
6H 0.17 18.69
3Br 0.13 13.97
6Br 0.09 9.96
10.00 \
9.00
8.00 ‘
Equiv. TBA-l,
7.00 — 000
| — 0.11
« 6.00 — 022
o j — 033
$5.00 ] — 044
2 ] —0.54
2 ]
< 4.00 ] — 065
] __ 076
3.00 ] _ g.g;
200 _ __1.08
1.00 1 P~
0.00 — el S === p——
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Figure S3.39 UV-vis spectra of a host—guest solution of 6H with TBA«I3 in CH2Clz with increasing equivalents of guest.
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Figure S3.40 UV-vis spectra of a host—guest solution of 3Br with TBA+I3 in CH2Cl> with increasing equivalents of guest.
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Figure S3.41 UV-vis spectra of a host—guest solution of 6Br with TBA*I3 in CH2Cl» with increasing equivalents of guest.
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3.4.7 COMPUTATIONAL MODELLING
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Figure S3.42 Visual depictions of the LUMO, LUMO+1 and LUMO+2 of (a) syn-3Br and (b) anti-3Br and HOMO, HOMO-1 and HOMO-2 of (c) syn-3Br and (d) anti-3Br. Isovalue = 0.05.
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Figure S3.43 Visual depictions of the LUMO, LUMO+1 and LUMO+2 of (a) syn-3Ar and (b) anti-3Ar and HOMO, HOMO-1 and HOMO-2 of (c) syn-3Ar and (d) anti-3Ar from front and

side views. Isovalue = 0.05.
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Table S3.11 Cartesian coordinates of geometry-optimised structure of syn-3Br at the
B3LYP-D3(BJ)/def2svp level of theory in CH2CI2 (PCM solvent model).
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5.616908
5.39433
4.844525
5.040554
7.884557
9.281328
10.49697
11.63091
13.07985
12.90459
11.53561
10.33576
9.219026
7.792982
7.061851
13.75756
7.497079
13.59392
13.23285
7.351004
15.6869
15.60138
15.19105
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12.67632
12.0016
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11.25271
12.10417
12.8811
13.55121
14.45608
14.8312
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10.78022
11.08861
14.7983
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9.50067
7.494338

-8.1404
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-11.3095
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-7.13478
-11.1285
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C 6.97349 -10.5114 1130153 H  12.95624 -7.35987 10.66212
C  6.480623 -10.782 12.5843 H  6.723694 -7.07165 11.15607
C  6.075957 -9.67102 13.33439 H  10.27508 -5.6383 16.0847
C 5.49901 -9.57084 1471921 Br  12.52848 -13.0448 12.06167
C  5.695274 -7.41539 13.86887 Br  6.381991 -12.5384 13.26762
C  6.175167 -8.36997 12.82143 Br  10.59817 -11.2822 17.66564

Table S3.12 Cartesian coordinates of geometry-optimised structure of anti-3Br at the

B3LYP-D3(BJ)/def2svp level of theory in CH2CI2 (PCM solvent model).
C 5.627781 -8.13987 17.44927 C  6.669663 -8.09358 11.5567
H  5.437761 -9.21426 1757323 C  7.056979 -9.20492 10.81478
C 4.836708 -7.64396 16.21982 C  7.613533 -9.24898 9.424585
H 5.00645 -6.56463 16.11049 N  7.875072 -10.5925 9.159698
C 7.926474 -9.13757 17.44603 N  5.341243 -8.2178 14.97625
C 9.300913 -8.64484 17.11989 O  7.578742 -12.6322 10.22275
C 10.50224 -9.3464 17.14871 O  5.216733 -10.4771 15.4857
C 11.61956 -8.60853 16.77082 O  5.633366 -6.22388 13.81629
C 13.04777 -9.05399 16.69313 O  7.802991 -8.31847 8.674049
C 1294753 -6.82678 16.03096 C  7.449867 -11.0966 6.75492
C  11.55469 -7.26275 16.38344 H  6.525279 -11.6109 7.058927
C 10.34016 -6.56557 16.36984 H  7.186208 -10.0498 6.530552
C  9.20802 -7.29463 16.75363 C  8.062388 -11.7673 5.52141
C 7.764175 -6.89081 16.86769 H  7.355202 -11.7161 4.678761
N  7.070259 -8.04795 1724617 H  8.221021 -12.8386 5.736977
N  13.76407 -7.95896 16.21111 C  9.398922 -11.1251 5.136206
O  7.597297 -10.2419 17.8087 H  9.222034 -10.0873 4.802936
O 13.50113 -10.1374 16.98546 H  9.849208 -11.6579 4.284055
O 13.33788 -5.74479 15.66841 C 10.3777 -11.1102 6.3147
O  7.265397 -5.80582 16.68357 H  11.30609 -10.5848 6.042871
C 15.67078 -9.09924 15.07913 H  10.65253 -12.1397 6.59739
H 1555792 -10.0268 15.6555 C 16.03166 -7.86163 17.2425
C  15.20035 -7.91926 1595486 H 15.8598 -8.78189 17.82506
H 1535177 -6.98752 1539422 H  15.68217 -7.01526 17.85349
C 14.28745 -10.5539 1358045 C  17.51952 -7.71182 16.91005
C  13.45045 -10.3397 1235234 H  18.11054 -7.70059 17.8392
C 1267113 -11.2291 11.60185 H  17.68093 -6.7354 16.42013
C 12.00084 -10.6816 1050116 C  18.00472 -8.82993 15.98194
C  11.09454 -11.314 9.481631 H  17.95666 -9.79464 16.51716
C 11.25931 -9.04827 8.984431 H  19.06012 -8.67198 15.70997
C 1210756 -9.31946 10.1868 C 17.14971 -8.92058 14.7141
C 12.88464 -8.4267 1091851 H  17.26466 -8.00654 14.10836
C 1354921 -8.98473 12.00601 H  17.46691 -9.77047 14.09054
C 14.45238 -8.30971 1299257 C  5.156377 -7.40456 18.71002
N  14.81838 -9.29292 13.91073 H  5.378661 -6.33006 18.60612
N  10.66979 -10.2725 8.646305 H  5.728847 -7.77719 19.57336
O  14.49694 -11.5724 1419118 C  3.654382 -7.61719 18.92208
O 10.77558 -12.4741 9.370129 H  3.321534 -7.06302 19.81363
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O  11.09982 -8.00014 8.405434 H  3.466993 -8.68638 19.12525
O  14.80005 -7.15036 13.00419 C  2.847311 -7.18668 17.69324
C 8.441023 -11.1262 7.925064 H  2.942605 -6.09474 17.55856
H 8.676864 -12.1717 8.162544 H  1.776457 -7.39402 17.84514
C  9.746957 -10.4086 7524019 C  3.337027 -7.8917 16.42459
H 9.50366 -9.3743 7.246887 H  2.792752 -7.52632 15.54021
C 7.493143 -11.4294 10.22533 H  3.156753 -8.97655 16.49749
C 6.976234 -10.5176 11.30043 H  12.96336 -7.36972 10.66182
C 6.480152 -10.792 1258114 H  6.742147 -7.07605 11.17115
C 6.079983 -9.68282 13.33632 Br  12.52007 -13.0549 12.05552
C 5501353 -9.58622 14.72079 Br  6.369056 -12.5517 13.25419
C 5.704301 -7.42816 13.87871 H  10.56283 -10.395 17.44192
C 6.185336 -8.37992 12.82933 Br  10.23423 -4.75299 15.85491
Table S3.13 Cartesian coordinates of geometry-optimised structure of syn-3Ar at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).
C 5.762582 -8.12806 17.55312 H 18.28047 -7.54459 17.52299
H 5.540401 -9.1965 17.67188 H 17.77492 -6.63183 16.09423
C 4.958081 -7.59357 16.34779 C 18.08775 -8.73923 15.71427
H 5.159685 -6.51901 16.2444 H 18.06544 -9.68554 16.28315
C 8.031908 -9.20544 17.46007 C 17.17616 -8.87002 14.49014
C 9.424897 -8.746 17.1321 H 17.26147 -7.97414 13.8539
C 10.64124 -9.45746 17.10638 H 17.46727 -9.7373 13.87753
C 11.74513 -8.68036 16.70187 C 5.347344 -7.39002 18.83158
C 13.21071 -9.02156 16.68014 H 5.602088 -6.32218 18.73209
C 12.97983 -6.84455 15.90042 H 5.9277 -7.78933 19.67769
C 11.62948 -7.34049 16.30767 C 3.844481 -7.55595 19.07807
C 10.42447 -6.64632 16.3343 H 3.550992 -7.00032 19.98256
C 9.336207 -7.39231 16.77383 H 3.627794 -8.62062 19.27591
C 7.917424 -6.94684 16.92272 C 3.021684 -7.08795 17.87334
N 7.200914 -8.07807 17.31246 H 3.149221 -5.9983 17.74648
N 13.85887 -7.90883 16.12275 H 1948716 -7.26177 18.05076
O 7.639082 -10.3029 17.7794 C 3.456809 -7.79544 16.5862
O 13.7731 -10.014 17.08008 H 2903131 -7.4034 15.71914
O 13.27882 -5.75634 15.46602 H 3.244487 -8.87473 16.65243
O 7.463771 -5.83801 16.74488 H 12.92852 -7.3701 10.5534
C 15.71602 -9.03978 14.92686 H 6.664515 -7.10751 11.21191
H 15.62815 -9.95481 15.52687 H 10.33907 -5.59994 16.03903
C 15.2789 -7.84231 15.79889 C 12.32985 -12.6304 12.02603
H 15.38323 -6.92382 15.20562 C 11.02927 -13.1246 12.20508
C 14.18165 -10.4889 13.56222 C 13.4242 -13.4934 12.16575
C 13.35821 -10.3064 12.31925 C 10.80892 -14.474 12.4984
C 1252776 -11.2147 11.63363 H 10.17302 -12.4566 12.09757
C 11.87146 -10.6545 10.51997 C 13.23281 -14.8481 12.46252
C 11.02177 -11.3143 9.468089 H 14.43631 -13.1096 12.02659
C 11.13385 -9.04761 8.967423 C 11.92185 -15.3203 12.61163
C 11.99618 -9.30522 10.16202 H 11.76138 -16.38 12.83198
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12.82175
13.50533
14.46691
14.81148
10.56505
14.30748
10.77813
10.94719
14.87513
8.338931
8.616843
9.606786
9.325235
7.566572
7.027821
6.623738
6.205596
5.580887
5.770297
6.242822
6.647279
7.022398
7.49637

7.816094
5.423707
7.775394
5.232531
5.692397
7.591542
7.294875
6.402655
6.986084
7.872844
7.126228
8.079036
9.167293
8.939641
9.592903
10.20045
11.09843
10.51956
16.17548
16.04056
17.64333

-8.41614
-8.96926
-8.29567
-9.25257
-10.2816
-11.4644
-12.4869
-8.0026
-7.15655
-11.1913
-12.2243
-10.4444
-9.4187
-11.4523
-10.5332
-10.8019
-9.65908
-9.5468
-7.40026
-8.36827
-8.11132
-9.2389
-9.3094
-10.6476
-8.17421
-12.6416
-10.4221
-6.19621
-8.40381
-11.2126
-11.7523
-10.1792
-11.8814
-11.8675
-12.9433
-11.2
-10.1722
-11.7271
-11.1408
-10.5909
-12.1575
-7.73718
-8.63896
-7.59084

10.84299
11.9208
12.84671
13.80168
8.636049
14.26452
9.303469
8.388462
12.79619
8.01966
8.265401
7.549616
7.275954
10.39733
11.45646
12.77873
13.48837
14.85239
13.98181
12.94413
11.63795
10.91488
9.498791
9.268719
15.0942
10.44613
15.60998
13.90386
8.700216
6.8967
7.250093
6.669417
5.64557
4.836044
5.868151
5.189672
4.855636
4.321399
6.319205
5.997808
6.600128
17.03854
17.65726
16.62586
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10.78201
11.42138
10.33127
11.63355
11.77752
10.52754
9.834386
11.1891
11.35676
6.640678
7.310812
5.947769
7.276622
7.852504
5.899562
5.42716
6.556577
6.514223
10.0058
8.97184
10.61401
9.987897
12.30077
12.99238
12.85331
11.55377
9.412209
9.164465
8.6645
9.304201
14.41249
14.73396
14.16468
15.27616
19.1295
15.85096
5.186238
4.812528
4.336925
5.87055
8.017808
9.034758
8.12712
7.509026

-10.8939
-11.7559
-11.3907
-13.1012
-11.3758
-12.7333
-10.7213
-13.5672
-14.6156
-12.144

-12.3243
-13.2167
-13.5551
-11.4915
-14.4608
-13.0771
-14.6057
-15.571

-13.2762
-13.6442
-14.1197
-12.5023
-14.0219
-13.4744
-14.8259
-14.5007
-14.9955
-15.0288
-14.3527
-16.0193
-15.7669
-15.7697
-16.8045
-15.4479
-8.59039
-6.87387
-15.6255
-16.3335
-15.2924
-16.1828
-13.7447
-14.1277
-12.7963
-14.4709

17.4446

16.54163
18.67473
16.86031
15.58288
19.01821
19.37877
18.10586
18.37029
13.40829
14.62687
12.83302
15.28984
15.07853
13.47335
11.88409
14.70303
15.21648
20.32421
20.20526
20.6835

21.10611
15.87344
15.2179

16.38266
15.2198

12.70792
13.78103
12.22348
12.31793
12.65346
13.70954
12.38423
12.05106
15.38936
17.63975
12.83525
13.58987
12.22013
12.17216
16.58647
16.40247
17.13066
17.23846
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Table S3.14 Cartesian coordinates of geometry-optimised structure of anti-3Ar at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).

5.486955
5.243324
4.706944
4.859785
7.750562
9.132054
10.32624
11.45627
12.87982
12.80975
11.40473
10.19717
9.069668
7.656094
6.929663
13.6208

7.385922
13.3171

13.22157
7.198363
15.51512
15.30376
15.06608
15.27099
14.0848

13.36096
12.56212
11.92772
11.10926
11.16475
12.04345
12.87069
13.53728
14.49356
14.72114
10.62971
14.12863
10.90721
10.93573
14.98699
8.398892
8.662728
9.690283
9.434334
7.735049
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-8.08226
-9.14319
-7.55644
-6.47209
-9.14682
-8.7759

-9.46734
-8.81858
-9.28218
-7.21486
-7.57795
-6.89604
-7.53457
-7.03879
-8.07323
-8.28197
-10.1548
-10.3118
-6.22021
-5.96688
-9.47335
-10.4071
-8.28817
-7.35776
-10.7558
-10.4408
-11.2605
-10.5649
-11.0795
-8.76122
-9.17762
-8.38465
-9.07053
-8.52506
-9.5638

-9.94175
-11.7873
-12.2187
-7.64228
-7.42045
-10.7178
-11.7644
-9.95796
-8.90178
-11.0372

17.58796
17.72705
16.3632
16.29188
17.74515
17.30706
17.49236
17.00247
17.03353
15.97132
16.3503
16.11329
16.66013
16.76927
17.37402
16.40309
18.3049
17.49799
15.42456
16.44614
15.32173
15.86111
16.203
15.65714
13.70824
12.42829
11.60574
10.55675
9.403415
9.253629
10.38828
11.17685
12.18652
13.1976
14.10162
8.731972
14.33595
9.054706
8.854043
13.23403
7.989187
8.191398
7.615794
7.451187
10.39183
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17.35453
17.90583
17.59034
17.81446
17.67776
18.89016
17.02022
17.22167
17.31603
5.04402
5.28328
5.614492
3.539738
3.213107
3.350732
2.721005
2.800846
1.653959
3.210426
2.661601
3.038391
12.983
6.213893
10.37723
12.39159
13.51094
11.10403
13.36445
145121
10.92971
10.2261
7.112209
6.486491
7.989165
6.715105
5.804693
8.243385
8.470162
10.07107
10.74781
9.234427
10.58785
11.39975
9.057844
8.710782

-8.20356
-8.21909
-7.24088
-0.35281
-10.311

-9.2634

-9.38779
-8.47968
-10.2521
-7.31605
-6.24648
-7.6845

-7.51096
-6.93273
-8.57366
-7.11148
-6.02057
-7.32948
-7.82188
-7.45965
-8.90882
-7.31105
-6.86094
-10.4362
-12.7162
-13.5446
-13.2761
-14.9277
-13.1112
-14.652

-12.639

-11.7708
-12.9575
-11.7797
-14.1505
-12.9465
-12.9613
-10.8498
-5.6642

-4.48234
-5.6933

-3.33007
-4.45982
-4.55562
-6.61668

17.25051
18.20381
16.76336
16.34827
16.88006
16.1295

15.03961
14.44823
14.42517
18.83949
18.71695
19.70577
19.06276
19.9413

19.29602
17.82964
17.67795
17.99317
16.56203
15.67929
16.63507
11.0215

11.17635
17.98918
11.82019
11.95926
11.86038
12.13155
11.92022
12.02706
11.7494

13.46304
13.06107
14.55407
13.75493
12.20834
15.26103
14.86816
15.29647
15.62717
14.17363
14.85087
16.50167
13.37638
13.91439
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7.127787
6.820533
6.238328
5.645306
5.416707
6.040081
6.370952
6.91167

7.37386

7.839904
5.234334
8.083181
5.504116
5.125296
7.363939
7.387977
6.493222
7.073219
8.005133
7.274831
8.229597
9.292969
9.052563
9.742122
10.3048

11.2049

10.62579
15.84889
15.60933
15.51822

-10.1766
-10.4781
-9.40968
-9.39425
-7.26308
-8.14138
-7.84489
-8.90802
-8.93082
-10.2283
-8.07404
-12.1936
-10.3108
-6.09231
-8.02244
-10.6706
-11.2429
-9.62787
-11.236

-11.174

-12.3076
-10.4947
-9.44409
-10.9324
-10.5303
-9.94819
-11.5667
-8.27461
-0.18457
-7.41227

11.45792
12.79522
13.49824
14.87702
13.97721
12.93797
11.61803
10.90026
9.476728
9.246449
15.10543
10.45082
15.65293
13.89365
8.676396
6.836933
7.127471
6.675064
5.554657
4.732616
5.699521
5.183818
4.94232
4.278487
6.3322
6.080715
6.521803
17.52163
18.09427
18.12121
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12.07056
7.592116
9.739531
9.605742
11.94362
7.772199
9.16267

10.14401
8.733551
9.32778

6.063879
6.688981
5.926862
5.082934
9.550479
9.292795
8.790224
9.487631
14.58083
15.10942
14.3114

15.29986
11.33244
12.24878
10.72085
11.63681
8.132108
8.438481
7.103508
8.115371

-15.4609
-14.1315
-3.38548
-2.48683
-16.5406
-15.0592
-12.9429
-12.5139
-12.3215
-13.9535
-15.4346
-15.9474
-16.13
-15.2507
-15.2574
-15.6096
-14.5241
-16.1265
-15.8051
-15.5787
-16.8709
-15.6425
-2.06273
-1.97481
-1.17049
-2.04147
-4.60291
-5.38638
-4.8353
-3.64427

12.1606

14.85098
13.73271
13.12336
12.28528
15.4018

16.45543
16.1961

17.25912
16.85495
13.31043
12.55916
14.1517

12.8475

12.05346
13.06511
11.75411
11.37925
12.28887
13.23001
12.30144
11.46988
15.18687
14.57801
14.98361
16.24356
12.18724
11.47486
12.50855
11.64963

Table S3.15 Cartesian coordinates of geometry-optimised structure of H-TS1 of 3Br at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).

C
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-0.39757
-0.95401
-1.43048
-0.87163
1.96992
2.60126
3.89874
4.13878
5.3279
3.74546
3.15207
1.8444
1.61522
0.3225

5.31253
5.19545
5.31669
5.18336
4.26387
2.93489
2.44441
1.14282
0.23765
-0.87909
0.41441
0.85686
2.13191
2.85314

-0.12529
0.81526
-1.30581
-2.24435
0.2369
-0.07146
0.14077
-0.31799
-0.15857
-1.43784
-0.99687
-1.14298
-0.63779
-0.52414

C

OO0O00O000000O0IOI

-0.39757
-0.95401
-1.43048
-0.87163
1.96992
2.60126
3.89874
4.13878
5.3279
3.74546
3.15207
1.8444
1.61522
0.3225

5.31253
5.19545
5.31669
5.18336
4.26387
2.93489
2.44441
1.14282
0.23765
-0.87909
0.41441
0.85686
2.13191
2.85314

-0.12529
0.81526
-1.30581
-2.24435
0.2369
-0.07146
0.14077
-0.31799
-0.15857
-1.43784
-0.99687
-1.14298
-0.63779
-0.52414
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0.6077
5.03073
2.516
6.32107
3.22145
-0.75495
5.44106
5.60568
5.80833
5.45249
3.0758
1.71243
0.42583
-0.64305
-2.13198
-1.74281
-0.41775
0.85091
1.89952
3.36619
4.00125
-2.71167
3.36919
-2.72391
-1.96767
3.90373
-5.14282
-5.10579
-4.11984
-4.22816
-5.05145
-4.54394
-4.36508
-3.72319
-3.13673
-2.49909
-3.33544

4.18998
-0.9301
5.18945
0.42677
-1.73712
2.31207
-2.99045
-2.34612
-2.17636
-2.74202
-2.52656
-2.98898
-2.61722
-3.24943
-3.19147
-4.60082
-4.14846
-4.52251
-3.92843
-4.11613
-3.27343
-3.9965
-1.66021
-2.59754
-5.34871
-4.83752
-3.34044
-3.33023
-4.36317
-4.4398
-0.92627
0.31775
1.60957
2.5167
3.86524
3.26499
2.15483

-0.20205
-0.89255
0.77967
0.49968
-2.11406
-0.61326
0.3829
1.25883
-0.88439
-1.75739
1.12301
0.68733
1.10367
0.45231
0.68923
-1.1152
-0.59836
-1.02733
-0.33504
-0.54809
0.374
-0.30394
1.91359
1.55853
-2.03811
-1.35556
0.01751
1.11468
-0.49947
-1.58967
0.56941
-0.08918
0.41608
-0.43255
-0.1405
-2.28689
-1.72885

O0O00000O0OIOITIO0000ZZ0000000000IT0O0ITOO000ZZ

0.6077
5.03073
2.516
6.32107
3.22145
-0.75495
5.44106
5.60568
5.80833
5.45249
3.0758
1.71243
0.42583
-0.64305
-2.13198
-1.74281
-0.41775
0.85091
1.89952
3.36619
4.00125
-2.71167
3.36919
-2.72391
-1.96767
3.90373
-5.14282
-5.10579
-4.11984
-4.22816
-5.05145
-4.54394
-4.36508
-3.72319
-3.13673
-2.49909
-3.33544

4.18998
-0.9301
5.18945
0.42677
-1.73712
2.31207
-2.99045
-2.34612
-2.17636
-2.74202
-2.52656
-2.98898
-2.61722
-3.24943
-3.19147
-4.60082
-4.14846
-4.52251
-3.92843
-4.11613
-3.27343
-3.9965
-1.66021
-2.59754
-5.34871
-4.83752
-3.34044
-3.33023
-4.36317
-4.4398
-0.92627
0.31775
1.60957
2.5167
3.86524
3.26499
2.15483

-0.20205
-0.89255
0.77967
0.49968
-2.11406
-0.61326
0.3829
1.25883
-0.88439
-1.75739
1.12301
0.68733
1.10367
0.45231
0.68923
-1.1152
-0.59836
-1.02733
-0.33504
-0.54809
0.374
-0.3039%4
1.91359
1.55853
-2.03811
-1.35556
0.01751
1.11468
-0.49947
-1.58967
0.56941
-0.08918
0.41608
-0.43255
-0.1405
-2.28689
-1.72885

Table S3.16 Cartesian coordinates of geometry-optimised structure of H-Int of 3Br at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).

OO0O0O0OIOIO

-0.23999
-0.99388
-0.96027
-0.19417
2.10109
2.60007
3.89129

5.41428
5.10727
5.55297
5.50688
4.37725
2.96256
244734

0.41478
1.15233
-0.96077
-1.74834
0.05209
-0.00224
-0.15959

C

H
C
H
C
C
C

-0.23999
-0.99388
-0.96027
-0.19417
2.10109
2.60007
3.89129

5.41428
5.10727
5.55297
5.50688
4.37725
2.96256
244734

0.41478
1.15233
-0.96077
-1.74834
0.05209
-0.00224
-0.15959
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O0O00000O0OIO0OIO0000ZZO0000000000ITOIO0CO000O0ZZ0O0000000

3.97046
5.15036
3.25431
2.81806
1.53691
1.48313
0.3157
0.72446
4.64444
2.73692
6.29083
2.55497
-0.77138
5.24239
5.43295
5.39068
4.87868
2.90322
1.54922
0.25304
-0.79854
-2.29393
-1.83424
-0.54292
0.73104
1.75716
3.21907
3.84189
-2.82408
3.17601
-2.92676
-2.02075
3.76017
-5.12441
-5.29549
-4.21007
-4.12596
-4.98492
-4.22078
-4.21434
-3.29444
-2.89832
-1.47331
-2.44414

1.06442
0.1367
-1.08071
0.28175
0.76218
212124
2.96032
4.29655
-1.12917
5.37739
0.40492
-1.97476
2.57276
-3.13921
-2.409
-2.40311
-3.01063
-2.8356
-3.37696
-2.95682
-3.56698
-3.36171
-4.88236
-4.5237
-4.96594
-4.36033
-4.479
-3.5557
-4.14969
-1.91801
-2.66736
-5.64056
-5.18818
-3.09704
-3.05953
-4.28858
-4.39293
-0.68263
0.49607
1.82717
2.66563
4.07044
3.29285
2.19598

-0.35699
-0.38748
-0.91993
-0.49612
-0.23646
0.06196
0.46111
0.35303
-0.75254
-0.17321
-0.09999
-1.34217
0.82756
0.56473
1.36428
-0.80092
-1.56007
1.49059
1.1138
1.44766
0.74819
0.8018
-0.89262
-0.2436
-0.57271
0.13948
-0.1173
0.73037
-0.23084
2.22832
1.56172
-1.81618
-0.93534
-0.37715
0.70697
-0.68265
-1.77321
0.07187
-0.43746
-0.01252
-0.64752
-0.32725
-1.98572
-1.65635

O0O00000O0OIOIO0000ZZO0000000000ITOITIO0CO000O0ZZ0000000

3.97046
5.15036
3.25431
2.81806
1.53691
1.48313
0.3157
0.72446
4.64444
2.73692
6.29083
2.55497
-0.77138
5.24239
5.43295
5.39068
4.87868
2.90322
1.54922
0.25304
-0.79854
-2.29393
-1.83424
-0.54292
0.73104
1.75716
3.21907
3.84189
-2.82408
3.17601
-2.92676
-2.02075
3.76017
-5.12441
-5.29549
-4.21007
-4.12596
-4.98492
-4.22078
-4.21434
-3.29444
-2.89832
-1.47331
-2.44414

1.06442
0.1367
-1.08071
0.28175
0.76218
2.12124
2.96032
4.29655
-1.12917
5.37739
0.40492
-1.97476
2.57276
-3.13921
-2.409
-2.40311
-3.01063
-2.8356
-3.37696
-2.95682
-3.56698
-3.36171
-4.88236
-4.5237
-4.96594
-4.36033
-4.479
-3.5557
-4.14969
-1.91801
-2.66736
-5.64056
-5.18818
-3.09704
-3.05953
-4.28858
-4.39293
-0.68263
0.49607
1.82717
2.66563
4.07044
3.29285
2.19598

-0.35699
-0.38748
-0.91993
-0.49612
-0.23646
0.06196
0.46111
0.35303
-0.75254
-0.17321
-0.09999
-1.34217
0.82756
0.56473
1.36428
-0.80092
-1.56007
1.49059
1.1138
1.44766
0.74819
0.8018
-0.89262
-0.2436
-0.57271
0.13948
-0.1173
0.73037
-0.23084
2.22832
1.56172
-1.81618
-0.93534
-0.37715
0.70697
-0.68265
-1.77321
0.07187
-0.43746
-0.01252
-0.64752
-0.32725
-1.98572
-1.65635
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Table S3.17 Cartesian coordinates of geometry-optimised structure of H-TS2 of 3Br at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).

OITIOIO0000ZZO0000000000ITI0OITO0C000ZZ0000000000ITOIO

-4.89411
-4.34282
-4.41788
-4.80184
-5.14451
-4.2458
-4.4134
-3.28791
-3.06731
-1.04099
-2.07755
-1.90487
-3.04472
-3.21579
-4.47391
-1.69693
-6.20153
-3.89242
0.14495
-2.42288
0.07676
-0.33373
-1.02748
-0.54945
1.7231
2.76055
3.35438
4.07128
4.72229
4.91923
4.20354
3.65013
2.91116
1.9828
1.28885
5.14328
1.2823
4.85733
5.24726
1.81471
5.19645
5.46271
5.78507
5.59687
3.08512

-3.25989
-3.69747
-3.97592
-3.41262
-0.79646
0.40336
1.72969
2.55753
4.01033
3.09177
2.04979
0.75406
-0.03433
-1.45372
-1.85225
4.30231
-0.87547
4.75906
2.85607
-2.14301
5.9429
5.68907
5.64476
5.6506
4.2476
3.3711
2.18072
1.4555
0.09802
0.8953
1.92931
3.12603
3.81242
4.96066
5.13369
-0.17892
421161
-0.6349
0.94337
5.57922
-2.6871
-2.7357
-1.39596
-1.38477
-3.54325

0.63017
1.4745
-0.65962
-1.523
-0.06443
0.05335
-0.36593
-0.23199
-0.55104
0.02819
0.23077
0.70453
0.62868
1.04772
0.5888
-0.24436
-0.64055
-1.0067
0.01642
1.65075
0.65901
1.64778
-0.41473
-1.40471
1.51967
0.87429
1.3115
0.35062
0.41022
-1.76491
-0.96228
-1.40183
-0.4459
-0.67116
0.51965
-0.89647
2.64262
1.36228
-2.92698
-1.70099
-0.79092
0.27264
-1.37961
-2.46127
0.17095

OITIOIO0000ZZO0O000000000ITIOITO0C000ZZ0000000000ITOIO

-4.89411
-4.34282
-4.41788
-4.80184
-5.14451
-4.2458
-4.4134
-3.28791
-3.06731
-1.04099
-2.07755
-1.90487
-3.04472
-3.21579
-4.47391
-1.69693
-6.20153
-3.89242
0.14495
-2.42288
0.07676
-0.33373
-1.02748
-0.54945
1.7231
2.76055
3.35438
4.07128
4.72229
4.91923
4.20354
3.65013
2.91116
1.9828
1.28885
5.14328
1.2823
4.85733
5.24726
1.81471
5.19645
5.46271
5.78507
5.59687
3.08512

-3.25989
-3.69747
-3.97592
-3.41262
-0.79646
0.40336
1.72969
2.55753
4.01033
3.09177
2.04979
0.75406
-0.03433
-1.45372
-1.85225
4.30231
-0.87547
4.75906
2.85607
-2.14301
5.9429
5.68907
5.64476
5.6506
4.2476
3.3711
2.18072
1.4555
0.09802
0.8953
1.92931
3.12603
3.81242
4.96066
5.13369
-0.17892
421161
-0.6349
0.94337
5.57922
-2.6871
-2.7357
-1.39596
-1.38477
-3.54325

0.63017
1.4745
-0.65962
-1.523
-0.06443
0.05335
-0.36593
-0.23199
-0.55104
0.02819
0.23077
0.70453
0.62868
1.04772
0.5888
-0.24436
-0.64055
-1.0067
0.01642
1.65075
0.65901
1.64778
-0.41473
-1.40471
1.51967
0.87429
1.3115
0.35062
0.41022
-1.76491
-0.96228
-1.40183
-0.4459
-0.67116
0.51965
-0.89647
2.64262
1.36228
-2.92698
-1.70099
-0.79092
0.27264
-1.37961
-2.46127
0.17095
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C 1.62877 -3.52978 -0.18046 C 1.62877 -3.52978 -0.18046
C 0.53707 -4.1784 0.40798 C 0.53707 -4.1784 0.40798
C -0.70663 -3.95633 -0.19316 C -0.70663 -3.95633 -0.19316
C -2.06749 -4.48269 0.15312 C -2.06749 -4.48269 0.15312
C -2.30045 -3.02442 -1.64342 C -2.30045 -3.02442 -1.64342
C -0.84282 -3.10754 -1.29997 C -0.84282 -3.10754 -1.29997

Table S3.18 Cartesian coordinates of geometry-optimised structure of Br-TS1 of 3Br at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).

CO0OzZzzZzZ0O0O000O00000O00O00O0ITOITO0000O0ZZO0O0O0O000000TOITO

-2.20153
-2.68641
-3.19319
-2.65181
-0.65804
0.81468
1.56051
2.9422
4.05504
4.96244
3.50988
2.7741
1.40969
0.33091
-0.88147
5.21917
-1.47713
4.00329
5.7436
0.49292
6.35863
6.23404
6.43326
6.38536
3.97178
2.89504
1.5484
0.81895
-0.58027
0.35843
1.3971
2.72613
3.45515
4.89579
5.13564
-0.78383
3.89391
-1.36973

5.06168
4.82188
4.70328
4.80796
2.99819
2.79176
1.73402
1.82563
0.9418
2.53847
2.85208
3.91351
3.86132
4.83592
4.33436
1.4035
2.12801
-0.00027
3.11898
5.8262
-0.36508
0.25749
0.57916
-0.04308
-0.84924
-1.76395
-1.90887
-2.87628
-3.40544
-4.48865
-3.58383
-3.43908
-2.52905
-2.15773
-1.17053
-4.33804
0.03121
-3.12

0.14106
1.09848
-1.0172
-1.96974
-0.29921
-0.37543
-0.90629
-0.71832
-1.18069
0.23983
0.05042
0.56843
0.28935
0.65156
0.09999
-0.54422
-0.45813
-1.9374
0.95613
1.32242
0.718
1.61614
-0.50925
-1.4143
1.35574
0.84283
1.20486
0.4998
0.69079
-1.13635
-0.56164
-0.94493
-0.18881
-0.33018
0.63587
-0.33891
2.18079
1.55911

CO0OzZzzZz0O0O000O000000O00O0ITOITO0000O0ZZOOO0O00O00O0000TOITO

-2.20153
-2.68641
-3.19319
-2.65181
-0.65804
0.81468
1.56051
2.9422
4.05504
4.96244
3.50988
2.7741
1.40969
0.33091
-0.88147
5.21917
-1.47713
4.00329
5.7436
0.49292
6.35863
6.23404
6.43326
6.38536
3.97178
2.89504
1.5484
0.81895
-0.58027
0.35843
1.3971
2.72613
3.45515
4.89579
5.13564
-0.78383
3.89391
-1.36973

5.06168
4.82188
4.70328
4.80796
2.99819
2.79176
1.73402
1.82563
0.9418
2.53847
2.85208
3.91351
3.86132
4.83592
4.33436
1.4035
2.12801
-0.00027
3.11898
5.8262
-0.36508
0.25749
0.57916
-0.04308
-0.84924
-1.76395
-1.90887
-2.87628
-3.40544
-4.48865
-3.58383
-3.43908
-2.52905
-2.15773
-1.17053
-4.33804
0.03121
-3.12

0.14106
1.09848
-1.0172
-1.96974
-0.29921
-0.37543
-0.90629
-0.71832
-1.18069
0.23983
0.05042
0.56843
0.28935
0.65156
0.09999
-0.54422
-0.45813
-1.9374
0.95613
1.32242
0.718
1.61614
-0.50925
-1.4143
1.35574
0.84283
1.20486
0.4998
0.69079
-1.13635
-0.56164
-0.94493
-0.18881
-0.33018
0.63587
-0.33891
2.18079
1.55911
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O 0.45732 -5.22828 -2.08758 O 0.45732 -5.22828 -2.08758
O 5.69607 -2.60435 -1.11791 O 5.69607 -2.60435 -1.11791
C -3.2749 -4.7281 -0.036 C -3.2749 -4.7281 -0.036

H -3.2448 -4.74759 1.06121 H -3.2448 -4.74759 1.06121
C -1.9265 -5.23062 -0.57403 C -1.9265 -5.23062 -0.57403
H -1.99401 -5.29928 -1.66808 H -1.99401 -5.29928 -1.66808
C -4.14413 -2.49765 0.60978 C -4.14413 -2.49765 0.60978
C -4.17256 -1.13066 0.00202 C -4.17256 -1.13066 0.00202
C -4.49925 0.10955 0.5601 C -4.49925 0.10955 0.5601

C -4.27396 1.22637 -0.25068 C -4.27396 1.22637 -0.25068
C -4.2206 2.68408 0.10248 C -4.2206 2.68408 0.10248
C -3.46522 2.452 -2.07772 C -3.46522 2.452 -2.07772
C -3.80669 1.08916 -1.56404 C -3.80669 1.08916 -1.56404

Table S3.19 Cartesian coordinates of geometry-optimised structure of Br-Int of 3Br at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).

O0O00O000O0OITIOIOO0000ZZ0000000000ITOITO

3.40187
3.80465
4.11587
3.52173
1.496
0.05102
-0.84158
-2.1705
-3.37632
-4.08047
-2.58165
-1.68705
-0.3525
0.87834
1.9585
-4.49025
2.14692
-3.41227
-4.77596
0.91176
-6.20943
-5.94885
-5.867
-5.85613
-4.25546
-3.48901
-2.26898
-1.72279
-0.42367
-1.51055
-2.3803

-4.61951
-3.98123
-4.21723
-4.61238
-2.97544
-2.98933
-1.95768
-2.34665
-1.58017
-3.69226
-3.6682
-4.71649
-4.32827
-5.182
-4.2992
-2.40013
-2.03249
-0.48451
-4.63197
-6.38105
-1.05125
-1.663
-1.87168
-1.17172
0.25303
1.47146
2.01229
3.02972
3.79315
4.46636
3.46916

0.35674
1.15536
-0.97045
-1.80746
0.39722
0.02022
-0.28575
-0.47678
-0.91034
-0.27517
-0.26921
-0.07147
0.0169
0.07801
0.27945
-0.6558
0.78275
-1.42054
0.02752
-0.05997
0.53104
1.4072
-0.7479
-1.59527
1.48392
1.04009
1.47292
0.67699
0.77447
-1.16633
-0.48079

O0O00O00O0O0OITOITIOO0000ZZ0000000000ITOITO

3.40187
3.80465
4.11587
3.52173
1.496
0.05102
-0.84158
-2.1705
-3.37632
-4.08047
-2.58165
-1.68705
-0.3525
0.87834
1.9585
-4.49025
2.14692
-3.41227
-4.77596
0.91176
-6.20943
-5.94885
-5.867
-5.85613
-4.25546
-3.48901
-2.26898
-1.72279
-0.42367
-1.51055
-2.3803

-4.61951
-3.98123
-4.21723
-4.61238
-2.97544
-2.98933
-1.95768
-2.34665
-1.58017
-3.69226
-3.6682
-4.71649
-4.32827
-5.182
-4.2992
-2.40013
-2.03249
-0.48451
-4.63197
-6.38105
-1.05125
-1.663
-1.87168
-1.17172
0.25303
1.47146
2.01229
3.02972
3.79315
4.46636
3.46916

0.35674
1.15536
-0.97045
-1.80746
0.39722
0.02022
-0.28575
-0.47678
-0.91034
-0.27517
-0.26921
-0.07147
0.0169
0.07801
0.27945
-0.6558
0.78275
-1.42054
0.02752
-0.05997
0.53104
1.4072
-0.7479
-1.59527
1.48392
1.04009
1.47292
0.67699
0.77447
-1.16633
-0.48079
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C -3.61199 2.98031 -0.89505 C -3.61199 2.98031 -0.89505
C -4.13445 1.97129 -0.097 C -4.13445 1.97129 -0.097

C -5.34373 1.14244 -0.36562 C -5.34373 1.14244 -0.36562
N -5.34627 0.13436 0.60548 N -5.34627 0.13436 0.60548
N -0.359 4.58577 -0.38173 N -0.359 4.58577 -0.38173
O -3.99017 -0.53479 2.36095 O -3.99017 -0.53479 2.36095
O 041121 3.74811 1.64683 O 041121 3.74811 1.64683
O -1.7276 5.06674 -2.19323 O -1.7276 5.06674 -2.19323
O -6.14567 1.2842 -1.26038 O -6.14567 1.2842 -1.26038
C 210107 5.16554 -0.36182 C 2.10107 5.16554 -0.36182
H 217778 5.25403 0.72954 H 217778 5.25403 0.72954
C 0.67443 5.54045 -0.78247 C 0.67443 5.54045 -0.78247
H 0.62352 5.5414 -1.8793 H 0.62352 5.5414 -1.8793
C 3.38373 3.14021 0.22764 C 3.38373 3.14021 0.22764
C 3.57759 1.76186 -0.32006 C 3.57759 1.76186 -0.32006
C 4.31979 0.68365 0.16981 C 431979 0.68365 0.16981
C 4.19449 -0.51597 -0.53664 C 4.19449 -0.51597 -0.53664
C 4.69194 -1.88563 -0.19929 C 4.69194 -1.88563 -0.19929
C 3.29323 -2.07176 -2.04363 C 3.29323 -2.07176 -2.04363
C 3.37942 -0.6202 -1.67038 C 3.37942 -0.6202 -1.67038

Table S3.20 Cartesian coordinates of geometry-optimised structure of Br-TS2 of 3Br at the
B3LYP-D3(BJ)/def2svp level of theory in CH,Cl, (PCM solvent model).
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-1.17835
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-4.80969
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-4.46812
-4.15036
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-0.46322
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-0.57761
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-0.16972
-1.62077
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-1.69463
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C -4.43022 -1.48537 1.31964 C -4.43022 -1.48537 1.31964
C -4.32782 -0.10949 0.72619 C -4.32782 -0.10949 0.72619
C -3.70881 1.04749 1.21359 C -3.70881 1.04749 1.21359
C -3.52755 2.08723 0.29299 C -3.52755 2.08723 0.29299
C -2.79826 3.39922 0.4097 C -2.79826 3.39922 0.4097

C -3.53891 3.18013 -1.78343 C -3.53891 3.18013 -1.78343
C -3.97513 1.96831 -1.03028 C -3.97513 1.96831 -1.03028
C -4.61482 0.83622 -1.52145 C -4.61482 0.83622 -1.52145
C -4.7526 -0.19971 -0.60533 C -4.7526 -0.19971 -0.60533
C -5.1107 -1.62235 -0.8934 C -5.1107 -1.62235 -0.8934

N -4.85927 -2.32514 0.27752 N -4.85927 -2.32514 0.27752
N -2.80169 3.95097 -0.87705 N -2.80169 3.95097 -0.87705
O -4.1652 -1.85909 2.43609 O -4.1652 -1.85909 2.43609
O -2.28839 3.89634 1.38704 O -2.28839 3.89634 1.38704
O -3.75495 3.46318 -2.93816 O -3.75495 3.46318 -2.93816
O -5.47652 -2.09122 -1.9504 O -5.47652 -2.09122 -1.9504

C -0.76747 5.40503 -0.68969 C -0.76747 5.40503 -0.68969
H -0.89313 5.6132 0.38033 H -0.89313 5.6132 0.38033
C -2.15657 5.1851 -1.30774 C -2.15657 5.1851 -1.30774
H -2.04368 5.06267 -2.39299 H -2.04368 5.06267 -2.39299
C 112426 411481 0.24494 C 1.12426 411481 0.24494
C 1.95859 2.93749 -0.15851 C 1.95859 2.93749 -0.15851
C 3.13308 2.41397 0.39401 C 3.13308 2.41397 0.39401
C 3.69409 1.32246 -0.27745 C 3.69409 1.32246 -0.27745
C 4.9493 0.5468 -0.00718 C 4.9493 0.5468 -0.00718
C 3.87468 -0.43567 -1.82165 C 3.87468 -0.43567 -1.82165
C 3.07589 0.76148 -1.4032 C 3.07589 0.76148 -1.4032
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SYNOPSIS

Light-emitting compounds play a key role in modern life including for bioimaging and electronic device
applications. The luminescent properties of aromatic diimides (ADIs) are well studied, with the
emission of perylene diimide (PDI) contributing to its use as a common dye and as a standard for
fluorescent quantum yield measurements. Although, to ‘turn on’ the emission of pyromellitic diimides
(PMDIs) core-substitution of the aromatic core is required. The introduction of halogen atoms to the
PMDI core has been shown to induce phosphorescence on account of enhanced intersystem crossing
(ISC) due to the heavy atom effect. Alternatively, functionalisation of the PMDI aromatic core with
hydroxy-groups ‘turns on’ emission with excited state intramolecular proton transfer (ESIPT) occurring

where both tautomers (via a keto-enol tautomerisation) are emissive in the excited state.

In this Chapter, investigations into the photoactivity of core-brominated molecular triangles are
outlined. A photochemical transformation of 6Br in DMF upon irradiation with UV-light is observed
through a colour change (colourless to pink) and the generation of new peaks in absorption spectra
which are attributed to the formation of a partially core-hydroxylated molecular triangle. Furthermore,
the luminescent properties of core-brominated molecular triangles, 3Br and 6Br, are investigated in the
solid state with the emission of the macrocycles occurring via room-temperature phosphorescence. This
Chapter also presents some preliminary synthetic attempts to optimise a bromine to hydroxy functional
group transformation in PMDI small molecules through reaction with CsF in dioxane. The application
of these reaction conditions to a Br,PMDI compound are shown to form partially hydroxylated
mono-hydroxy-mono-bromo PMDI units. In addition to being emissive, these asymmetric
hydroxy-bromo PMDI units could be used for orthogonal reactivity towards further aromatic core
extension in the future. Therefore, the photoactivity of electron-deficient core-substituted molecular
triangles is not only beneficial for the luminescent properties of the macrocycles but can also be used

in the further core-extension of the aromatic core.
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4.1 INTRODUCTION

Organic luminophores which can emit light through the relaxation of excited states on the nanosecond
to second timescale have applications in fluorescent bioimaging,' in organic light-emitting diodes
(OLEDs)? and for studying non-covalent interactions (NCIs) e.g., host-guest complexation.® Organic
luminescent materials have become more attractive compared to their inorganic counterparts due to
their decreased toxicity, higher synthetic versatility, and lower cost.* The phenomenon of fluorescence
was first reported in 1565, with further studies leading to the current accepted explanation where
absorbance of light to excite an electron from the Sy ground state to a higher electronic state is followed
by relaxation back to the ground state by emission of light.’ Despite, a history of nearly 500 years, new
luminescent phenomena in organic compounds are still being discovered and studied for potential
applications in the 21 century, e.g., aggregation-induced emission (AIE),® room-temperature
phosphorescence (RTP),”® thermally-activated delayed fluorescence,’ excited-state intramolecular
proton transfer (ESIPT),'®!! and circularly polarised luminescence (CPL).'? These different emissive
processes all rely on the electronic structure of molecules and the various mechanisms of relaxation and

spin interconversions that can occur in the excited state as shown by the Jablonski diagram (Figure 4.1).

S
! Reverse intersystem crossing (rISC)
Intersystem crossing (ISC)
Excitation T
Non-radiative Fluorescence (kg)
hy decay (k)
Non-radiative Phosphorescence (kp)
decay (k)
SO

Figure 4.1 Jablonski diagram showing the excitation of a molecule from the ground state (So) to the first singlet excited state
(S1) and subsequent relaxation processes (non-radiative decay and fluorescence) and intersystem crossing to the first triplet
excited state (T1) which can decay non-radiatively or via phosphorescence or return to the Si state through reverse intersystem
crossing.

The synthetic versatility and redox-active nature of aromatic diimides (ADIs), such as pyromellitic,
naphthalene and perylene diimides (PMDI, NDI and PDI respectively), makes them attractive organic
compounds for use as functional materials in electronic devices.'*!'* Additionally, PDIs have been used
widely in dyes and pigments,'® and due to their efficient emission with a quantum yield (the ratio of
emitted photons compared with the number of photons used in excitation), ¢, close to unity they are

used as standards for calculating the quantum yields of new luminophores.'® However, aggregation of
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PDI molecules by n---m interactions in the solid state leads to emission quenching (e.g. in PDI 1). Nalluri
et al.'” hypothesised that the aggregation-caused quenching (ACQ) of PDI molecules could be reduced
through the incorporation of the luminophore into isosceles molecular triangles (2 and 3), where one
PDI unit is connected to two NDI or PMDI units by chiral (R,R)- or (S,S)-trans-1,2-diaminocyclohexane
linkers (Figure 4.2a—c). The non-equilateral triangular geometry of the macrocycle could disrupt any
potential long-range m- - -m interactions, whilst the vibrational and rotational motion of the emissive PDI
units would be restricted to decrease the non-radiative decay and thus enhance the quantum yield . High
fluorescent quantum yields were observed for both macrocycles 2 (CH2Clz: 100%, MeCN: 96%, PhMe:
100%) and 3 (CH2Cly: 100%, MeCN: 96% and PhMe: 63%) in the solution state with the reference
monomeric PDI 1 as a standard. The decreased quantum yield for 3 in PhMe was attributed to ACQ
from intermolecular n---m interactions between the macrocycle and aromatic solvent. Although the
quantum yield of molecular triangles 2 and 3 diminish in the solid state (i.e., in neat thin films or as
powders) compared to in solution, they are still fairly emissive (2: ¢powder = 4%, dfim = 2%, 3: Ppowder =
3%, ¢fim = 2%). The solid-state quantum yields of emission of macrocycles 2 and 3 are also greater than
the monomeric PDI reference 1 (¢powder = 0.1%, ¢rim = 0.2%) which suggests that the incorporation of
the luminophore into a macrocycle does indeed reduce ACQ and non-radiative decay to improve the

luminescence.'”
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Figure 4.2 Chemical structure, emission and absorption spectra and images of powders and thin film in daylight and 365 nm
light for macrocycles (a) 1, (b) 2 and (c) 3. Figure reproduced from Reference 17.7

PMDIs luminescence ‘turned on’

core-functionalisation with halogens,®!* electron-rich donors,” or hydroxy-groups.'®!! The emissive

Conversely, are not inherently emissive with upon
properties of core-halogenated and -hydroxylated PMDI molecules occurs as a result of RTP and ESIPT

mechanistic processes respectively. The functionality of core-halogenated PMDI small molecules
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makes them attractive candidates for RTP due to the ability of carbonyls and halogen atoms to facilitate
spin-forbidden ISC from the S; to T, excited states (Figure 4.1). Subsequently, lower energy
phosphorescent emission is promoted (T to So) at longer wavelengths to relax to the ground state which
occurs over a longer timescale (ms) on account of it being spin-forbidden process (AS # 0).® Indeed,
Kanosue and Ando,” have shown that the introduction of a single halogen atom (bromine or iodine) on
the aromatic core of PMDI small molecules ‘turns on’ red and orange emission in compounds 4 and 5
respectively (Figure 4.3a and b) with a large Stokes shift indicating phosphorescence. However,
relatively low quantum yields for 4 (¢ = 1%) and 5 (¢ =2%) in CHCI; solutions were measured although
still greater than the unsubstituted PMDI model compound 6 (¢ = <0.1%). Shorter emission lifetimes
than expected for spin-forbidden phosphorescence were also observed (4: 7= 7.1 ns and 5: 7= 13.0 ns)
which was attributed to vibrational and rotational motion of the excited states in solution enhancing

non-radiative decay and thus quenching of emission.’
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Figure 4.3 Chemical structures, absorption and emission spectra and colour of CHClIs solutions with UV-light (365 nm) off
and on for PMDI compounds (a) 4, (b) 5 and (c) 6. Figure reproduced and replicated from Reference 7.7

A common strategy to avoid non-radiative decay from vibrational and rotational motion is ‘freezing’
the phosphors into the solid state (i.e., crystals or polymer matrices). Garain ef al.® used these methods
to enhance phosphorescence in dibromo- and diiodo- PMDI derivatives 7 and 8 (Figure 4.4) that display
weak fluorescent emission (400—550 nm) in the solution state (THF) with short lifetimes (<1 ns). When
the THF solutions were frozen at 77 K, the emission was red-shifted to 425—700 nm indicating lower
energy phosphorescence which led the authors to investigate the luminescence of the halogenated PMDI
molecules in the solid state through the formation of different wt% poly(methylmethacrylate) (PMMA)
matrices, drop-casted thin films and crystals. Indeed, long-lived phosphorescent emission with
considerable quantum yields was observed in the solid state, with tuning of the emission wavelength
possible through increasing the wt% of compound in PMMA matrices and aggregation in thin films and

supramolecular packing via halogen'-m, ©--* and halogen---O=C interactions.®
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Figure 4.4 Chemical structures, emission spectra (1, 5, 10 and 50 wt% in PMMA, THF solution at 77 K and in single crystal)
and colour of emission in solid state UV-light (365 nm) for PMDI compounds (a) 7 and (b) 8. Figure reproduced and replicated
from Reference 8.°

Table 4.1 Quantum yields (¢) of di-brominated 7 and di-iodinated 8 in the solid state
(1 and 50 wt% in PMMA and crystals).

7 8
¢ (AIr) I % ¢ (Vacuum) / % ¢ (AIr) 1 % ¢ (Vacuum) / %
1 wt% in PMMA 18 54.7 2 2.4
50 wt% in PMMA 17.5 23.5 30 45.9
Crystal 26 28.7 48 68.2

An alternative method to ‘turn on’ emission in PMDI compounds is core-functionalisation with
hydroxy-groups, where the 1,3-position relationship of -OH and C=0O groups provides an optimal
geometry for an intramolecular hydrogen-bond to form a stabilised planar six-membered ring. The
non-covalent -OH---O=C interaction facilitates intramolecular proton transfer in the excited state via
an ESIPT process thus prompting a keto-enol tautomerisation (Figure 4.5c). In the case of a
mono-hydroxylated PMDI compound 9, relaxation to the ground state occurs from the ketone tautomer
which is evidenced by a large Stokes shift (10356 cm™") between the absorption (369 nm) and emission
(592 nm) peaks (Figure 4.5a). The orange colour of the relaxation of the ketone tautomer in a CHCl3
solution occurs with a relatively high quantum yield (19.4 %) which indicates a fast ESIPT process to
enhance the photon efficiency of the emission.!! Furthermore, in di-hydroxylated PMDI 10,
dual-wavelength emission is observed at 457 and 641 nm after excitation at 430 nm. These two emission
peaks with small (1374 cm™) and large (7655 cm™) Stokes shift represent relaxation to the ground state
from the excited states of the enol and keto tautomers respectively. The blue and red emission from enol
and keto tautomers can be tuned using solvent effects to disrupt or enhance intramolecular H-bonding
(Figure 4.5.b). In solvents with no H-bonding capability (e.g., CHCIs), intramolecular H-bonds are
favoured and thus efficient ESIPT occurs with subsequent relaxation to the ground state via red emission
with a quantum yield of 16%. Whereas in solvents which can participate in H-bonding (e.g. TFA), there
is competition between inter- and intramolecular interactions. When intermolecular interactions occur,
the resulting absence of a stabilising six-membered ring from intramolecular H-bonding hinders any

ESIPT process thus enhancing blue emission from the enol tautomer. '
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Figure 4.5 Structure and emission colour of core-hydroxylated PMDI compounds (a) 9 and (b) 10 with intermolecular (with
TFA) and intramolecular H-bonding. (c) Keto-enol tautomerisation involved in the ESIPT process of compound 10. Figure
reproduced from References 10 and 11.1011

Various methods for the preparation of core-hydroxylated ADIs have been shown including (i)

1011 and (ii) via radical anion formation.'®!” The synthesis of mono- and

conventional syntheses
di-hydroxy-PMDI compounds (9 and 10) (Scheme 4.1) are different up until the formation of key
hydroxybenzene tetracarboxylic precursors (13 and 18) at which point the syntheses align: (i)
ring-closing by dehydration under reduced pressure at 180 °C followed by (ii) condensation with
cyclohexylamine.'®!! The synthesis of the mono-hydroxylated acid 13 begins with 1-bromodurene (11)
which is oxidised to acid 12 using KMnOs followed by a functional group transformation from -Br
to -OH using NaOAc, aqueous NaOH and a copper catalyst.!" Conversely, the synthesis of acidic
precursor 18 uses a different approach as it begins with difluoro anhydride 15 which, when treated with
MeOH and H»SOs, forms tetramethylester 16 and subsequent reaction with NaOMe yields dimethoxy
tetramethylester 17. The key hydroxylation step is then performed by acidification with HBr in AcOH

to form the hydroxy precursor 18.1°
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Scheme 4.1 Conventional literature synthesis of mono- and di-hydroxy-PMDI compounds (a) 9** and (b) 10.1°

Alternative methods have been used to synthesise core-hydroxylated NDIs and PDIs utilising the
electron-deficiency of the m-surface. Tam and Xu,'® showed that the aromatic core of NDIs 20 and 22
could be substituted with a hydroxy group under reducing conditions with tetrabutylammonium fluoride
(TBAF+3H,0) in polar aprotic solvents e.g., THF (Scheme 4.2). The authors hypothesised that the
transformations occurred as a result of electron transfer from electron-rich hydroxide ions to the
aromatic naphthalene n-surface via a radical anion mechanism. The hydroxide ions are present as a
result of deprotonation of water molecules in the hydrated salt by basic F~ ions. In the case of the
formation of NDI 23, further hydroxylation does not occur as the electron-donating -OH increases the
electron-density of the n-surface and prevents further electron transfer and subsequent substitution from

a second OH™ group.

i i L

O N0 CaHa Oy Nugz® CaHg O Mg
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Scheme 4.2 Reaction scheme for the hydroxylation of NDIs 20 and 22 to 21 and 23 under reducing conditions with TBAF.8
Furthermore, a similar core-hydroxylation of a dibrominated PDI 24 has been presented to form
mono-bromo-mono-hydroxy 25 in electron-rich polar solvents (e.g., NMP or DMF) via (i) irradiation
with UV-light"® or (ii) conventional synthesis by reaction with H>O in DMF at 80 °C (Scheme 4.3).%
Zhang et al.,'® hypothesised that the formation of hydroxylated 25 after irradiation with UV-light occurs
as a result of the deprotonation of residual H,O molecules by the electron-rich basic solvent (DMF or
NMP) and PET from hydroxide anions to the electron-deficient PDI m-surface. The presence of
hydroxide anions subsequently leads to a bromine to hydroxy transformation potentially via a

mechanism involving radicals to form PDI 25.
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Scheme 4.3 Reaction conditions for the synthesis of Br-PDI-OH, 25, from dibrominated 24, by irradiation with a xenon lamp
(500 mW cmt) in DMF for 45 minutes or conventional heating (80 °C) with K2COzin DMF for 8 hours.1%2

This Chapter pursues these photoactive properties of functionalised ADIs within rigid shape-persistent
molecular triangles in combination with the cyclic aromatic homoconjugation of the macrocycles. The
optical and luminescent properties of core-substituted PMDI-based molecular triangles (Figure 4.6) are
discussed through (i) the photochemical behaviour of 6Br by the irradiation of UV-light, (ii) the
solution- and solid-state emission of core-brominated molecular triangles (3Br and 6Br) and (iii)
progress towards the synthesis of core-hydroxylated molecular triangles using a post-synthetic
functionalisation method. It was hypothesised that the incorporation of brominated and hydroxylated
luminophores into a rigid, shape-persistent macrocycle would enhance the emission by reducing
non-radiative decay via vibrational and rotational motion as exhibited by the isosceles triangles
discussed above.!” The use of the chiral (R,R)- or (S,S)-trans-1,2-diaminocyclohexane linkers means

that the molecular triangles possess helical chirality?! which could be utilised for CPL properties.'?

Figure 4.6. Chemical structures of core-functionalised molecular triangles, 3Br, 6Br, 3Ar and 6Ar, and the structure of
core-hydroxylated macrocycle 6(OH) which synthetic progress towards is discussed in this chapter.

206



CHAPTER 4 | PHOTOACTIVITY OF CORE-SUBSTITUTED MOLECULAR TRIANGLES

4.2. RESULTS AND DISCUSSION

4.2.1. THE PHOTO-ACTIVE BEHAVIOUR OF 6BR IN DMF

During initial optical property analysis of molecular triangles, 6H, 3Br, 6Br, 3Ar and 6Ar described in
Chapters 2 and 3 in a range of solvents (CHCI3;, THF and DMF) an intriguing observation was made
after 24 hours as the solution of 6Br in DMF that was left out under ambient light had turned a pink
colour from its original colourless state. Notably, the colour change only occurred in the brominated
macrocycles (3Br and 6Br) and in electron-rich DMF. This surprising discovery led to a series of
experiments to understand the colour change and the conditions under which it occurs. Initially,
absorption spectra of all core-functionalised molecular triangles in CHCl3 and DMF were repeated at 0
and 24 hours at 25 uM (Figure 4.7), with a new broad peak at 520 nm formed in the spectrum for 6Br
in DMF after 24 h. Similarly, a lower energy peak at 500 nm was also observed for 3Br in DMF after
24 hours (500 nm). In DMF solutions where no colour change occurred (6H, 3Ar and 6Ar), no new
peaks evolved after 24 hours with no colour changes and no new peaks formed in CHCl; solutions of

any molecular triangle (6H, 3Br, 6Br, 3Ar and 6Ar) cither.
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Figure 4.7 UV-vis spectra of core-functionalised molecular triangles (6H, 3Br, 6Br, 3Ar and 6Ar) in (a) CHCls and (b) DMF
at 25 uM at time = 0 and 24 h.

Subsequently, a potential concentration effect (25-200 uM) on the formation of the new peaks for 3Br
and 6Br in DMF was probed by repeating absorption spectroscopy experiments at 0 and 24 hours
(Figure 4.8) with new absorption bands evolving after 24 hours at all concentrations (25-200 uM).
Significantly, the peaks at 500 and 525 nm for 3Br after 24 h are more than two-times less intense than

the low energy peaks at 515 and 545 nm for 6Br (Table 4.2). The evolution of the longer wavelength
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peaks in the UV-vis spectra for 3Br and 6Br does appear to be concentration dependent although not in
a linear relationship and thus does not conform with the Beer-Lambert law.

Table 4.2 Absorbance values (A.U.) of 3Br and 6Br at 0 and 24 h at a range of wavelengths and
concentrations (25-200 pM).

200uM 150 uM - 100 uM 75 uM 50 uM 25 uM

340 nm Oh 1.400 0.992 0.641 0.537 0.379 0.180
24 h 1.400 0.989 0.640 0.535 0.385 0.183
Oh 0.005 0.002 0.001 0.001 0.001 0.001
3Br 500 nm
24 h 0.045 0.034 0.025 0.027 0.017 0.012
595 nm Oh 0.005 0.002 0.001 0.001 0.001 0.001
24 h 0.041 0.031 0.023 0.026 0.015 0.012
365 nm Oh 1.426 1.127 0.710 0.515 0.361 0.175
24 h 1.503 1.088 0.677 0.489 0.334 0.149
Oh 0.021 0.020 0.013 0.010 0.008 0.009
6Br 515 nm
24 h 0.197 0.219 0.197 0.182 0.15 0.153
545 nm Oh 0.023 0.022 0.015 0.012 0.010 0.011
24 h 0.235 0.242 0.231 0.213 0.170 0.168
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Figure 4.8 UV-vis spectra of core-brominated molecular triangles, (a) 3Br and (b) 6Br at time = 0 and 24 h. at a range of
concentrations (200-25 pM) in DMF.

Notably, when DMF samples of 6Br were kept in the dark, the pink colour evolved much more slowly,
suggesting the presence of a photoactivated process. To confirm this hypothesis, absorption kinetic
experiments of samples maintained under ambient light and dark conditions at room temperature over
a 24 h period were performed. The graphs in Figure 4.9 show quantifiably that the growth of the new
peaks at 515 and 545 nm are enhanced under ambient light compared with a solution that is kept in

darkness. For example, after 48 hours, the peak at 515 nm has an intensity of 0.3 A.U. in the solution

208



CHAPTER 4 | PHOTOACTIVITY OF CORE-SUBSTITUTED MOLECULAR TRIANGLES

kept under ambient light whereas the solution kept under darkness has an intensity of 0.037 A.U., an
almost 10-fold decrease in absorption intensity. Furthermore, for the sample kept under ambient light,
the intensity ratio of the peaks at 515 and 545 nm changes over time from 0 to 48 hours. When the lower
energy peaks are first observed and grow in, the intensity of the peak at 545 nm is slightly higher than
the peak at 515 nm (Figure 4.9¢). However, the ratio of the peaks shifts towards the latter times (> 24
h), the absorbance at 515 nm is slightly higher than at 545 nm. The change in ratio of absorbance
intensity of the peaks at 515 and 545 nm over time could indicate the photochemical transformation

that is occurring involves a two-step process over time.
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Figure 4.9 (a) UV-vis spectra of 6Br in DMF (100 pM) at regular time periods (0—48 h) for a sample kept under ambient light.
Plots showing (b) the intensity of the peak at 515 nm over time under ambient light (0—48 h) and dark (0-336 h) and (c) the
ratio intensity of the absorbance peaks at 515 and 545 nm for the sample kept under ambient light.

Furthermore, when irradiating samples of 3Br and 6Br with 365 nm UV-light (from a UV torch) in
S-minute portions, the colour change and subsequent growth of lower energy peaks between 500 and
550 nm is accelerated (Figure 4.10). The formation of peaks in 3Br is less significant than in 6Br as has
been observed previously in Figure 4.10, and as expected, no new absorption is developed in the non-
brominated macrocycle, 6H. In addition, the ratio of the higher energy n-n* transitions and the newly
formed peaks at 515 and 545 nm for 6Br is roughly 2:1 after 40 minutes of exposure to UV-light.
Conversely, it is only after 48 hours aging in ambient light conditions that the intensity of the lower

energy transitions reach a similar 2:1 ratio with the n-n* transition at 365 nm.
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Figure 4.10 UV-vis spectra of (a) 6H, (b) 3Br and (c) 6Br (10 UM in DMF) after exposure to UV-light in 5-minute periods.
With the understanding of the conditions required for the colour-change and growth of lower-energy
electronic transitions improved, the cause of the phenomena were investigated. It was hypothesised that
the changes were as a result of a PET or charge-transfer process from the -electron-rich
N,N-dimethylformamide molecules which can interact with the electron-deficient m-surface of the
core-brominated molecular triangles or an influence of the high polarity of the DMF solvent as
discussed by Saha and coworkers.?>?* Crystals of 6Br in DMF were attempted to be grown to provide
potential evidence of a charge-transfer interaction between the electron-deficient and electron-rich
components although proved to be unsuccessful. Instead, the photoactive behaviour of 6Br in DMF was
compared to that of NDI and PDI compounds. Interestingly, the absorption spectrum of 6Br after
exposure to UV-light for 40 minutes (Figure 4.10c), is similar to those of Br-NDI-OH 23'® and
Br-PDI-OH 25" after reacting with TBAF or irradiation with UV-light respectively as discussed in
Section 4.1 (Figure 4.11). BroNDI 22 shows two absorption peaks (500—600 nm) in the presence of the
reducing agent in THF whilst two new peaks (700-800 nm) evolve in the spectrum of BroPDI 24 after
irradiation with UV-light which was attributed to the formation of Br-NDI-OH 23 and Br-PDI-OH 25
respectively. Therefore, it was hypothesised that the photochemical transformation of 6Br in DMF
could be as a result of a -Br to -OH functional group transformation to form 3(OH)3Br.
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Figure 4.11 Comparison of absorption spectra of (a) 6Br in DMF after irradiation with UV-light (040 min), (b) Br-NDI-OH
23 formed from reacting BraNDI 22 with TBAF in THF*® and (c) Br-PDI-OH 25 after irradiation of BrPDI 24 with UV-light
in NMP.1° Figure reproduced from References 18 and 19 respectively.1819
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To investigate whether the photochemical transformation that occurs when 6Br in DMF is irradiated
with UV-light is indeed a -Br to -OH conversion, a conventional synthesis of 3(OH)3Br was attempted.
The conditions for the conventional synthesis of Br-PDI-OH 25 from Br,PDI 24 as shown by Dong et
al®® (Scheme 4.3) were replicated by heating 6Br with K,CO; in DMF with trace H,O at 80 °C
overnight (Scheme 4.4a). Upon evaporation of the reaction solvent, the crude solid was purified by
automated flash chromatography (EtOAc 0—100% in n-hexane), washing with MeOH and HCI (1 M)
to isolate a red solid. Characterisation of the red solid by "H NMR spectroscopy (Figure 4.12) showed
a proton environment at 5.14 ppm which is indicative of a molecular triangle, in particular the
cyclohexane proton adjacent to the diimide although full product identification by NMR spectroscopy
was not possible. However, analysis by HR-MS revealed the presence of the mass of a
core-functionalised molecular triangle with one hydroxy group and five bromine atoms (OH)5Br
(HR-MS: [M + H]", expected = 1294.7939, found = 1294.7292). However, the isolated red solid which
contained the compound (OH)5Br remained impure by thin-layer chromatography (TLC).
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Scheme 4.4 (a) Expected synthesis of tris-hydroxy 3(OH)3Br and (b) structure of mono-hydroxy-penta-bromo (OH)5Br, the
mass of which was identified by HR-MS following the reaction.
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Figure 4.12 'H NMR (400 MHz, CDCls, 298 K) spectrum of red solid containing impure (OH)5Br.
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Although the isolated solid containing (OH)SBr was impure, the absorption and emission spectra of
the sample were measured and compared with 6Br in DMF after irradiation with UV-light. These
experiments were completed despite the impurities to assess a proof-of-concept for the emissive
properties of a core-hydroxylated molecular triangle. Furthermore, the reaction of 6Br with water for
the bromine to hydroxy transformation (Scheme 4.4.a) was completed in DMF solvent, with no
measures taken to shield the reaction mixture from light. Therefore, it could be that the resulting
identification of (OH)5Br via HR-MS is as a result of the exposure of 6Br to light during the overnight
reaction. Nonetheless, if (OH)SBr was generated from a photochemical reaction the absorption and
emission spectra are still interesting to study for potential ESIPT properties. Previously, the isolation
and identification of a core-hydroxylated molecular triangle or other macrocyclic species by HR-MS
and "H NMR spectroscopy directly after irradiation of 6Br in DMF with UV-light by HR-MS had been

attempted, all-be-it unsuccessfully.

Solutions of impure (OH)5Br (around 0.3 mg mL ") were prepared and diluted five-fold and ten-fold
in CH,Cl, and DMF respectively and studied by UV-vis spectroscopy (Figure 4.13). In the UV-vis
spectra in Figure 4.13, characteristic n-n* transitions between 300—400 nm for ADIs are observed in
addition to longer wavelength peaks between 450—550 nm. The observed lower energy transitions are
similar to that observed for the hydroxy NDI (23) and PDI (25) compounds reported in the literature
and discussed above (Figure 4.11) and most significantly are in the same region as the absorption peaks

that develop upon irradiation of 6Br in DMF with UV-light.
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Figure 4.13 UV-vis spectra of impure (OH)5Br in (a) CH2Cl2 (c.a. 0.06 mg mL ) and (b) DMF (c.a. 0.03 mg mL) at time,
t=0and 24 h.

If indeed the phenomenon that occurs in 6Br in DMF upon exposure to UV-light is a bromine to hydroxy
group transformation, the resulting core-hydroxylated compound would be expected to be emissive and

ESIPT active as discussed in the introduction and shown by Ando and coworkers.!%!! Therefore, the
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fluorescent properties of 6Br (before and after exposure to UV-light) and the impure (OH)5Br (visibly
fluorescent under 366 nm UV light) were investigated. Initially, the emission and excitation spectra of
6Br and impure (OH)5Br in CH,Cl, were studied. The emission profile for the sample of impure
(OH)5Br in CHCl, is different to 6Br with peaks red shifted for the hydroxy-substituted compound.
Upon exciting the n-n* transition of 6Br at 380 nm, emission peaks at 435 and 465 nm were observed
(Figure 4.14a). Conversely, after exciting impure (OH)5Br at 410 nm (representing the n-mt* transition)
(Figure 4.14b), three emission peaks at 510, 560 and 610 nm are revealed. The different wavelengths
of emission between 6Br and impure (OH)5Br in CH,Cl; indicates that a new emissive species was
formed in the reaction of 6Br with H>O and K>COs3 in DMF at 80 °C. In addition, exciting the sample
at 530 nm (4aps = 510 nm) yields a single broad and featureless emission band at 560 nm. The resulting
excitation spectrum of the emission at 560 nm reveals peaks that match the analogous absorption profile
at 375, 400 and 510 nm. Furthermore, the intensity of the emission from exciting impure (OH)5Br at

530 nm is at-least 3-fold greater than exciting the same sample at 410 nm and of 6Br in CH,Cl,.
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Figure 4.14 Emission and excitation spectra of (a) 6Br (50 uM) and (b) impure (OH)5Br (c.a. 0.06 mg mL1) in CH2Cl>.

Furthermore, the emission and excitation spectra of 6Br in DMF were measured, before and after aging
with UV-light (Figure 4.15) to investigate whether the photochemical transformation yields a
fluorescent species which could be a core-hydroxylated molecular triangle. In the emission spectrum
for 6Br in DMF at t = 0 h (Figure 4.15a), a single emission at 435 or 570 nm is observed when the
macrocycle is excited at 380 or 500 nm respectively. Subsequently, after 30 minutes irradiation with
UV-light (Figure 4.15b), the same emission peaks remain, however, when the sample is excited at 380
nm, a second emission at 570 nm also occurs. The emission at 570 nm (after being excited at 500 nm)
increases in intensity 2-fold after irradiation with UV-light which is likely as a result of greater
absorption at 500 nm after aging 6Br in DMF. The increased emission after aging with UV-light
indicates that the photochemical transformation does indeed produce a more emissive species which

could be as a result of the presence of a core-hydroxylated molecular triangle.
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Figure 4.15 Emission and excitation spectra of 6Br (50 uM) in DMF, (a) at t = 0 h and (b) after 30 mins irradiation with
UV-light.

No change in emission profile is observed for a solution of impure (OH)5Br in DMF before and after
aging for 24 hours in ambient light (Figure 4.16a and b). The intensity of the emission of the sample
before and after aging in ambient light for 24 hours stay the same, with the emission at 575 nm
(Aex = 500 nm) more intense that than for 6Br in DMF after irradiation with UV-light (ex = 500 nm).
The emission profile of the impure sample of (OH)SBr is similar to 6Br in DMF after irradiation with
UV-light, where upon exciting the sample at 380 nm, two high intensity emission peaks at 420 and 440
nm are observed with a shoulder at 580 nm. Furthermore, when the lower energy transition at 500 nm
for impure (OH)5Br is excited, a single, lower energy emission at 580 nm occurs. The similar
wavelength of emission of impure (OH)5Br and 6Br after irradiation with UV-light could mean that
the luminophores responsible are the same species, i.e. a core-hydroxylated molecular triangle such as

(OH)5Br.
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Figure 4.16 Emission and excitation spectra of impure (OH)5Br (around 0.06 mg mL™) in DMF, (a) at t =0 h and (b) after
24 h aging in visible light.

These results of increased intensity of emission of 6Br after irradiation with UV-light and similar
behaviour to impure (OH)5Br shows that the photochemical transformation could provide a useful
method for synthesising core-hydroxylated molecular triangles. Although further studies to confirm the
identity of the emissive compound are required e.g. NMR spectroscopy and growing single crystals for
structure determination. The isolation of a pure core-hydroxylated molecular triangle is required to
confirm the hypothesis. Furthermore, the emission peaks at 570 and 580 nm for 6Br and impure

(OH)5Br are in a similar to region to mono-hydroxy PMDI 2 (592 nm),'! di-hydroxy PMDI 3 (641
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nm)'® and Br-PDI-OH 26 (around 575 nm)*® which shows that the photoactivity of core-brominated

ADIs are similar.

4.2.2 RooM-—TEMPERATURE PHOSPHORESCENCE OF BROMINATED MOLECULAR TRIANGLES

In Section 4.2.1 the sample of (OH)5Br exhibited increased emission compared to 6Br in CH,Cl, and
DMF. Subsequently, the solution-state emission of 6H, 3Br and 6Br in degassed THF (Figure 4.17a—c)
and degassed CHCls, (Figure 4.17d—f) was measured. The normalised emission spectra of 6H in THF
and CHCI; (Figure 4.17a and d) show single intense emission peaks at 370 nm and 400 & 415 nm when
excited at the wavelength of the n-n* absorption (Adex = 330 nm). In the emission spectrum of 3Br in
THEF, a single sharp emission peak at 390 nm is observed (4ex = 350 nm) with the presence of additional
emission peaks at 415, 470 and 520 nm observed in CHCl; (Figure 4.17¢). The emissive behaviour of
6Br in CHCI; (Figure 4.17f) exhibits four well-defined emission peaks at 415, 440, 470 and 500 nm (Aex
= 375 nm) with the intensity decreasing towards longer wavelengths. Similar behaviour is observed in
THF (Figure 4.17¢c) with emission peaks at 430, 470 and 500 nm (4ex = 375 nm) although the intensity
of emission is greater at the latter peaks. The larger Stokes shift of emission in 6Br could indicate
room-temperature phosphorescence (RTP) in accordance with the Jablonski diagram (Figure 4.1).
Relaxation from the T, excited state can occur after intersystem crossing (ISC) from the S, state which
occurs at longer wavelengths (smaller energy gap) and with a longer lifetime (spin forbidden process,
AS # 0). Similar longer wavelength RTP emission was also observed for compounds containing

Br,PMDI units by George and coworkers in the solid state.®!?
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Figure 4.17 UV-vis absorption and emission spectra of (a) 6H, (b) 3Br and (c) 6Br in THF (25 uM) and (d) 6H, (e) 3Br and
(f) 6Br in CHCI3 (10 pM).
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To investigate the potential RTP emission of 6Br, the solution and solid-state emission of
core-brominated molecular triangles was studied in collaboration with Dr Andrew Danos and Professor
Andy Monkman at Durham University. The vibrational and rotational motion of the macrocycles was
reduced so that the non-radiative decay would be decreased and thus luminescent relaxation would be
enhanced. Such effect was achieved by comparing emission wavelengths and lifetimes in the solution
state (50 uM, CHCI;) to thin films (drop-casted 1 wt% solutions of macrocycle in a PMMA matrix) at

room temperature and then when the films were cooled to 80 K.

Two-dimensional contour plots were used to show the intensity of emission at different wavelengths
(350-650 nm) across different time scales (0.1 ns to 0.1 s) for molecular triangles (6H, 3Br and 6Br)
in solution (50 uM, CHCI3) at rt and in thin films (1 wt% in PMMA) at rt and 80 K. When the emission
of the sample cannot be distinguished from the integrated baseline signal, the contour plot is unreadable
with the data for these regions being disregarded. These contour plots were then extracted vertically
across different emission wavelengths at different time points to show the wavelength of the emission
peaks. Alternatively, the contour plot could be extracted horizontally to show how the emission intensity
integrated at all wavelengths changes over time which provides an insight into the type of luminescence

(fluorescence or phosphorescence) that is occurring.

The contour plot for 6H (Figure 4.18a) in solution at rt only shows emission at short lifetimes (107'° to
108 s) which is indicative of fluorescent emission from the S; excited state. The relevant wavelength
vs intensity graph (Figure 4.18.d) shows emission peaks at 433 and 465 nm. When 6H is incorporated
into a thin film (1% in PMMA) emission is red-shifted compared with in solution and is observed at
longer timescales (107® s) at rt and 80 K (Figure 4.18.b and ¢). At rt, the emission of 6H (1 wt% in
PMMA) occurs at 471 nm and 487 nm at 8.00 x 107" s and 5.01 x 107 s respectively (Figure 4.18.¢)
and at 80 K at 8.00 x 107'°s and 1.00 x 107! s the emission peaks are at 473 and 493 nm (Figure 4.18f).
Although, the contour plots for 6H show that the emission continues in the thin films at longer times
(107%s), the lifetime graphs for 6H (Figure 4.18g—1) show a single prompt fluorescence at short lifetimes
(10 to 1077 s) only in solution (rt) and in drop-casted polymer matrix thin films (rt and 80 K). The
absence of longer lifetime phosphorescent emission in 6H is unsurprising as there are no
core-substituted bromine atoms on the molecular triangle to enhance ISC from the S; to the T, excited

state and subsequent spin-forbidden, T; to Sy relaxation.
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Figure 4.18 Emission (1ex = 355 nm) contour plots of 6H in (a) solution (50 uM, CHCIs) at rt and drop-casted films (1% in
PMMA) at (b) rt and (c) 80 K. Intensity vs wavelength graphs at certain time points extracted from contour plots for 6H in (d)
solution (50 uM, CHCls) and drop-casted films (1% in PMMA) at (e) rt and (f) 80 K. Emission lifetime decay profiles from
integrating emission from all wavelengths from 10-° to 101 s for 6H in (g) solution (50 uM) and drop-casted films (1% in
PMMA,) at (h) rt and (i) 80 K.

Upon the addition of three bromine atoms to the aromatic core of the PMDI based molecular triangle
in 3Br, the emissive behaviour (Figure 4.19) changes compared with 6H. The emission peaks for 3Br
are red-shifted with respect to 6H, although there is not any significant difference in the wavelength of
emission between solution (50 uM, CHCIs) at rt and in drop-casted thin films (1 wt% in PMMA) at rt
and 80 K (Figure 4.19d—¢). For the solution of 3Br (50 pM, CHCIs) at rt, the emission of 3Br occurs at
478 and 483 nm at 8.00 x 107'* s and 3.28 x 10® s respectively. Similarly, the drop-casted thin film of
3Br (1 wt% in PMMA) at rt emits at 473 nm (8.00 x 107'° s) and 480 nm (5.01 x 102 s) with no
significant change at 80 K, 474 nm (8.00 x 107'% s) and 492 nm (1.00 x 107 s). In the solid state, the
emission continues to longer time frames (102 s) which was confirmed in the lifetime graphs (Figure
4.19g-i). For 3Br in solution at rt (Figure 4.19g) a single emissive process at short timescales is
observed representing relaxation to the ground state via prompt fluorescence. Whereas in 1 wt% PMMA
thin films of 3Br at rt and 80 K, two emissive processes are observed, an initial prompt fluorescence at

10~ s followed by a second relaxation at longer timescales (10~ to 1072 s). This second emission at
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longer timescales in the solid state represents spin-forbidden phosphorescence and is maintained for an

increased duration at 80 K compared with at rt.
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Figure 4.19 Emission (lex = 355 nm) contour plots of 3Br in (a) solution (50 uM, CHCIs) at rt and drop-casted films (1% in
PMMA) at (b) rt and (c) 80 K. Intensity vs wavelength graphs at certain time points extracted from contour plots for 3Br in
(d) solution (50 uM, CHCIs) and drop-casted films (1% in PMMA) at (e) rt and (f) 80 K. Emission lifetime decay profiles
from integrating emission from all wavelengths from 10-° to 10" s for 3Br in (g) solution (50 uM) and drop-casted films (1%
in PMMA) at (h) rt and (i) 80 K.

The contour plots for 6Br (Figure 4.20a—c) in solution (50 uM, CHCIs) at rt and in the solid state in
1 wt% PMMA thin films at rt and 80 K show two emission bands from 0.1 ns to 0.1 s. The emission
wavelengths are red-shifted upon decreasing motion of the molecules from the solution to solid state
with peaks at 431 nm (8.00 x 107'°s) and 470 nm (1.11 x 107¢ s) for 6Br in CHCI; (50 uM) at rt (Figure
4.20d). Although the emission for 6Br in 1 wt% PMMA thin films are similar upon cooling with peaks
at 471 nm (8.00 x 107'% s and 1.00 x 1073 s) and 491 nm (2.996 x 107% s) at rt (Figure 4.20¢) and 471
nm (8.00 x 107'° s) and 498 nm (7.08 x 107 s) at 80 K (Figure 4.20f). The lifetime graphs for 6Br in
the solution (rt) and solid state (rt and 80K) (Figure 4.20g—1) shows two emissive processes. For 6Br in
solution (50 uM, CHCls) (Figure 4.20g), the first emission process occurs at short timescales (10~ to
1078 s) with the second emission taking place between 1077 to 107 s. In the solid state (1 wt% 6Br in

PMMA) at rt and 80 K (Figure 4.20h and i), the first emissive process also occurs at short timescales

(107 to 1077 s) as a result of prompt fluorescence and the second emission at longer timescales (107 to
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102 s) compared to the solution state occurring as a result of spin-forbidden phosphorescence. The
presence of two emission processes in the solution state for 6Br, albeit at shorter timescales than in the
solid state, could represent the increased ability for ISC and phosphorescence to occur when the
vibrational and rotational motion of the phosphors is restricted within the shape-persistent, rigid

molecular triangle.
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Figure 4.20 Emission (lex = 355 nm) contour plots of 6Br in (a) solution (50 uM, CHCIs) at rt and drop-casted films (1% in
PMMA) at (b) rt and (c) 80 K. Intensity vs wavelength graphs at certain time points extracted from contour plots for 6Br in
(d) solution (50 pM, CHCls) and drop-casted films (1% in PMMA) at (e) rt and (f) 80 K. Emission lifetime decay profiles
from integrating emission from all wavelengths from 10-° to 10! s for 6Br in (g) solution (50 uM) and drop-casted films (1%
in PMMA) at (h) rt and (i) 80 K.

Molecular triangles are weakly emissive in CHCls solution such that reliable photoluminescent quantum
yields (PLQY) could not be measured whether under air or nitrogen. On the other hand, PLQY's (albeit
still weak) could be established from thin films of 6H, 3Br and 6Br under nitrogen and air (Table 4.3).
As phosphorescent emission is quenched by O molecules, quantum yield measurements were
completed under nitrogen to maximise the long lifetime relaxation. The PLQY measurements were then
repeated in air to allow for the phosphorescent emission to be quenched with the resulting difference in

PLQY values in nitrogen and air representing the contribution to emission from phosphorescence only.

The measured quantum yields are all low and within experimental error (around 5%) which meant that
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the phosphorescent quantum yield could not be determined reliably. Despite this, there is a trend for
increasing quantum yield (in both air and nitrogen) as the number of core-substituted bromine atoms
increased from 3Br to 6Br.

Table 4.3 Emission quantum yields (¢) in nitrogen and air for
6H, 3Br and 6Br (1 wt% in PMMA), Zex= 330 nm.

¢ % 6H 3Br 6Br
Nitrogen 1.7 15 2.2
Air 0.7 1.5 1.8

The results discussed in this Section show that the core-substitution of the PMDI based molecular
triangle with three (3Br) or six (6Br) bromine atoms does affect the luminescence of the macrocycles.
In particular, in the solid state (1 wt% in PMMA), long-lived emission is observed at longer wavelengths
for 3Br and 6Br compared with 6H which indicates that the presence of the heavy halogen atoms does
enhance ISC from S; to T; excited states and thus enhance phosphorescence. Unfortunately, the
molecular triangles were weakly emissive in solution and solid states which led to very low PLQY

values for 6H, 3Br and 6Br.

4.2.3. TOWARDS THE SYNTHESIS OF EMISSIVE CORE-HYDROXYLATED MOLECULAR
TRIANGLES

As part of the general aims within this Thesis to synthesise new core-functionalised molecular triangles
and study their structural and optoelectronic properties, a post-synthetic functionalisation reaction to
install fluorine atoms onto the PMDI core was investigated. Yuan et al.** had previously shown that
core-brominated NDIs 26a and 26b could be transformed to their fluorinated analogues (27a and 27b)
by refluxing in anhydrous dioxane with CsF and 18-crown-6 in a catalytic quantity (Scheme 4.5a).
These reaction conditions were initially applied to a mono-brominated PMDI model compound (4) to
assess the applicability of the transformation towards core-fluorinated molecular triangles (Scheme
4.5b). Upon aqueous work up of the reaction mixture from the reaction of compound 4 with CsF and
18-crown-6 in anhydrous dioxane, an orange solid was isolated which was fluorescent in solution.
Characterisation of the product by '"H NMR spectroscopy (Figure 4.21) and mass spectrometry did not
reveal the desired fluorinated compound 28, showing instead the formation of mono-hydroxylated

PMDI 9, through comparison with the literature characterisation.'!

The serendipitous discovery of a bromine to hydroxy transformation on a PMDI core is attractive due
the position of the -OH group adjacent to two diimide carbonyls, allowing for ESIPT to occur via a
keto-enol tautomerisation with subsequent relaxation to the ground state via fluorescent emission. The
post-synthetic functionalisation from core-brominated to core-hydroxylated PMDI compounds using

caesium fluoride is attractive due to its simplicity after imide formation and potential applicability to a
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wide scope of brominated ADIs including core-brominated molecular triangles 3Br and 6Br. The
overall synthetic scheme for the preparation of mono-hydroxy 9 via the CsF mediated reaction (Scheme
4.5¢) is not too dissimilar to the previous literature protocol discussed in Section 4.1 (Scheme 4.1a),!!
with the major difference being the step at which the -Br to -OH functional group transformation occurs.
The hydroxylation method used by Kanosue ef al.,'! (NaOAc, Cu and NaOH (aq)) for compound 9 is
required to occur prior to imide formation to prevent the potential hydrolysis of the diimide in the
presence of hydroxide ions. It was envisioned that a general protocol for the core-hydroxylation of a
wide range of brominated PMDI compounds without the potential risk of imide hydrolysis would be
attractive. Such a functional group transformation could be used to synthesise core-hydroxylated
molecular triangles to study the synergistic effect of cyclic aromatic homoconjugation with emission of

the ESIPT active chromophores.

[ CaHay

0
Oy N0 Oy Mo 0
. . CsF . . Oxg a0 CsF Expected Product (28)
OO 18-crown-6 Og s 18-crown-6
Br % dioxane E v ' dioxane
PN N reflux N oo reflux
4

CgHgy éaHm
26a: X=H 27a:Y=H
26b: X = Br 27b:Y=F

Actual Product (9)

[+
. O O O
Ko or OF° ) o ing0 CsF oMo
2
4%? KMnQ, s N 18-crown-6
Br —_ & — & _ = e
v g2 10-2 mbar, 160 °C Glacial AcOH Br dioxane HO
11 v HQ:I) : -BuCH o oH . ) ol o
1" retix 00 o o, Ao 0 <=0
12 2 O O
4 9

Scheme 4.5 (a) Literature conditions for halide metathesis exchange of bromine atoms with fluorine atoms on an NDI aromatic
core.?* (b) Applying the literature halide metathesis exchange conditions to a brominated PMDI compound 4 showing the
expected fluorinated product (28) and the actual isolated hydroxylated product (9). (c) Proposed synthesis of hydroxy 9 via a
CsF mediated -Br to -OH transformation.

221



CHAPTER 4 | PHOTOACTIVITY OF CORE-SUBSTITUTED MOLECULAR TRIANGLES

10

< 9 [=} NT DO OLNNCSOOMONOD LW
™~ 8 - NN OONMNTOM
M~ 7 < [V} NN NANANN~ ™ — — —
! Oy MNz0 [ e e e —
1H0§2
0FN =0
9
) CHCI,
=-1-8/9/10
!
H
P
1
IlllJ‘.L 1 |-  —
=)
o
-

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
Chemical Shift / ppm

Figure 4.21 'H NMR (400 MHz, CDCls, 298 K) spectrum of hydroxy 9 isolated from the reaction shown in Scheme 4.5b.

The reaction conditions using the conversion of mono-brominated PMDI model compound 4 to
mono-hydroxy 9 were optimised to improve the understanding of the transformation before attempting
the post-synthetic hydroxylation of 3Br or 6Br using CsF. The reaction of brominated 4 with CsF was
initially attempted two times (Entries 1 and 2, Table 4.4) with different proportions of starting material
(SM) and product 9 (P) in the crude 'H NMR spectra (Figure 4.22). The % proportions of bromo 4 and
hydroxy 9 were calculated by integrating the peaks at 8.15 ppm (SM) and 7.74 ppm (P) respectively in
the "H NMR spectrum and dividing by the total integration of peaks between 7.60-8.40 ppm. Additional
proton environments in the aromatic region (7.60—8.40 ppm) were observed and integrated as potential
side products of the reaction. Upon diluting the concentration of the limiting reagent (4) in dioxane by
a factor of six (Entry 3, Table 4.4), full consumption of the starting material was observed with a
proportion of 81% of hydroxylated 9 subsequently observed in the '"H NMR spectrum of the crude
product (Figure 4.22).

Table 4.4 Reaction conditions for the conversion of mono-brominated 4 to mono-hydroxy 9 with %
proportions of SM and P from *H NMR spectra (Figure 4.22).

Entry 9 / CsF_/ 18-crovyn-6 / C(?nce_ntration of 4 % Proportion % Proportion
Equiv.  Equiv. Equiv. in dioxane / M of 4 (SM) of 9 (P)
1 1.0 15.07 0.14 0.150 28 64
1.0 15.25 0.06 0.150 81 16
1.0 14.99 0.06 0.024 0 81
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Figure 4.22 Stacked partial *H NMR (400 MHz, CDCls, 298 K) spectra of crude product from the transformation of
brominated 4 to hydroxy 9 shown in Entries 1-3, Table 4.4.

After the full consumption of starting material 4 (Entry 3, Table 4.4), efforts into optimising the reaction
conditions for the sole synthesis of hydroxy 9 were made. Initially, the role and effect of the presence
of different reagents was investigated by omitting either CsF (Entry 4, Table 4.5) or 18-crown-6 (Entry
5, Table 4.5). Full consumption of starting material 4 to the desired product 9 was achieved in the
absence of 18-crown-6 (Entry 4, Table 4.5), which indicates that the crown ether was not essential to
the successful hydroxylation of the PMDI core. However, when CsF was omitted (Entry 5, Table 4.5),
a small consumption of starting material 4 was observed with no generation of the product (9) showing
that the base was vital to the -Br to -OH transformation. Subsequently, the stoichiometry of CsF used
in the reaction was varied to optimise the equivalents of the key reagent (Entries 6—8, Table 4.5) with
18-crown-6 not used as a result of it not being required for the successful synthesis of hydroxy 9. Low
consumption of starting material 4 and low conversion to the target compound 9 was achieved in the
presence of 3.13 and 5.14 equivalents of CsF respectively (Entries 6 and 7, Table 4.5). Although, upon
increasing the equivalents of CsF to 9.74 equivalents the consumption of the starting material 4 was
greater along with the generation of product 9 (Entry 8, Table 4.5), albeit still smaller than 14.82 equiv.
of CsF. Therefore, it was determined that the original stoichiometry of c.a. 15 equivalents of CsF with

respect to brominated 4 was optimal for the transformation of the bromine atom to a hydroxy group.
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Table 4.5 Reaction conditions for the conversion of mono-brominated 4 to mono-hydroxy 9 with %
proportions of SM and P from *H NMR spectra (Figure 4.23).

Entr CsF/ 18-crown-6/  Concentrationof 4 % Proportion % Proportion
Y1 Equiv. Equiv. in dioxane / M of 4 of 9
4 14.82 - 0.024 0 100
5 - 0.06 0.024 78 0
6 3.13 - 0.025 76 7
7 5.14 - 0.025 87
8 9.74 - 0.025 57 25
9
5, =7.74
Entry 4 4 ti—lme'
“ 0, =815
Entry 5 XCHCI,
.
Entry 6 X CHCl,
Entry 7 XCHCI,
i — Lv.m
Entry 8 XCHCI,
N J Ji
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Figure 4.23 Stacked partial 'H NMR (400 MHz, CDCls, 298 K) spectra of crude product from the transformation of
brominated 4 to hydroxy 9 shown in Entries 4-8, Table 4.5.

Subsequently, brominated PMDI 4 in dioxane was diluted two-, three- and four-fold compared with the
100% conversion reaction where the concentration was 0.024 M (Entry 4, Table 4.5) to explore the
optimal concentration of the limiting reagent (4) (Entries 9-11, Table 4.6). When the concentration of
4 was diluted to 0.012. 0.008 and 0.006 M (Entries 9—11, Table 4.6), only small amounts of the starting
material remained after the reaction, although the proportion of hydroxy 9 in the 'H NMR spectrum of
the crude product (Figure 4.24) was not particularly high (max 67%), compared with when the
concentration of 4 was 0.024 M. The high consumption of starting material 4 but lower proportion of
product 9 is due to a new peak at 7.94 ppm which is increasingly prevalent at lower concentrations. The
new species with a proton environment at 7.94 ppm could be a side product or intermediate although
its structure is unknown. Therefore, the optimal concentration of limiting reagent 9 in dioxane was

0.024 M with reactions at more dilute concentrations giving increased amounts of the unidentified
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species in addition to the expected product 9. Therefore, all further reactions to hydroxy 9 were

completed at concentrations of 0.024 M of bromo 4 in dioxane.

Table 4.6 Reaction conditions for the conversion of mono-brominated 4 to
mono-hydroxy 9 with % proportions of SM and P from *H NMR spectra (Figure 4.24).

Entr Concentration of 4 in % Proportion % Proportion
y dioxane / M of 4 of 9
9 0.012 2 67
10 0.008 15 54
11 0.006 11 65
9
5,=7.74
Entry 9
5,=7.94 J
e A (R
Entry 10 4
&, =8.15
| I »
Entry 11
TS R R G

9.0 89 88 87 86 85 84 83 82 81 80 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0
Chemical Shift / ppm

Figure 4.24 Stacked partial 'H NMR (400 MHz, CDCls, 298 K) spectra of crude product from the transformation of
brominated 4 to hydroxy 9 shown in Entries 9-11, Table 4.6.

Thus far, the transformation of brominated 4 to hydroxy 9 had been trialled 11 times with varying
consumption of starting material and conversion to product on each occasion as observed in 'H NMR
spectra of the crude products after workup. In considering the potential mechanism of the functional
group transformation of a bromine atom to a hydroxy group, the presence of a reactive hydroxy-based
species is required. The source of the -OH group could be either the hygroscopic CsF base or water
contamination from the dioxane solvent as residual water was eliminated from the reaction glassware
by flame-drying before use. In the core-hydroxylation of NDIs shown by Tam and Xu'® and discussed
in Section 4.1, the reducing agent tetrabutylammonium fluoride (TBAF<*3H0) is used with the hydrated
water molecules being deprotonated by the F~ions, with the resulting hydroxy ions able to react with

the electron deficient w-surface.
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To investigate the influence of water on the -Br to -OH transformation from 4 to 9, the previously
optimised reaction conditions (Entry 4, Table 4.5) were repeated using different dioxane sources (dried
over molecular sieves, anhydrous and reagent grade) whilst monitoring the water content by
Karl-Fischer titrations. Furthermore, the CsF was either used untreated or after drying under vacuum at
120 °C for 18 h to observe the influence of the presence of H>O from the hygroscopic base on the -Br
to -OH functional group transformation. When the CsF was used untreated (Entries 12 and 13, Table
4.7), high consumption of starting material was observed in the "H NMR spectra (Figure 4.25), although
conversion to hydroxy 9 was lower at higher water content, with the %proportion of 9 being 81%
(26 ppm) and 59% (51 ppm) respectively. The decreased amount of hydroxy 9 (Entry 13, Table 4.7)
was on account of additional aromatic proton environments in the "H NMR spectrum (Figure 4.25) of
the crude product, in particular a more prominent peak at 8.03 ppm. Furthermore, when the CsF was
dried prior to use with 70 ppm water in the dioxane (Entries 14 and 15, Table 4.7) the consumption of
starting material 4 was varied, although lower than when CsF was untreated (Entries 12 and 13, Table
4.7). Despite increased conversion of starting material in Entry 15 compared with Entry 14 (Table 4.7),
the proportion of product 9 is not increased by the same amount, this is because the side-product
represented by a proton environment at 8.03 ppm is more significant. These results show that the
presence of water from the hygroscopic base is important for the successful conversion of brominated
4 to hydroxy 9 where even if consumption of the starting material is high, the formation of a

side-product (du = 8.03 ppm) occurs as well as conversion to the desired product (9).

9
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-___A__...._LL_..._____A_...JL . A_JL_A_ “
Entry 13 XCHCI,
8, =8.03
Li L QJL
4
6, =8.15

Entry 14 H XCHCl,

I | i
Entry 15 XCHCI,4

| !

90 80 88 87 86 85 84 83 82 81 80 7.9 7.8 7.7 76 7.5 7.4 73 7.2 71 7.0
Chemical Shift / ppm

Figure 4.25 Stacked partial *H NMR (400 MHz, CDCls, 298 K) spectra of crude product from the transformation of
brominated 4 to hydroxy 9 shown in Entries 12-15, Table 4.7.
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Table 4.7 Reaction conditions for the conversion of mono-brominated 4 to mono-hydroxy 9
with % proportions of SM and P from *H NMR spectra (Figure 4.25).

Entry Treatment of CsE Hg_O Content in % Proportion % Proportion
Dioxane / ppm of 4 of 9
12 - 26 2 81
13 - 51 2 59
14 Dried (120 °C, in vacuo, 18 h) 70 67 12
15 Dried (120 °C, in vacuo, 18 h) 70 14 29

Having observed a decrease in quantity of hydroxy 9 upon drying the CsF, the quality of the base was
considered. The CsF used thus far was not handled in any specific manner and had already been opened
prior to this reaction screening. Therefore, a fresh sample of CsF was purchased and subsequently
always handled under a flow or argon. The -Br to -OH functional group transformation was repeated
six times with the new sample of CsF with different quantities of water in the dioxane (Entries 17-20,
Table 4.8) and in two cases drying the hygroscopic base before use (Entries 20 and 21, Table 4.8). In
all of the entries in Table 4.8, relatively high consumption of starting material 4 is achieved with the
maximum proportion remaining in the crude product being 32% in Entry 21, Table 4.8. (Figure 4.26).
Despite high consumption of starting material, a maximum proportion of the desired hydroxy product
9 of 52% is observed in the '"H NMR spectra (Figure 4.26) in Entry 18, Table 4.8. These relatively low
conversions to the hydroxylated product (9) is once again due to the presence of a significant quantity
of the side-product represented by a proton environment at 8.03 ppm (Figure 4.26). These results show
that when using the fresh sample of CsF handled under a flow of argon, brominated 4 is consumed but
with considerable conversion to side products (du = 8.03 ppm) as well as the desired product 9. This
could be due to less hydrated salt in the fresh sample of the hygroscopic CsF base when it is handled
under argon in a controlled environment. This observation is similar to that observed in Entries 14 and
15 (Table 4.7) when the older sample of CsF was dried under vacuum at 120 °C. These results therefore
indicate that in a similar manner to when TBAF+*3H,0 was used in the core-hydroxylation of NDIs,®
the presence of basic water molecules from the hygroscopic CsF base is required for the successful
conversion to the desired core-hydroxylated PMDI 9.

Table 4.8 Reaction conditions for the conversion of mono-brominated 4 to mono-hydroxy 9 with %
proportions of SM and P from *H NMR spectra (Figure 4.26).

Entry Treatment of CsF Hz'O Content in % Proportion % Proportion

Dioxane / ppm of 4 of 9
16 - 26 10 12
17 - 51 2 52
18 - 62 14 19
19 - 189 17 28
20 Dried (120 °C, in vacuo, 18 h) 70 32 15
21 Dried (120 °C, in vacuo, 18 h) 70 3 23
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Figure 4.26 Stacked partial *H NMR (400 MHz, CDCls, 298 K) spectra of crude product from the transformation of
brominated 4 to hydroxy 9 shown in Entries 16-21, Table 4.8.

The reaction screening had shown that the role of the CsF was important to the -Br to -OH functional
group transformation with the hygroscopic nature of the base potentially deprotonating water molecules
that were present as a result of abstraction of moisture from the air. As the crude reaction materials often
contained a mixture of starting material, product and other unidentified side products, the crude solids
from Entries 13, 14, 15, 17, 18, 20 and 21 were combined and subjected to automated flash column
chromatography. Co-elution of product and starting material occurred in different fractions throughout
the separation, which meant that pure hydroxy 9 was not isolated. Despite the incomplete isolation of
pure mono-hydroxy 9, the reaction conditions were used in the attempt to synthesise dihydroxy 10 (30
equiv. CsF, conc. of 30 = 0.025 M) (Scheme 4.6). Upon aqueous workup, a red crude solid was isolated
although analysis by '"H NMR spectroscopy and mass spectrometry did not reveal the expected
dihydroxy product (10).

O Moo o o
CsF
Br Br ==sm=m-c === mmmm e > HO OH
dioxane
reflux
o o] [oLan Wi ]

30 10
Scheme 4.6 Proposed synthesis for core-hydroxylation of dibrominated PMDI 30 to hydroxy 10.

The reactant in Scheme 4.6. (di-bromo 30) contains a Br,PMDI unit which could be mono-hydroxylated
upon reaction with CsF to form an asymmetric Br(OH)PMDI unit, in a similar manner to that shown

by Tam and Xu'® where BroNDI 22 formed Br(OH)NDI 23 when reacted with TBAF+*3H,0 (Scheme
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4.2). The addition of the second hydroxyl group to the partially hydroxylated NDI 23 was prevented on
account of the increased electron density. Indeed, when revisiting the high-resolution mass spectra for
the red crude solid isolated from the reaction of dibrominated 30 with CsF (Scheme 4.6.), the exact
mass for compound 31 (Figure 4.27.), HR-MS [M + H'] expected = 475.086311, found = 475.088095,
was observed. If the Bro,PMDI units in 6Br were to react in a similar manner, asymmetric
mono-hydroxy-mono-brominated PMDI units could occur to form 3(OH)3Br, 2(OH)4Br and
(OH)5Br (Figure 4.27.). Such potential products would be attractive on account of their emissive ESIPT
behaviour as well as their orthogonal reactivity for further post-synthetic functionalisation. For
example, the hydroxy group could be used as a nucleophile in substitution reactions with the bromine
atom subsequently used to enable oxidative addition in transition metal cross-couplings. The dual
reactivity of the partially hydroxylated partially brominated compounds could potentially allow for the

access of further core-functionalised and extended molecular triangles.

o
0 OO O &p:bc»ixb

31 3(0H)3Br 2(OH)4Br (OH)5Br

Cl

Figure 4.27 The observed actual product, 31 from reacting dibrominated 30 with CsF and the hypothesised multiply
hydroxylated products, 3(OH)3Br, 2(OH)4Br and (OH)5Br from reacting hexa-brominated 6Br with CsF.

4.3 CONCLUSIONS

In this Chapter, the photoactivity of core-functionalised molecular triangles have been investigated
through (i) photochemical and conventional synthetic methods to generate core-hydroxylated molecular

triangles and (ii) luminescence of core-brominated 3Br and 6Br in the solution and solid states.

The hexa-brominated molecular triangle 6Br was shown to undergo a photochemical transformation in
DMF which was observed by a colour change from colourless to pink and the generation of new peaks
at longer wavelengths upon exposure to ambient- or irradiation with UV-light. The photochemical
transformation was attributed to a partial core-hydroxylation of 6Br which was further confirmed by
the generation of (OH)5Br by reacting the brominated macrocycle with water in DMF. Both the impure
(OH)5Br and 6Br after irradiation with UV-light showed increase emission compared with the
unreacted brominated macrocycle. Similarly, progress was made to synthesise core-hydroxylated PMDI
compounds with CsF in dioxane. The transformation was discovered serendipitously when attempting
to synthesise core-fluorinated analogues and subsequent reaction screening showed that the presence of
water from the hygroscopic CsF base was required for the generation of the desired core-hydroxylated
PMDI product. Upon application of the optimised reaction conditions to a Br,PMDI compound (30)
partial hydroxylation was observed to form a (OH)BrPMDI compound (31). Such a transformation is
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attractive with the resulting compound not only being emissive due to the presence of the ESIPT active
hydroxy group but also the orthogonal reactivity of the two substituents. If this was applied to synthesise
partially hydroxylated brominated molecular triangles (3(OH)3Br, 2(OH)4Br or (OH)5Br) further
core-functionalisation of the macrocycle via two synthetic routes could be achieved towards triangular

nanoprisms.

The introduction of bromine atoms to the aromatic core of PMDI based molecular triangles (3Br and
6Br) has also been shown to ‘turn on’ emission in the macrocycles compared with the unsubstituted
6H. The presence of the bromine atoms enhances intersystem crossing (ISC) from the S; to T, excited
states on account of the heavy atom effect. Steady-state and time-resolved emission experiments show
that 3Br and 6Br exhibit fluorescence in the solution at rt with longer wavelength phosphorescence
more prevalent in the solid state at rt and 80 K, whereas as expected, the non-halogenated macrocycle
6H did not show any phosphorescent properties. The phosphorescent properties of the helical molecular
triangles (3Br and 6Br) could allow for CPL to be studied for application in optical devices. Although
the low PLQY's of the macrocycles (< 2.2%) means that molecular triangles with greater luminescence

e.g., the core-hydroxylated macrocycles, should be pursued and studied instead.
4.4 SUPPLEMENTARY INFORMATION

4.4.1 MATERIALS AND GENERAL METHODS

All chemicals and reagents were purchased from commercial suppliers (Sigma Aldrich, Fisher
Scientific, Alfa Aesar, Fluorochem, Apollo Scientific or Tokyo Chemical Industry) and used without
further purification unless otherwise stated. Anhydrous solvents were obtained from a neutral alumina
Solvent Purification System under nitrogen and stored over activated (>250 °C at 0.01 mbar overnight)
3 A molecular sieves under a dry Ar atmosphere. CsF was either used fresh from the bottle, handled
under a flow of argon or after being dried under vacuum at 120 °C for 18 h. Molecular triangles 6H,

3Br, 6Br, 3Ar and 6Ar were synthesised according to procedures given in Chapters 2 and 3.

Analytical thin-layer chromatography (TLC) was performed on silica gel 60 plates pre-loaded with
F254 indicator (Sigma Aldrich) and visualised under UV light irradiation (254 and 365 nm). Automated
flash column chromatography was performed using a Teledyne ISCO Combiflash NextGen 300+ with
detectors using broad range UV-vis (200-800 nm) and evaporative light scattering (ELS) through N,
gas and loaded on pre-filled Redisep™ Gold cartridges (normal phase: SiO,) by dry loading from
adsorbed celite. Nuclear magnetic resonance (NMR) spectra were recorded on a Jeol ECS400D
spectrometer (working frequency of 400 and 101 MHz for 'H and '3C nuclei respectively). Chemical
shifts () are reported in ppm relative to the signals corresponding to residual non-deuterated solvents
(CDCls: 0n 7.26 ppm, dc 77.16 ppm, (CD3),SO: du 2.50 ppm, dc 39.52 ppm, (CD3)>CO: du 2.05 ppm,
dc 206.62 ppm, 29.84 ppm). Coupling constants (J) are reported in Hertz (Hz) and 'H multiplicities are
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reported in accordance with the following convention: s = singlet, d = doublet, t = triplet, q = quadruplet,
p = pentet, m = multiplet. NMR spectra were processed using MestReNova software, Version 14.
High-resolution mass spectrometry was completed using a Bruker compact time-of-flight mass
spectrometer using either an atmospheric-pressure chemical ionisation (APCI) or electrospray

ionisation (ESI) source.

Solution-state absorption spectra were recorded using an Agilent Technologies Cary 5000 Series
UV-Vis-NIR spectrophotometer or Shimadzu UV 1800 spectrophotometer using standard 10 mm path
length UV-vis quartz cuvettes at room temperature. Solution-state fluorescence spectroscopy was
carried out using a Hitachi F-4500 fluorimeter equipped with a 150 W Xe lamp using standard
photoluminescence quartz cuvettes. Samples for solution-state fluorescence spectroscopy had an optical

density (O.D. < 0.3) and prepared in dry solvents.

Emission spectra of thin films and solutions carried out in the Department of Physics, Durham
University were collected using a Horiba-Jobin Yvon Fluorolog-3 spectrofluorometer equipped with a
450 W Xe lamp as the light source. PLQYs were measured using a calibrated Quanta-¢ integrating

sphere with coupled Jobin Yvon FluoroLog-3 spectrometer and analysed using FluorEssence software.

4.4.2 SYNTHESIS

PROPOSED SYNTHESIS OF MONO-HYDROXY PMDI COMPOUND (9)

N 0 O ®
. OH ° o HN_O O N0 CsF o= N0
2!
KMnO, N 18-crown-6
B —_— —_— r —_— —_—
F 1:1 viv HyO : -BuOH ” 10-% mbar, 160 °C Glacial AcOH Br dioxane HO
o zﬂ : HO OH o o reflux reflux
1 e ° ¢ ° o Ao o7k o
" 29 O O
4 9

Scheme S4.1 Proposed synthesis of mono-hydroxy PMDI compound 9.

1-BROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ACID (12)

00
HO OH
KMnO,
Br > Br
1:1 v:v H,0 : t-BuOH
1 reflux HO S 4 o
12

Synthesis of 1-bromobenzene-2,3,5,6-tetracarboxylic acid (12) was completed as described in

Chapter 3.
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1-BROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ANHYDRIDE (29)

HO 2 OH O ONz0
Br > Br
10-3 mbar, 160 °C
HO \ o OH 0N~ 0
12 29

Synthesis of 1-bromobenzene-2,3,5,6-tetracarboxylic anhydride (29) was completed as described in

Chapter 3.

N-CYCLOHEXYLAMINE 1-BROMOBENZENE-2,3,5,6-TETRACARBOXYLIC DIIMIDE (4)

10
9
8
OO =0 7N
O
B
r Glacial AcOH > Br 2
reflux
0FNG” =0 ok Ao
* C

4
95%

Cyclohexylamine (0.19 g, 1.89 mmol, 2.25 equiv.) was added to a stirring solution of anhydride 29
(0.25 g, 0.84 mmol, 1.0 equiv.) in glacial AcOH (5 mL) for 1 h. The reaction mixture was then refluxed
overnight, the suspension was cooled to room temperature and the colourless precipitate isolated by
filtration, washed with H>O (3 x 50 mL) and MeOH (3 x 50 mL) and dried in vacuo to give the desired
product 4 (0.37 g, 0.81 mmol, 95%) as a colourless solid.

'"H NMR (CDCls, 400 MHz, 298 K): 6 8.14 (s, 1H?), 4.15 (tt, Jux = 14 Hz, Joq = 4 Hz, 2H), 2.20 (qd,
J=12MHz, J=4 MHz, 4H*"'°), 1.94-1.84 (m, 4H*""'%), 1.79-1.71 (m, 5H¥*"'%), 1.46—-1.26 (m, 7H**19)
APCI-MS (+ve, CH:Cl,): calcd for [M+H]" m/z = 459.0914, found 459.0901. Spectroscopic data are

consistent with the literature.’
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N-CYCLOHEXYLAMINE 1-HYDROXYBENZENE-2,3,5,6-TETRACARBOXYLIC DIIMIDE (9)

10

:
8()
7
CsF

O0~N0 O~N0
18-crown-6
>
Br dioxane HO 2
reflux
0F N7 0 0= N\~ =0
4

O

9
99%

A 25 mL RBF was flame-dried and mono-bromo 4 (0.10 g, 0.22 mmol, 1.0 equiv.), CsF (0.50 g,
3.29 mmol, 14.99 equiv.) and 18-crown-6 (0.0028 g, 0.01 mmol, 0.05 equiv.) were added. The flask
was evacuated and purged with Ar gas three times. Dioxane (9 mL) was added and the off-white
suspension stirred heated to reflux (110 °C) for 18 h. The orange solution was cooled to room
temperature and deionised water (25 mL) was added and extracted with CH,Cl, (3 x 50 mL). The
organic layers were combined, dried (Na>SOy), filtered and the filtrate concentrated in vacuo to give the

product 9 (0.085 g, 0.21 mmol, 99%) as an orange solid.

"H NMR (CDCl;, 400 MHz, 298 K): éu 7.74 (s, 1H?), 4.10 (t, J = 12 Hz, 2H"), 2.16 (q, J = 16 Hz,
4H¥1%), 1.92-1.83 (m, 6H*”'%), 1.79-1.71 (m, 6H*"'%), 1.44-1.33 (m, 4H*"'). ESI-MS (-ve,
CH,Cl,): calcd for [M—H] m/z =395.1612, found 395.1610. Spectroscopic data are consistent with the

literature. !

PROPOSED SYNTHESIS OF DI-HYDROXY PMDI COMPOUND (10)

. : ¢ ¢

- HO OH o ° HzN—O oMo CsF O N0
nO, 18-crown-6
Br Bf ——— Br Br —_> ©Br Br —_————— SN\ L > Ho oH
111 v:v H,0  +BuOH 1:1 viv AcOH : Ac,0 Glacial AcOH B i dioxane
reflux "o o reflux 0= ™70 reflux o reflux

32 °d o 0P Ao

33 34

Scheme S4.2. Proposed synthesis of di-hydroxy PMDI compound 10.

233



CHAPTER 4 | PHOTOACTIVITY OF CORE-SUBSTITUTED MOLECULAR TRIANGLES

1,4-DIBROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ACID (33)

00
HO OH
KMnO4
Br Br > Br Br
1:1 v:v H,0 : t-BuOH oH
reflux
32 © 0
33

Synthesis of 1,4-dibromobenzene-2,3,5,6-tetracarboxylic acid (33) was completed as described in

Chapter 2.

1,4-DIBROMOBENZENE-2,3,5,6-TETRACARBOXYLIC ANHYDRIDE (34)

HO 2 OH o © ©
Br Br >» Br Br
1:1 v:v AcOH : Ac,0
HO 4 OH reflux 0P g0
33 34

Synthesis of 1,4-dibromobenzene-2,3,5,6-tetracarboxylic anhydride (34) was completed as described
in Chapter 2.

N-CYCLOHEXYLAMINE 1,4-DIBROMOBENZENE-2,3,5,6-TETRACARBOXYLIC DIIMIDE (30)

7

:
5
4;

N
N

0=~-O~_0
O o
Br Br . >
Glacial AcOH Br Br
reflux
o) o)
o o) o)

i O

30
86%

Cyclohexylamine (0.27 g, 2.73 mmol, 2.05 eq.) was added to a stirring solution of anhydride 34 (0.50 g,

1.33 mmol, 1.0 equiv.) in glacial AcOH (8 mL) for 1 h. The brown reaction mixture was then refluxed
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overnight to form a dark red solution. The brown suspension was cooled to room temperature and the

off-white precipitate isolated by filtration to give product 30 (0.62 g, 1.15 mmol, 86%).

'H NMR (CDCls, 400 MHz, 298 K): du 4.27-4.04 (m, 2H*), 2.26-2.16 (m, 4H%%7), 1.94-1.70 (m,
12HY%7), 1.41-1.35 (m, 4H>7). APCI-MS (+ve, CH,CL): calcd for [M+H]" m/z = 537.0019, found
537.0037.

N-CYCLOHEXYLAMINE 1,4-DIHYDROXYBENZENE-2,3,5,6-TETRACARBOXYLIC DIIMIDE (10)

o~No0 CsF o~-N0
18-crown-6

Br Br ~TTmmmmmmmm=m-—m---- > HO OH
dioxane
reflux

0 (o) 0 N 0]

. .

Di-bromo 30 (21 mg, 0.038 mmol, 1.0 equiv.) and CsF (0.17 g, 1.12 mmol, 29.37 equiv.) were combined
and evacuated and purged with Ar gas three times. Dioxane (1.5 mL) was added and the off-white
suspension stirred heated to reflux (105 °C) for 18 h. The red suspension was cooled to room
temperature, deionised water (10 mL) was added and extracted with CH>Cl (3 x 10 mL). The organic
layers were combined, dried (Na,SO,), filtered and the filtrate concentrated in vacuo to give ared crude

solid.

Upon characterisation of the crude red solid by ' H NMR spectroscopy and HR-MS the expected product
10 was not identified. However, the mono-hydroxylated product 31 was identified in the high-resolution
mass spectrum, HR-MS [M + H'] expected = 475.086311, found = 475.088095.
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4.4.3 CHARACTERISATION
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Figure S4.1 '"H NMR (400 MHz, CDCl;3, 298 K) spectrum of 4.
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Figure S4.2 '"H NMR (400 MHz, CDCl;3, 298 K) spectrum of 9.
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Figure S4.3 '"H NMR (400 MHz, CDCl3, 298 K) spectrum of 30.

238



CHAPTER 4 | PHOTOACTIVITY OF CORE-SUBSTITUTED MOLECULAR TRIANGLES

4.4.4 REACTION SCREENING OF TRANSFORMATION OF MONO-BROMINATED 4 TO
MoNO-HYDROXYLATED 9

GENERAL SYNTHETIC METHOD

CsF

o=N0 o=~Na0
18-crown-6
: >
Br dioxane HO
reflux
0=y~ 0 0=\~ 0
4 9

All reagents were added to a reaction vessel and evacuated and purged with Ar gas three times. Dioxane

was added and the off-white suspension stirred heated to reflux (110 °C) for 18 h. The solution was
cooled to room temperature and deionised water was added and the product was extracted with CH,Cl,
(three portions). The organic layers were combined, dried (Na»SQs), filtered and the filtrate

concentrated in vacuo to give the crude product containing mono-hydroxy 9.

Table 4.4 Entry 1: 4 (0.10 g, 0.22 mmol, 1.00 equiv.), CsF (0.50 g, 3.29 mmol, 15.1 equiv.),
18-Crown-6 (8 mg, 0.03 mmol, 0.14 equiv.) and anhydrous dioxane (1.45 mL, 0.15 M with respect to

compound 4).

Table 4.4 Entry 2: 4 (0.10 g, 0.22 mmol, 1.00 equiv.), CsF (0.50 g, 3.32 mmol, 15.3 equiv.),
18-Crown-6 (4 mg, 0.01 mmol, 0.06 equiv.) and anhydrous dioxane (1.45 mL, 0.15 M with respect to

compound 4).

Table 4.4 Entry 3: 4 (0.10 g, 0.22 mmol, 1.00 equiv.), CsF (0.50 g, 3.32 mmol, 15.0 equiv.),
18-Crown-6 (3 mg, 0.01 mmol, 0.05 equiv.) and anhydrous dioxane (9 mL, 0.024 M with respect to

compound 4).

Table 4.5 Entry 4: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (99 mg, 0.65 mmol, 14.8 equiv.) and
anhydrous dioxane (1.8 mL, 0.024 M with respect to compound 4).

Table 4.5 Entry 5: 4 (20 mg, 0.04 mmol, 1.00 equiv.), 18-Crown-6 (0.7 mg, 0.003 mmol, 0.06 equiv.)
and anhydrous dioxane (1.8 mL, 0.024 M with respect to compound 4).
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Table 4.5 Entry 6: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (21 mg, 0.14 mmol, 3.1 equiv.) and
anhydrous dioxane (1.8 mL, 0.025 M with respect to compound 4).

Table 4.5 Entry 7: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (35 mg, 0.23 mmol, 5.1 equiv.) and
anhydrous dioxane (1.8 mL, 0.025 M with respect to compound 4).

Table 4.5 Entry 8: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (66 mg, 0.43 mmol, 9.7 equiv.) and
anhydrous dioxane (1.8 mL, 0.025 M with respect to compound 4).

Table 4.6 Entry 9: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (0.10 g, 0.66 mmol, 15.3 equiv.) and
anhydrous dioxane (3.6 mL, 0.012 M with respect to compound 4).

Table 4.6 Entry 10: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (0.10 g, 0.68 mmol, 15.5 equiv.) and
anhydrous dioxane (5.4 mL, 0.008 M with respect to compound 4).

Table 4.6 Entry 11: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (0.10 g, 0.66 mmol, 15.0 equiv.) and
anhydrous dioxane (7.2 mL, 0.006 M with respect to compound 4).

Table 4.7 Entry 12: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (0.10 g, 0.66 mmol, 15.3 equiv.) and
anhydrous dioxane (1.8 mL, 0.024 M with respect to compound 4).

Table 4.7 Entry 13: 4 (20 mg, 0.04 mmol, 1.00 equiv.), CsF (0.10 g, 0.67 mmol, 15.6 equiv.) and
reagent grade dioxane (1.8 mL, 0.024 M with respect to compound 4).

Table 4.7 Entry 14: 4 (20 mg, 0.04 mmol, 1.00 equiv.), dried (in vacuo, 120 °C) CsF (0.10 g, 0.66
mmol, 14.9 equiv.) and reagent grade dioxane (1.8 mL, 0.024 M with respect to compound 4).

Table 4.7 Entry 15: 4 (20 mg, 0.04 mmol, 1.00 equiv.), dried (in vacuo, 120 °C) CsF (0.10 g, 0.65
mmol, 15.2 equiv.) and anhydrous dioxane (1.8 mL, 0.024 M with respect to compound 4).

Table 4.8 Entry 16: 4 (19 mg, 0.04 mmol, 1.00 equiv.), CsF (94 mg, 0.62 mmol, 14.7 equiv.) and
anhydrous dioxane (1.8 mL, 0.023 M with respect to compound 4).

Table 4.8 Entry 17: 4 (33 mg, 0.07 mmol, 1.00 equiv.), CsF (0.16 g, 1.04 mmol, 14.7 equiv.) and
reagent grade dioxane (2.9 mL, 0.024 M with respect to compound 4).

Table 4.8 Entry 18: 4 (25 mg, 0.05 mmol, 1.00 equiv.), CsF (0.13 g, 0.85 mmol, 15.5 equiv.) and
anhydrous dioxane (2.4 mL, 0.023 M with respect to compound 4).

Table 4.8 Entry 19: 4 (23 mg, 0.05 mmol, 1.00 equiv.), CsF (0.11 g, 0.74 mmol, 15.0 equiv.) and
anhydrous dioxane (1.8 mL, 0.027 M with respect to compound 4).

Table 4.8 Entry 20: 4 (18 mg, 0.04 mmol, 1.00 equiv.), dried (in vacuo, 120 °C) CsF (92 mg, 0.60
mmol, 15.2 equiv.) and reagent grade dioxane (1.65 mL, 0.024 M with respect to compound 4).
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Table 4.8 Entry 21: 4 (25 mg, 0.05 mmol, 1.00 equiv.), dried (in vacuo, 120 °C) CsF (0.13 g, 0.84
mmol, 15.4 equiv.) and anhydrous dioxane (2.3 mL, 0.024 M with respect to compound 4).

The percentage proportions of starting material (SM) mono-bromo 4 and desired product (P)
mono-hydroxy 9 were calculated from the ratio of the integrals in the "H NMR spectra of the crude
product. The proton environment for compound 9 (Ju 7.74 ppm) was integrated and normalised to 1.00
and the starting material compound 4 (du 8.15 ppm) was integrated with respect to du 7.74 ppm. All
other aromatic proton environments between 7.60—8.40 ppm were integrated with respect to du 7.74
ppm. The ratio of dn 7.74 ppm or Ju 8.15 ppm and Ju 7.60—8.40 was calculated to give the respective
%proportions.

Table S4.1 Table showing the % conversion of transformation of mono-bromo 4 to mono-hydroxy 9
based on the relative ratio of the integrations in the *H NMR spectrum of the crude product.

Integration of  Integration of Integration aromatic % Proportion % Proportion
Entry 4 9 region of 4 of 9
(618.15 ppm)  (Jn 7.74 ppm) (611 7.60-8.40 ppm)
1 0.44 1.00 1.56 28 64
2 4.98 1.00 6.13 81 16
3 0.00 1.00 1.24 0 81
4 0.00 1.00 1.00 0 100
5 16.42 0.00 21.15 78 0
6 10.61 1.00 14.03 76 7
7 16.45 1.00 18.85 87
8 2.31 1.00 4.05 57 25
9 0.03 1.00 1.50 2 67
10 0.28 1.00 1.85 15 54
11 0.17 1.00 1.55 11 65
12 0.02 1.00 1.24 2 81
13 0.04 1.00 1.70 2 59
14 541 1.00 8.03 67 12
15 0.48 1.00 3.50 14 29
16 0.81 1.00 8.31 10 12
17 0.04 1.00 1.91 2 52
18 0.75 1.00 5.39 14 19
19 0.63 1.00 3.61 17 28
20 2.11 1.00 6.64 32 15
21 0.12 1.00 4.41 3 23
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Figure S4.4 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 1, Table 4.4.
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Figure S4.5 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 2, Table 4.4.
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Figure S4.6 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 3, Table 4.4.
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Figure S4.7 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 4, Table 4.5.
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Figure S4.8 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 5, Table 4.5.
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Figure S4.9 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 6, Table 4.5.
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Figure S4.10 'H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 7, Table 4.5.
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Figure S4.11 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 8, Table 4.5
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Figure S4.12 'H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 9, Table 4.6.
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Figure S4.13 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 10, Table 4.6
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Figure S4.14 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 11, Table 4.6.
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Figure 4.15 'H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 12, Table 4.7.
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Figure S4.16 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 13, Table 4.7.
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Figure S4.17 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 14, Table 4.7.
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Figure S4.18 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 15, Table 4.7.

256



CHAPTER 4 | PHOTOACTIVITY OF CORE-SUBSTITUTED MOLECULAR TRIANGLES

Entry 16
n mLuw < Q Q (sp]
— OO M~ -
W 0~ N O N0 Oxg N0 <
~\ -~ g ;:{; |
Br HO
(@] N [®] (0] N (0]
4 9
6,=8.15 06,=7.74
| XCHClI, X
l | ‘ w o C.:HZCIZM)‘k Y )L...
~— N

o

0.0

-—

\—.C’)
© O

10.8

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

Chemical Shift / ppm

Figure S4.19 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 16, Table 4.8.
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Figure $4.20 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 17, Table 4.8.
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Figure S4.21 'H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 18, Table 4.8.
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Figure S4.22 'H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 19, Table 4.8.
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Figure S4.23 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 20, Table 4.8.
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Figure S4.24 *H NMR (400 MHz, CDCls, 298 K) spectrum of crude product containing mono-hydroxy 9 and mono-bromo 4 from the reaction discussed in Entry 21, Table 4.8.
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SYNOPSIS

The increasing demand for electronic devices and continually advancing technologies requires
electro-active materials to be (i) low costing, (ii) lightweight and (iii) readily available. These
requirements have been sought to be addressed by the development of organic semiconducting devices
containing electron-rich p-type and/or electron-deficient n-type materials. Aromatic diimides have been
studied for application as n-type organic semiconductors on account of their ability to accept two
electrons and assemble in different morphologies to optimise 7 -7 interactions. Furthermore,
unsubstituted molecular triangles based on aromatic diimides have previously been studied for potential
applications as optical materials and cathodic materials in lithium-ion batteries. In Chapters 2, 3 and 4,
the effects of core-substitution on the fundamental structural and optoelectronic properties of molecular
triangles were described with the resulting ability of core-functionalised molecular triangles to
(i) assemble in crystalline frameworks, (ii) accept electrons and (iii) encapsulate electron-rich guests
envisioned to make them suitable compounds for use as n-type organic semiconductors for application
in ion-gated transistors or photovoltaic devices. This Chapter details the initial experiments conducted
during a two-month Japan Society for the Promotion of Science (JSPS) Summer PhD Exchange
Fellowship which marked the beginning of a collaboration between the Avestro group at the University
of York, UK, the Ariga group at the National Institute for Materials Science (NIMS), Japan and the
Akamatsu group at Tottori University, Japan. The fabrication of monolayer thin films of
core-functionalised molecular triangles, 6H, 3Br 6Br, 3Ar and 6Ar at the air-water interface is
presented and subsequent investigations to characterise the potential configuration of assembly using
n-A isotherms and X-ray reflectivity (XRR) experiments. Furthermore, the characterisation of the
electronic structure of core-functionalised molecular triangles in monolayer and drop-casted thin films
following chemical and electrochemical reduction was sought to confirm the generation of the reduced
states. Lastly, the structure of crystalline thin films of electron-rich polymers (PBTTT, PDCBT and
PQT) doped with electron-deficient 6Br were investigated by X-ray diffraction to exploit its potential

applicability as an acceptor material for organic solar cells.
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5.1 INTRODUCTION

Ever since the discovery of (i) conjugated organic complexes of perylene and bromine by Akamatu et
al. in 1954! and (ii) conjugated organic polymers by Heeger, MacDiarmid and Shirakawa in the
1970s,%? organic semiconducting (OSC) materials have been considered as the future of electronics, to
potentially replace their inorganic counterparts due to their low-cost, light weight, availability and
functional versatility* with potential applications in light-emitting diodes,’ vertical phototransistors,®
field-effect transistors (FETs),” ion gated transistors® and photovoltaic devices.” lon-gated transistors
are of interest due to their low resistance to conductivity enabled through the mass transport of ions
across a permeable membrane (Figure 5.1a.)® while photovoltaic devices are attractive on account of
their ability to utilise the renewable, inexhaustible energy source of the sun to absorb photons to
generate excitons for the transport of a charge (Figure 5.1b)° respectively. The active layer in a
photovoltaic device is commonly a bulk heterojunction (BHJ) layer which contains a blend of p- and
n-type materials. Crystalline thin films of the p-type polymer poly-(2,5-bis(3-tetradecylthiophene-2-
ylthieno[3,2-b]thiophene (PBTTT) have been explored for use in BHJs where the lamellar structure of
interdigitated polymer chains allows for the encapsulation of a range of functionalised fullerene electron
acceptors in a 1:1 ratio on account of through-space charge-transfer interactions with the electron-rich

10,11

polymer, Figure 5.1c.
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Figure 5.1 Schematics of (a) an ion-gated transistor8, (b) a normal architecture bulk heterojunction (BHJ) photovoltaic device®
and (c) encapsulation of fullerene within the lamellar structure of interdigitated PBTTT polymer chains (reproduced from
Reference 11).1

The utilisation of through-space delocalisation of electrons via m—orbital overlap in OSCs has allowed

for the tuning of optoelectronic properties through precise molecular design, high synthetic versatility
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and low synthetic cost.*!? Electron-deficient n-type OSCs that carry a charge by accepting electrons are
attractive materials due to their water and air stability when the LUMO is below —4.0 eV.!* The
solid-state packing of n-type materials such as tetracyanoquinodimethane (TCNQ) small molecules and
electron-deficient polymers has allowed for the realisation of efficient charge transport in OSCs (>0.1
cm? V! s7') matching well-explored p-channel electron-rich systems.'*!” Aromatic diimides (ADIs)
including pyromellitic (PMDI), naphthalene (NDI) and perylene diimides (PDI) are ideal candidates for
supramolecular n-type organic semiconductors due to their highly electron deficient m—surface,
redox-active nature as two-electron acceptors and their ability to pack in the solid state through n-- 7
contacts typically in a herringbone morphology due to aromatic quadrupole interactions. Indeed, ADI
small molecules have been studied as n-type OSCs showing efficient charge mobility making them
attractive materials for use in organic electronic devices. For example thin—film transistors (TFTs)
consisting of unsubstituted ADI small molecules have been fabricated where the packing of the aromatic
n-surfaces in the solid state enables electron transport with charge mobilities of 0.079, 0.02 and 0.6 cm?
V-!'s7! for PMDL'® NDI'" and PDI? respectively. Recent developments for ion-gated transistors have
involved using an electrolyte solution and porous OSC thin film to increase capacitance and enhance
ion penetration and transport compared with devices using a solid gate dielectric and non-permeable
conducting surface.?! Porous crystalline thin films of thiophene-based polymers or perylene diimide
small molecules have previously been studied with fast ion intercalation and high charge carrier
densities.??* The structures of these porous crystalline thin films are attractive as they can balance
efficient hole transport via through-space 7t- - 7 interactions enabled through the packing of the polymer
chains whilst maintaining seamless ion transport throughout the permeable structure.>* New structural
designs and strategies to balance these competing effects are sought to fabricate devices with increased
capacitance, with one method being the swelling of polymers upon the addition of water in thin films

to increase ion transport.**

In Chapters 2 and 3, the ability of core-functionalised molecular triangles to (i) accept electrons to form
negatively charged anions, which are stabilised by cyclic aromatic homoconjugation, (ii) encapsulate
anions to form host-guest complexes and (iii) form porous assemblies in the solid state (Figure 5.2a and
b) was discussed. An alternative supramolecular packing structure of core-functionalised molecular
triangles was also envisioned where intermolecular @7 interactions between macrocycles form a
porous 2D tessellated nanosheet (Figure 5.2¢). These structural and electrochemical properties of 3D
macrocyclic core-functionalised molecular triangles could make them ideal candidates for use as n-type
OSCs in ion-gated transistors on account of their ability to facilitate the diffusion of ions throughout

the porous framework whilst facilitating electron mobility through the 7t- - -7 packing of the PMDI faces.
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Figure 5.2 X-ray crystal structures of 6Br in (a) Me2CO and (b) CH2Cl2 discussed in Chapter 2 and (c) potential 2D tessellation
of core-functionalised molecular triangles.

In this Chapter, research that was completed as part of a two-month Japan Society for the Promotion of
Science (JSPS) Summer PhD Exchange Fellowship (June—August 2023) is presented. The JSPS
Fellowship marked the beginning of an ongoing collaboration between the Avestro group at the
University of York, UK, the Ariga group at the National Institute for Materials Science (NIMS), Japan
and the Akamatsu group at Tottori University, Japan. This Chapter presents preliminary results
regarding the suitability of core-functionalised molecular triangles for application as organic
semiconducting materials in ion-gated transistors through the fabrication and structural and property
analysis of core-functionalised molecular triangle thin films. Furthermore, the ability of the highly
electron-deficient 6Br macrocycle to be used as an n-type dopant with electron-rich p-type polymers
e.g. PBTTT are explored in a similar manner to fullerene electron acceptors for potential use as BHJs
in photovoltaic solar cells.!'®!! It was hypothesised that the molecular triangle 6Br would be
encapsulated within the interdigitated lamellar structure of electron-rich polymers (Figure 5.3). The
potential encapsulation of the electron-deficient macrocycle in the supramolecular packing of three

different p-type polymers is studied through wide-angle X-ray scattering (WAXS) and X-ray diffraction

(XRD) experiments with the impact on the crystalline phases of the thin films also investigated.
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Figure 5.3 Representation of potential encapsulation of 6Br within interdigitated PBTTT polymer chains with chemical
structures of 6Br and generic PBTTT polymer with m number of monomer units and n number of CHz groups in alkyl chains.
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5.2 RESULTS AND DISCUSSION

5.2.1 STRUCTURAL PROPERTIES OF MOLECULAR TRIANGLE THIN FIiLMS

Initially, the behaviour and self-assembly of core-functionalised molecular triangles at the air—water
interface was investigated prior to thin film fabrication from the water surface in a Langmuir—Blodgett
(LB) trough. Solutions of core-functionalised molecular triangles (6H, 3Br, 6Br, 3Ar and 6Ar) in
chloroform (= 0.5 mg mL™") were dispersed onto a water surface and the solvent allowed to evaporate
at room temperature. A layer of macrocycles was formed on the water surface with subsequent
compression in the LB trough causing a change in surface pressure 7 (mN m™') which was plotted
against molecular area, 4 (nm?) (Figure 5.4). The x-axis represents the changing area that each
macrocycle molecule can occupy on the water surface (mm?) which was calculated using the area of
the trough (mm?) and number of molecules » that were dispersed in solution (Equation 5.1). The value
of n could be calculated from the concentration (g mL™') and volume (mL) of the chloroform solution,
molecular mass (g mol™') of the specific molecular triangle (6H, 3Br, 6Br, 3Ar or 6Ar) and Avogadro’s

constant N, (mol ') (Equation 5.2).

Area(mm?)

Molecular Area (mm?) = (Eqn 5.1)

no. of molecules

conc (g mL™1)x vol (mL) x N4 mol!
Mr (g mol-1)

where no. of molecules = (Eqn 5.2)

During the compression of the layer of macrocycles on the water surface, the surface pressure increases
when the molecules are in close contact and with subsequent further reduction in molecular area the
surface pressure increases drastically. The onset of surface pressure in the 7—A4 isotherm represents the
cross-sectional molecular area which is the molecular area of the compound in the optimal assembly of
the thin film. At molecular areas below the cross-sectional molecular area, the surface pressure increases
when the assembly of molecular triangles is compressed such that the optimal assembly of the
macrocycles is no longer possible at the air—water interface within the LB trough. The 7-4 isotherms
were recorded three times for all five molecular triangles with an average onset of surface pressure
calculated for 6H (0.81 nm?), 3Br (0.89 nm?), 6Br (0.94 nm?), 3Ar (1.50 nm?) and 6Ar (1.66 nm?) upon
reducing the molecular area by compression of the trough from 2.5 nm? towards 0 nm? The
cross-sectional molecular area is larger in the core-arylated molecular triangles (3Ar and 6Ar)
compared with 6H, 3Br and 6Br. Although the difference in cross-sectional molecular area within the

two groups of macrocycles 6H & 6Br (0.15 nm?) and 3Ar & 6Ar (0.16 nm?) is minimal.
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Figure 5.4 -A isotherms of molecular triangles (a) 6H, (b) 3Br, (c) 6Br, (d) 3Ar and () 6Ar.

In visualising the potential assembly of molecular triangles at the air—water interface, there are two
possible configurations: (i) ‘standing upright’ (configuration @) or (ii) ‘lying flat’ (configuration b)
(Figures 5.5a and b) on account of maximising n-- -7 interactions between adjacent macrocycles. The
cross-sectional molecular area of the macrocycles at the air-water interface in these configurations was
estimated from geometry optimised structures of the molecular triangles using density functional theory
(DFT) calculations at the B3LYP(D3-BJ)/def2svp level of theory in CH,>Cl, (PCM solvent model)
(Figure 5.5¢ and d) presented in Chapters 2 and 3. The molecular areas of the macrocycles in the two
conformations were estimated by measuring the actual N-N distance along a PMDI face in nm. The
same N—N distance was measured in a screenshot of the molecule in the same conformation in mm. The
scale factor for the translation of the actual and screenshot N-N distance was calculated so that the
actual area of the macrocycle in the two conformations (nm?) could be scaled from the area of the
molecule in the image screenshot (mm?). The estimated theoretical molecular area of the molecular
triangles when assembled in configuration « is slightly more complicated as a result of the alternating
up and down nature of the macrocycles. This complication led to an estimation that two molecules
occupy roughly the area of one macrocycle at the air—water interface. Therefore, the molecular area of
one macrocycle when assembled in configuration « is half the estimated area of the PMDI face (Figure
5.5¢). The resulting theoretical molecular area of configurations a and b (Table 5.1) were compared to
the experimental cross-sectional areas calculated from the 7—4 isotherm (Figure 5.4). For all of the
molecular triangles (6H, 3Br, 6Br, 3Ar and 6Ar) the theoretical area is larger in configuration b
compared with configuration a as a result of the more efficient assembly of the macrocycles in the
‘Standing Upright’ formation at the air—water interface. The molecular area of all of the macrocycles

in configuration @ are more similar to the experimental average cross-sectional molecular area
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calculated from the 7—A4 isotherms. The close similarity of these results indicates that the molecular
triangles are likely to assemble according to configuration ¢ compared with configuration . The largest
discrepancy between the average cross-sectional area and molecular area in configuration a occurs for
3Ar. This difference could be as a result of the estimations involved in the calculations of the theoretical
molecular from the geometry optimised structures.

Table 5.1 Comparison of the experimental average cross-sectional area with theoretical molecular

area in configuration a and b estimated from DFT geometry optimised structures
(DFT/B3LYP(D3-BJ)/def2svp in CH.Cl, (PCM solvent model).

Experimental Theoretical
Average Cross-Sectional

Molecular Area / nm? Configuration a / nm? Configuration b / nm?
6H 0.81 0.67 251
3Br 0.89 0.79 2.49
6Br 0.94 0.86 2.57
3Ar 1.50 1.05 2.76
6Ar 1.66 1.55 2.97

AVAVAVAVAVAV
NVAVAVAAVANV/

‘Standing Upright’ ‘Lying Flat’
Configuration a Configuration b

‘Standing Upright’ ‘Lying Flat’
Configuration a Configuration b

Figure 5.5 Representation of the two potential configurations of molecular triangle assemblies in a monolayer: (a) ‘standing
upright’ configuration a or (b) ‘lying flat’ configuration b. Representative areas used to estimate the molecular area of 6H in
(c) configuration a and (d) configuration b from DFT geometry optimised structures (DFT/B3LYP(D3-BJ)/def2svp in CH2Cl2
(PCM solvent model).

Once the 7-A4 isotherms for the five molecular triangles at the air—water interface were measured, the
same method was used to attempt to fabricate thin films of 6H, 3Br, 6Br, 3Ar and 6Ar on a glass
surface. To fabricate thin films at the air—water interface, a glass substrate was submerged in the

water-filled LB trough and the macrocycles compressed until the surface pressure reached 15 mN m™'.
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The compression of the layer of molecular triangles was stopped when the surface pressure reached 15
mN m! as beyond that the pressure exerted on the thin films can cause deformities in the assembly of
the macrocycles. The substrate was then slowly lifted from the water filled LB trough with molecules

adhering to the surface as it was removed to form a thin film on the glass surface.

Structural analysis of the molecular triangle thin films formed at the air—water interface was completed
using X-ray reflectivity (XRR) with the aim to use the resulting diffraction pattern to determine of the
surface roughness and film-thickness of the respective thin films.> The presence of peaks (fringes) in
XRR diffraction patterns is used to characterise thin films, with increasing number of fringe peaks
indicating a more uniform thin film. In the XRR curves of 6H, 3Br, 6Br and the clean glass substrate
(control), a smooth featureless line is observed, whereas in the curves for 3Ar and 6Ar, a single fringe
peak is observed at 26 angles of 5.70° and 5.18° respectively, Figure 5.6. The fringe peak in the XRR
curves for thin films of 3Ar and 6Ar below 10° indicates the presence of macrocycle on the glass
substrate, Figure 5.6. Although, the presence of a single peak in the diffraction pattern indicates that the

X-rays are reflected off a rough, non-uniform thin film.*

a 6H b 3Br c 6Br
0 10 20 30 |
0 10 g,. 20 30 g /¢ 0 10 ,9,. 20 30
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0 10 08/ 20 30 o0 10 59;. 20 30 0 10 55,0 20 30

Figure 5.6 XRR diffraction data of LB thin films comprising (a) 6H, (b) 3Br, (c) 6Br, (d) 3Ar, (e) 6Ar on glass substrates.
(f) XRR diffraction of pristine glass substrate as a control.

The lack of a difference in XRR patterns of 6H, 3Br and 6Br with the control glass substrate indicates
that the molecular triangle films are too thin to be observed using XRR or are not crystalline. The
crystallinity of the thin films could have been confirmed by powder X-ray diffraction (pXRD) prior to
the XRR measurement. Alternatively, macrocycles 6H, 3Br and 6Br could interact weakly with the
glass substrate leading to poor adhesion between molecular triangle and surface and thus little material

is present in the thin films. The core-arylated molecular triangles could interact more strongly with the
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substrate on account of the 3,5-dimethyl-benzene substituents increasing the surface area for van der
Waals interactions between macrocycle and the glass surface. If the lack of fringe peak in the XRR
curves for 6H, 3Br and 6Br is due to poor adhesion of the molecular triangle to the substrate, the surface
could instead be coated with a self-assembled monolayer (SAM) e.g. an aromatic surface appended
with organophosphonate group, where the phosphonate group would be able to interact with the glass.
The SAM containing aromatic surfaces such as anthracene would subsequently provide greater
functionality for increased non-covalent interactions (m---m contacts) between the substrate and the

core-functionalised molecular triangles.?®
5.2.2. OPTOELECTRONIC PROPERTIES OF MOLECULAR TRIANGLE THIN FILMS

As formation of thin films of 6H, 3Br and 6Br on glass surfaces could not be confirmed using XRR
due to the absence of any fringe peaks, UV-vis spectroscopy was used instead to confirm the deposition
of macrocycle material onto a quartz substrate at the air—water interface. The absorption spectra of thin
films of core-functionalised molecular triangles, 6H, 3Br, 6Br, 3Ar and 6Ar (Figure 5.7) show the
presence of m-n* (>300 nm) electronic transitions at the same wavelengths as in the solution state
(Chapters 2 and 3). The same wavelength of absorption peaks in UV-vis spectra for core-functionalised
molecular triangles in thin films and solution confirms the deposition of material onto the quartz surface
and that aggregation effects in the solid state are not influencing the energy of the electronic transitions.
Additional higher intensity n-n* transitions between 240—-250 nm are also observed in the thin films for
all macrocycles. These higher energy n-n* transitions are not observed in solution due to the solvent
cut-off wavelength. Furthermore, the absorption spectra of core-arylated macrocycles, 3Ar and 6Ar,
have better resolution compared to 6H, 3Br and 6Br. The improved resolution of absorption spectra for
thin films of the core-arylated molecular triangles occurs as a result of the higher molar extinction
coefficient of 3Ar (32000 M! cm™) and 6Ar (35600 M!' cm™') compared with 6H (5830 M! cm™),
3Br (7550 M! cm™) and 6Br (10700 M cm™) in CH,Cl, (Chapters 2 and 3). Although attribution of
the improved resolution for 3Ar and 6Ar to higher molar extinction coefficients is assuming equal

loading of the molecular triangles onto the glass substrate.
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Figure 5.7 Normalised UV-vis absorption spectra of monolayer thin films formed from the air-water interface using a LB
trough of (a) 6H, (b) 3Br, (c) 6br, (d) 3Ar and (e) 6Ar on a quartz substrate.

To assess the suitability of core-functionalised molecular triangles for use in organic semiconducting
devices, their ability to be reduced using chemical and electrochemical methods was investigated, with
UV-vis spectroscopy used to identify the reduced states. In Chapters 2 and 3, UV-vis spectra (Figures
2.16 and 3.15) of the reduced states of 6H, 3Br and 6Br after reduction with decamethylcobaltocene
were characterised with new absorption peaks being generated at longer wavelengths upon the
formation of the tris-radical anion (645 to 710 nm). Subsequently, upon further reduction the new
absorption peaks were blue shifted to 550 nm representing the formation of the hexa-anion. Therefore,
similar absorption peaks were expected to be observed in the solid state of reduced states of monolayer

thin films of core-functionalised molecular triangles.

As part of the collaboration with the Supermolecules group at NIMS, Japan during the JSPS fellowship,
a novel set of reducing conditions developed by the collaborators were used to attempt the chemical
reduction of thin films of core-functionalised molecular triangles 6H, 3Br, 6Br, 3Ar and 6Ar. These
reducing conditions developed at NIMS, Japan are unpublished so the details cannot be discussed
although the estimated reduction potential of the reductant was ~—0.56 V vs Ag/AgCl. To confirm the
required reduction potentials for thin films or core-functionalised molecular triangles, solid-state
electrochemical experiments were attempted. Unfortunately, a representative cyclic voltammogram
could not be obtained despite varying the solvent (H>O and MeCN). Instead, comparing the estimated
reduction potential of the chemical reductant (= —0.56 V vs Ag/AgCl) with the solution-state data in
THF (Chapters 2 and 3) shows that the most electron-deficient molecular triangle 6Br only would be
reduced to the mono-radical anion ([6Br]"), Ewd = —0.47 V vs Ag/AgCl as measured by cyclic

voltammetry (CV). Nonetheless, out of scientific curiosity, thin films of core-functionalised molecular
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triangles (6H, 3Br, 6Br, 3Ar and 6Ar) fabricated on quartz substrates at the air—water interface were
submerged in the reductant solution for 30 seconds. The absorption spectrum of the thin films before
and after exposure to the reducing solution were measured to investigate the effect of the chemical

reductant on the core-functionalised molecular triangles (Figure 5.8.).

For molecular triangles 6H, 3Br and 6Br (Figure 5.8a—c) upon exposure to reducing conditions the
peaks for the m-m* transitions between 300-400 nm are absent with no peaks formed at longer
wavelengths (500-700 nm) representing the radical anion and anionic reduced states as expected from
the solution-state data (Chapter 2, Figure 2.16. and Chapter 3, Figure 3.15.). The n-n* transitions for
3Ar (310 nm) and 6Ar (305 and 370 nm) are also absent in the absorption spectra (Figure 5.8d and ¢)
after exposure to the chemical reductant for 30 s, although the higher intensity, higher energy m-m*
transitions are red shifted from 235 to 270 nm and 245 to 275 nm for the tris- and hexa-arylated
macrocycles respectively. Changes in the UV region cannot be due to chemical reduction to the radical
anion owing to the insufficient reduction applied from the chemical reductant (= —0.5 V) compared with
the solution-state (THF) reduction potentials of 3Ar (—0.71 V vs Ag/AgCl) and 6Ar (—0.84 V vs
Ag/AgCl) (Chapter 2, Figure 2.14a and Chapter 3, Figure 3.14a). Therefore, this change is more likely
to do with a chemical transformation between the components of the chemical reductant and molecular
triangle (3Ar and 6Ar). As 6Br had the lowest solution-state reduction potential, its thin film was
submerged in the chemical reduction solution for an additional hour although the absorption spectrum
remained featureless. These results show that the chemical reductant with estimated reduction potential
of —0.56 V vs Ag/AgCl is insufficient to reduce the core-functionalised molecular triangles, including
the most electron-deficient macrocycle 6Br which had a first reduction potential of -0.47 V vs Ag/AgCl
in THF (Chapter 2).
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Figure 5.8 Absorption spectra of thin films of (a) 6H, (b) 3Br, (c) 6Br, (d) 3Ar and (e) 6Ar in the neutral state and after
exposure to the chemical reductant solution.
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The absorption spectra of core-arylated molecular triangle thin films (3Ar and 6Ar) were most
well-resolved compared to 6H, 3Br and 6Br and therefore electrochemical reduction experiments were
conducted on 3Ar and 6Ar thin films through the application of a potential. Thin films of 3Ar and 6Ar
were fabricated at the air—water interface onto ITO coated glass using the protocol discussed above and
in the Supplementary Information, Section 5.4.2. ITO coated glass substrates were required to be used
in electrochemical experiments to act as the working electrode within a standard three-electrode setup
(Ag/AgCl reference electrode and platinum wire counter electrode). Two thin films of 3Ar and 6Ar
each were prepared and a potential of —0.5 or —0.7 V applied in an aqueous electrolyte solution
containing potassium chloride (0.1 M) and bis(triphenylphosphoranylidene) (0.96 mM) for 5 mins
(conditions for the electrochemical experiments were supplied by collaborators at NIMS, Japan). The
applied voltages in the electrochemical experiments were limited by the narrow electroactive window
of the aqueous electrolyte solutions. Despite the applied potentials (0.5 and —0.7 V vs Ag/AgCl) being
less negative than the first reduction potential in THF for 3Ar (-0.71 V vs Ag/AgCl, Figure 3.14.a,
Chapter 3) and 6Ar (—0.84 V vs Ag/AgCl, Figure 2.14.a, Chapter 2), the electrochemical experiments
were still pursued in the off chance that the reduced species could be detected by absorption

spectroscopy, Figures 5.9 and 5.10.

The absorption spectra of thin films of 3Ar and 6Ar formed at the air—water interface on ITO coated
glass before and after applying a potential of —0.5 or —0.7 V vs Ag/AgCl (Figure 5.9.a—d) are
inconsistent with negative absorbances. The absence of consistent absorption spectra could be as a result
of the low loading of 3Ar and 6Ar onto the ITO coated glass from the air—water interface. The
maximum mass of 3Ar and 6Ar that could be deposited onto the glass surface was 0.0265 mg and
0.0260 mg respectively based on dispersion of 50 uL of CHCl; solutions (3Ar 0.530 mg mL ™" and 6Ar
0.520 mg mL™"). Furthermore, as quartz substrates were not used with ITO coated glass required for
use as the working electrode, less UV-light was transmitted through the substrate and thus the intensity
of the absorption peaks were reduced. The presence of negative absorption peaks could be as a result
of improper baseline correction of the ITO coated glass substrate. In the UV-vis spectrometer, to
measure the solid-state absorption spectra, the glass substrates were fixed to the cuvette holder through
adhesion with tape. However, there was not a uniform procedure to ensure that the substrate was
positioned in the exact same location for each measurement. This could have led to sub-optimal
positioning of the substrate with respect to the beam of light during baseline and sample measurements.
Subsequently, when the baseline absorption intensities were subtracted from the sample values at all
wavelengths, a negative absorption might evolve if the sample substrate was positioned differently to
the initial baseline glass slide. Therefore, a sample holder should be used in the future which can ensure
that the glass substrates are positioned in the same position for each measurement to allow for proper

baseline corrections to be applied.
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Figure 5.9 Absorption spectra of molecular triangle thin films on ITO coated glass formed at the air—water interface before
and after applying a potential (-0.5 or 0.7 V vs Ag/AgCl) for 5 mins (a) 3Ar at-0.5 V, (b) 3Arat-0.7 V, (c) 6Ar at -0.5V
and (d) 6Ar at 0.7 V.

Drop-casting was subsequently used as an alternative method of thin film fabrication to increase the
loading of molecular triangle and ensure coverage of solid material onto the ITO coated glass substrate
for electrochemical experiments. Drop-casted films were prepared by dispersing 100 pL of CHCI3
solution (3Ar: 0.48 mg mL ! and 6Ar: 0.49 mg mL ') onto the ITO coated glass substrate and allowing
the solvent the evaporate at room temperature (> 15 mins) to give loadings of 0.048 mg and 0.049 mg
for 3Ar and 6Ar respectively. Two drop-casted thin films of 3Ar and 6Ar each were prepared with
absorption spectra measured before and after applying a potential of —0.5 or —0.7 V vs Ag/AgCl (Figure
5.10). For the drop-casted thin film of 6Ar a potential of —0.7 V vs Ag/AgCl was also applied for an
additional hour to see if there would be any change in absorption. Unfortunately, the absorption spectra
for the drop-casted films of 3Ar and 6 Ar gave inconsistent results with negative absorbances in a similar
manner to thin films formed at the air—water interface (Figure 5.9), with the expected n-n* transitions
not observed. The lack of consistency in the absorption spectra for drop-casted thin films of 3Ar and
6Ar could be accounted for by the loss of deposited material from the ITO coated glass substrate. This
was evidenced by the appearance of insoluble solid material at the bottom of the aqueous electrolyte

solution after the electrochemical experiment.
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Figure 5.10 Absorption spectra of molecular triangle thin films on 1TO coated glass formed by drop-casting before and after
applying a potential for 5 mins (or 1h): (a) 3Ar at-0.5V, (b) 3Ar at-0.7 V, (c) 6Ar at -0.5 V and (d) 6Ar at -0.7 V.

Acknowledging from the 3Ar and 6Ar films that c.a. 0.05 mg is not sufficient to observe a signal (and
considering their relatively high molar absorptivities compared to 6Br) a series of increasingly loaded
thin films of 6Br (6Br-1, 6Br-2, 6Br-3 and 6Br-4) were prepared on ITO by drop casting 100, 200,
300 and 400 pL (using portions of 100 pL solutions) of a 0.548 mg mL™! solution of 6Br in CHCl;
(Table 5.2).

Table 5.2 Volume and mass loadings of 6Br (0.548 mg mL* in CHCIs) in different drop-casted thin
films 6Br-1, 6Br-2, 6Br-3 and 6Br-4.

6Br-1 6Br-2 6Br-3 6Br-4
Volume / puL 100 200 300 400
Mass / mg 0.0548 0.1096 0.1644 0.2192

In all of the absorption spectra of the neutral drop-casted thin films, 6Br-1, 6Br-2, 6Br-3 and 6Br-4
(Figure 5.11) an absorption at 380 nm is observed representing the n-n* electronic transition of the
macrocycle which is the same wavelength as in solution (Figure 2.13., Chapter 2). The intensity of the
n-n* absorption peak in 6Br-1 is around 0.015 A.U. with the same peak in 6Br-2, 6Br-3 and 6Br-4
more intense occurring at roughly equal intensity (=0.15 A.U.). The equal intensity absorption of 6Br-2,
6Br-3 and 6Br-4 indicates a similar quantity of solid on the surface which may occur as a result of
inadvertent removal of material from the ITO coated glass to the aqueous electrolyte solution as
observed visually during the electrochemical experiments. For 6Br-1, upon application of a potential
for 5 minutes the intensity of the n-n* absorption decreases in intensity with a lower energy, broad peak
forming at 540 nm (0.5 V vs Ag/AgCl) and 605 nm (-0.7 V vs Ag/AgCl). The wavelengths of the new

peaks following electrochemical reduction occur at similar wavelengths to the reduced states of 6Br in
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solution ([6Br]*: 645 and 680 nm and [6Br]®: 550 nm, Chapter 2). In thin films 6Br-2, 6Br-3 and
6Br-4, no lower energy peaks representing the reduced states of the macrocycle were observed (Figure
5.11.b—d) suggesting that electrochemical reduction does not occur which could be due to the thicker

layer of macrocycle hindering the role of the ITO coated glass surface as the working electrode.
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Figure 5.11 Absorption spectra of 6Br drop-casted thin films on ITO covered glass substrate for (a) 6Br-1, (b) 6Br-2, (c)
6Br-3 and (d) 6Br-4 before and after applying a potential (-0.5 or —0.7 V vs Ag/AgCl).

The evolution of broad absorption peaks in a similar region to the reduced states of 6Br upon the
electrochemical reduction of thin film 6Br-1 provides initial evidence that the electron-deficient
macrocycle in the solid state might be suitable for use in ion-gated transistor devices. One of the
attractive properties of 6Br for use as a semi-permeable membrane in an ion-gated transistor was the
2D tessellated assembly of the macrocycles to allow for the selective transport of ions. A disadvantage
of the drop-casting method is that the resulting thin films can lack uniformity with little control over
thickness.?” Therefore, future experiments to assess the suitability of molecular triangles in organic
semiconducting devices could use alternative fabrication methods such as blade-coating to make the

thin films, or additional post-fabrication treatment such as annealing.
5.2.3 DoPING ELECTRON-RICH N-TYPE POLYMERS WITH ELECTRON-DEFICIENT 6BR

Alongside studying the properties of core-functionalised molecular triangles in thin films, an alternative
method to utilise the attractive assembly, redox-active and host-guest abilities of the electron-deficient
6Br was pursued by incorporating the macrocycle into crystalline thin films of electron-rich polymers
for application in bulk heterojunction photovoltaic devices. Three electron-rich polymers were used that
have been shown to form crystalline thin films for use as p-type materials for the transport of electrons

in organic semiconductors.’®3! The three electron-rich polymers used were: (i) poly[2,5-bis)3-
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tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT), (i1) poly[2,2""-bis[[(2-
butyloctyl)oxy]carbonyl]-[2,2":5',2":5" ,2""-quarterthiophene]-5,5""-diyl] (PDCBT) or (iii) poly(3,3""-
didodecyl[2,2":5",2":5",2""-quarterthiophene]-5,5""-diyl (PQT), Figure 5.12.33! When these p-type
polymers are mixed with n-type electron-acceptors, the resulting fabricated crystalline thin films can be
used as effective materials for use as bulk heterojunction layers in photovoltaic devices for use in solar
cells.?? Solutions containing polymer (PBTTT, PDCBT or PQT, 0.5 wt%) with and without 6Br (0.5
wt%) in 0-1,2-dichlorobenzene were heated at 180 °C for an hour. Thin films of the mixtures were then
formed on glass substrates using spin coating (2000 RPM for 1 minute) and annealed at 180 °C under
vacuum for 1 h. The resulting crystalline thin films were studied using wide-angle X-ray scattering

(WAXS) and grazing incidence X-ray diffraction (GIXRD).
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Figure 5.12 Chemical structures of PBTTT, PDCBT and PQT polymers used in mixtures with 6Br.

In the WAXS images for crystalline thin films of PBTTT:6Br, PDCBT:6Br, and PQT:6Br (Figure
5.13a—c) no clear scattering peaks are observed, although the scattering patterns formed upon reducing
the 2D images by azimuthally integrating regions in the out-of-plane (around 0°) (Figure 5.13d-f) and
in-plane (around 90°) (Figure 5.13g—i) directions can be used to study how the crystalline phases of the
polymer thin films change upon blending with 6Br. In the out-of-plane direction for crystalline thin
films of PBTTT and PDCBT polymer only, sharp peaks at 20 values of 3.17°, 4.58° & 8.85° and 3.11°,
4.88° & 9.27° are observed respectively. Whereas the out-of-plane WAXS pattern for PQT has increased
signal-to-noise with peaks at 3.08° & 4.55°. Upon blending PBTTT and PDCBT with 6Br the polymer
peaks are unchanged with additional new peaks at 5.90° and 5.76° for PBTTT:6Br and PDCBT:6Br
respectively in the out-of-plane scattering pattern. However, for PQT:6Br the out of plane WAXS
pattern is more different to the solely polymer thin film with the absence of the 4.55° peak and a new
peak at 5.66° although the peak at 3.08° is still present. The unchanged 26 angles of the polymer peaks
upon doping with 6Br in the out-of-plane WAXS patterns indicates that no change in the crystalline
phase of the thin films is detected. Similarly, the scattering patterns in the in-plane direction for the
polymers (PBTTT, PDCBT or PQT) are very similar and do not change significantly upon doping with
6Br which further indicates that any change in the crystalline phase upon encapsulation of the

macrocycle cannot be detected by WAXS.
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Figure 5.13 WAXS images of polymer blends with 6Br (a) PBTTT:6Br, (b) PDCBT:6Br and (c) PQT:6Br. Out of plane
WAXS patterns for polymer blends with and without 6Br for (d) PBTTT, (¢) PDCBT and (f) PQT. In plane WAXS patterns
for polymer blends with and without 6Br for (g) PBTTT, (h) PDCBT and (i) PQT.

Experiments using GIXRD were also completed to inspect any potential change in the crystalline phases
of the polymer chains and macrocycle upon doping of PBTTT and PDCBT with 6Br (Figure 5.14a and
b). The GIXRD patterns for crystalline polymer thin films contain peaks at 4.34° and 4.12° for PDCBT
and PBTTT respectively corresponding to crystalline phases. Furthermore, a broad peak is observed
above 20° for both PDCBT and PBTTT as a result of an amorphous phase in the thin film. Upon doping
the polymers (PDCBT and PBTTT) with 6Br, the GIXRD patterns show a series of sharp, distinct peaks
around 10°, 16° and 21°. The presence of these new peaks represents a change in the crystalline phase
in the thin film upon doping the polymers with 6Br. As the 26 angles of the sharp distinct peaks are
similar regardless of the polymer (PDCBT or PBTTT) they could be attributed to the crystalline phase
of the 6Br dopant. Subsequently, the GIXRD patterns of PDCBT:6Br and PBTTT:6Br were compared
with simulated pXRD patterns for 6Br crystals (6BreMe.CO and 6Br, Chapter 2) to assess the nature
of the crystalline phase of the macrocycle (Figure 5.14 ¢ and d). The simulated diffraction patterns for
single-crystals of 6Br are distinctly different to the GIXRD patterns thus confirming a different
crystalline phase of the macrocycle upon blending with electron-rich p-type polymers which could
occur as a result of encapsulation or a new polymorph of the molecular triangle from the spin-coating

fabrication method.
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Figure 5.14 GIXRD patterns for (a) PDCBT and PDCBT:6Br and (b) PBTTT and PBTTT:6Br. Simulated powder XRD
(pXRD) patterns for 6Br crystals from Chapter 2 (c) 6Br:Me2CO and (d) 6Br.

Furthermore, in the GIXRD patterns for PDCBT:6Br and PBTTT:6Br the amorphous broad peaks for
above 20° are unchanged, while the 26 angle for the crystalline phase of the PDCBT polymer chains
remains unchanged (4.34°). Conversely, the diffraction peak for PBTTT polymer after doping with 6Br
(PBTTT:6Br) moves to a lower angle from 4.12° to 3.86°. The change in peak position for the PBTTT
polymer crystalline phase indicates a change in d-spacing of the lamellar structure of the intercalated
polymer chains which could be calculated using Bragg’s law (Equation 5.3) using the value for the 26
peak for the polymer and 4 (Cu Ka = 1.5418 A).

_ A
d= 2sin(®)

(Eqn 5.3)

An increase of the d-spacing from PBTTT (21.45 A) to PBTTT:6Br (22.89 A) indicates the
incorporation of the macrocycle within the cavity of the intercalated polymer chains to disrupt the
packing of the lamellar structure of the crystalline thin film in a similar manner to that shown for the
fullerene electron-acceptor with electron-rich polymers.'®!! Whereas no change in the d-spacing of
PDCBT chains in PDCBT:6Br was observed (Table 5.3), although the large spacing could mean that
the macrocycle can be encapsulated without disrupting the intercalating polymer chains.

Table 5.3 Experimental values for the 26 angle and d-spacing in PDCBT and PBTTT
with and without 6Br dopant.

PDCBT PDCBT:6Br PBTTT PBTTT:6Br
201° 4.34 4.34 4.12 3.86
d/A 40.72 40.72 21.45 22.89

The insertion of electron-deficient n-type 6Br macrocycles into the crystalline assembly of p-type

electron-rich PBTTT polymer chains could lead to the incorporation of the crystalline thin films as
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active layers in bulk heterojunction photovoltaic devices for use in solar cells in the future. To confirm
the encapsulation of the macrocycles within the packing of the polymer chains, the chemical
composition of the films could be established by elemental and surface analysis of the thin films via
energy dispersive X-ray microanalysis and electron microscopy. Prior to application in devices,
optimisation of the conditions for thin film fabrication is required which could be achieved by either
varying (i) the ratio of p- and n-type material in the spin coated solution or (ii) the fabrication method,

i.e. stamping to a glass surface from the air-water interface.

5.3 CONCLUSIONS

In this Chapter, the suitability of core-functionalised molecular triangles for use in organic
semiconductors (OSCs) has been studied by fabricating thin films of core-functionalised molecular
triangles (6H, 3Br, 6Br, 3Ar and 6Ar) and investigating their structural and optoelectronic properties.
It was hypothesised that the supramolecular packing of molecular triangles to form 2D networks
combined with the redox-active nature of the macrocycles would make them ideal candidates for use in

ion-gated transistors to facilitate ion and electron transport.

The assembly of the macrocycles at the air—water interface was studied in 7—A4 isotherms with the onset
of surface pressure being the cross-sectional molecular area. The experimental molecular area for
core-functionalised molecular triangles were compared with the theoretical values calculated from
geometry optimised structures from DFT calculations (Chapters 2 and 3) in two potential modes of
assembly (i) standing upright (configuration @) and (ii) lying flat (configuration b). The values of the
experimental molecular area for all molecular triangles are more similar to the theoretical values in
configuration a, indicating that the macrocycles could potentially prefer to assemble in a ‘standing
upright’ morphology. X-ray reflectivity experiments of thin films on glass substrates were conducted
with a single fringe peak present in the curves for 3Ar and 6Ar indicating a rough film. Conversely, no
difference between the curves for 6H, 3Br and 6Br and a clean glass substrate was observed which
indicates that the films were too thin or the macrocycles interacted weakly with the surface. Despite the
absence of any reflectance peaks in the XRR patterns of 6H, 3Br and 6Br the deposition of the
core-functionalised molecular triangles to a quartz surface was confirmed using absorption
spectroscopy with the same electronic transitions observed in the solid state as in solution (Chapters 2
and 3). Notably, upon electrochemical reduction of a drop-casted thin film of 6Br, the intensity of the
n-* transition (380 nm) in the absorption spectrum decreased in favour of broader, lower energy peaks

at 520 and 605 nm indicating the potential presence of the reduced species.

An alternative approach investigated was the doping of electron-rich p-type polymers (PBTTT, PDCBT
and PQT), which are known for the formation of crystalline thin films in photovoltaic devices, with the

electron-deficient 6Br macrocycle. The presence of a series of new sharp well-defined peaks in the
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GIXRD pattern of the polymers (PDCBT and PBTTT) upon doping with 6Br indicates the formation
of a new crystalline phase of the molecular triangle which is independent of the polymer type. The peak
pattern and 26 angles of the new crystalline phase of 6Br is different to the simulated pXRD patterns
generated for the two crystal structures of the molecular triangle discussed in Chapter 2 which indicates
that a new polymorph of electron-deficient macrocycle is formed upon spin coating. The new
polymorph of 6Br could be as a result of encapsulation of the macrocycle within the supramolecular
intercalation of polymer chains. An increase in the lamellar d-spacing of PBTTT chains upon doping
with 6Br was calculated from the 26 angle of the polymer peak in the GIXRD pattern. The increased
d-spacing indicates disruption of the packing of the intercalated polymer chains upon doping with the

macrocycle and the formation of a new crystalline phase.

The initial experiments in this collaboration during the JSPS fellowship investigating the suitability of
core-functionalised molecular triangle for use in ion-gated transistors discussed in this Chapter, show
that the macrocycles can be fabricated into thin films and studied by absorption spectroscopy for
identification of reduced states generated by electrochemical reduction. However, the thin films of the
macrocycles are not inherently smooth as shown by XRR and interact weakly with glass substrates.
Therefore, a second-generation of core-functionalised molecular triangles could be synthesised with
polar functional groups (i.e. -COOH) to interact with the glass surface. Furthermore, the functionality
of core-substituents on molecular triangles could be tuned intentionally to influence the assembly of
macrocycles into the 2D tessellated porous framework (configuration b) at the air—water interface. Such
preferential assembly could be enforced through asymmetric core-substitution or the favourable
formation of a syn-isomer of a tris-substituted macrocycle. One side of the 3D macrocycle would be
functionalised with polar, hydrophilic functional groups such as carboxylic acids, alcohols or
phosphates and the opposite side functionalised with hydrophobic groups such as alkyl chains, Figure
5.15a. The asymmetric nature of the core-substituents could be used to induce a 2D tessellated assembly
of the macrocycles into the ‘lying flat’ configuration with the hydrophobic functional groups pointing

into the water and/or the hydrophobic substituents facing the opposite direction towards the air, Figure

5.15b.
on 8 o o ‘ = Polar head group
=
AlkylAlkyl
ON O, Akyl O NO
{ O o SEGTI \ 7
3 <3N“<:> /@M@/ = Alkyl chain
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Figure 5.15 (a) Hypothetical asymmetric core-functionalised molecular triangles with substituted with three carboxylic acid
groups and three hydrophobic alkyl chains. (b) Hypothetical assembly of the asymmetric core-functionalised molecular
triangle at the air-water interface with polar head groups pointing into the water and hydrophobic alkyl chains pointing into
the air.
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5.4 SUPPLEMENTARY INFORMATION

5.4.1 Materials and General Methods

Core-functionalised molecular triangles 6H, 3Br, 6Br, 3Ar and 6Ar were synthesised according to the
procedures in Chapters 2 and 3. Electrolyte salts for electrochemical reduction were purchased from:
TCI (lithium bis(trifluoromethanesulfonyl)imide and tetrabutylammonium bromide), Nacalai Tesque
(potassium chloride) and Fujifilm wako (bis(triphenylphosphoranylidene)ammonium chloride).
Polymers PBTTT and PQT-C12 were purchased from Sigma-Aldrich and PDCBT was purchased from
Solaris Chem. Chloroform and acetone were purchased from Kanto chemical, isopropanol and ethanol

were purchased from Nacalai Tesque and o-1,2-dichlorobenzene was purchased from TCI.

EAGLE XG" glass for thin film fabrication and XRD measurements was purchased from CORNING
Corporation and ITO-coated glass was purchased from Sigma-Aldrich. Prior to thin film fabrication,
substrates were treated by sonicating in acetone and chloroform for 5 minutes, removal of residual
solvent by rinsing with isopropanol and then removal of residual organics using an ultraviolet-ozone
(UV-03) process. Deionised (DI) water used in Langmuir-Blodgett experiments and aqueous solutions
was prepared through the distillation and deionisation of water using an ELGA Purelab Option R7 Flex

water purifier (resistance: 18 MQ cm™).

X-ray diffraction data (XRR, WAXS and GIXRD) were collected using a RIGAKU SmartLab with a
MicroMax-007HF X-ray generator using Cu Ka radiation (A = 0.15418 nm) in conjunction with a 0.1
mm thick EAGLE XG" glass substrate to reduce scattering. Thin films of molecular triangles were
studied by XRR measurements. Thin films of polymers (PBTTT, PDCBT and PQT) with and without
6Br, were studied by WAXS and GIXRD.

UV-vis absorption spectra were recorded from specimens on quartz or ITO-coated glass substrates

using a JASCO V-670 UV-Vis spectrophotometer.

Chemical reduction was completed using novel conditions developed by the Supermolecules group at
the National Institute for Materials Science. Exact conditions for chemical reduction are kept
confidential by request of the collaborator. Absorption spectra of core-functionalised molecular triangle
monolayers on quartz substrates were recorded before and after submersion of the thin films in the

reductant solution for 30 seconds or 1 h.

Monolayer and drop-casted thin films of 3Ar, 6Ar and 6Br on ITO coated glass substrates were reduced
electrochemically at room temperature using an ALS electrochemical analyser model 850D with a
standard three-clectrode setup: Ag/AgCl reference electrode, platinum wire counter electrode and ITO
working electrode. Aqueous electrolyte solutions were used containing either: (i) tetrabutylammonium

bromide (TBABr) (0.1 M) for 6Br-1 drop-casted thin film, (ii) lithium
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bis(trifluoromethanesulfonyl)imide (LiTFSI) (0.1 M) for drop-casted thin films 6Br-2, 6Br-3 and 6Br-
4 and (iii) potassium chloride (KCI) (0.1 M) and bis(triphenylphosphoranylidene)ammonium chloride
(0.96 mM) for 3Ar and 6Ar monolayers and drop-casted thin films.

5.4.2 ASSEMBLY OF CORE-FUNCTIONALISED MOLECULAR TRIANGLES INTO THIN FILMS

STUDYING THE ASSEMBLY OF MOLECULAR TRIANGLES AT THE AIR-WATER INTERFACE

Solutions for investigating the behaviour of core-functionalised molecular triangles at the air-water
interface were prepared by dissolving in the specific macrocycle in chloroform. Surface pressure 7
(mN m™) vs molecular area 4 (nm?) (7-A) isotherms were measured by dispersing 50 uL of molecular
triangle solution in CHCI; onto a DI water surface at 19.5 °C and left for 15 minutes to allow for solvent
evaporation. The layer of molecules was compressed using the Langmuir Blodgett (LB) method through
a Kibron MicroTrough X-L/LB which measured the resulting change in surface pressure using the

Wilhelmy plate method.* The trough has a working area of 150 x 60 mm? (9.00 x 10° mm?).

Table S5.1 Concentrations of solutions (mg mL™) used to study the
assembly of molecular triangles at the air—water interface.

Molecular Triangle Concentration / mg mL™*
6H 0.464
3Br 0.480
6Br 0.548
3Ar 0.530
6Ar 0.520

THIN FILM FABRICATION OF MOLECULAR TRIANGLES AT THE AIR-WATER INTERFACE

LB monolayer thin films were formed by submerging the desired substrate (EAGLE XG® glass, quartz
or ITO coated glass) into the DI water surface (19.5 °C) and spreading 50 uL of molecular triangle
CHCI; solution. The solvent was allowed to evaporate for 15 minutes and the layer of molecules
compressed using a Kibron MicroTrough X-L/LB until a surface pressure of 15 mN m™!' was reached.
The substrate was slowly removed from the water to deposit the monolayer onto the surface.

Table S5.2 Concentrations of solutions (mg mL™) used to fabricate thin films of molecular
triangles on EAGLE XG® glass, quartz or ITO coated glass substrates at the air-water

interface.
Molecular Triangle Concentration / mg mL™*
6H 0.464
3Br 0.480
6Br 0.548
3Ar 0.530
6Ar 0.520
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FABRICATION OF DROP-CASTED THIN FILMS OF MOLECULAR TRIANGLES

Drop-casted thin films of 6Br, 3Ar and 6Ar were prepared by dispersing CHCI3 solution containing
macrocycle onto an ITO coated glass substrate and left at room temperature for more than 15 minutes
to allow the solvent to evaporate.

Table S5.3 Concentrations (mg mL™?), volumes (mL) and mass loadings (mg) to fabricate thin
films of molecular triangles on ITO coated glass substrates by drop-casting.

Molecular Triangle Thin Film Concentration / mg mL? Volume / mL Mass / mg
6Br-1 0.548 0.1 0.0548
6Br-2 0.548 0.2 0.1096
6Br-3 0.548 0.3 0.1644
6Br-4 0.548 0.4 0.2192
3Ar 0.480 0.1 0.0480
6Ar 0.490 0.1 0.0490

FABRICATION OF SPIN-COATED THIN FILMS OF MOLECULAR TRIANGLES

A 1:1 w/w solution of 6Br and the requisite polymer (PBTTT, PDCBT or PQT) was prepared in
0-1,2-dichlorobenzene (0-DCB) (see Table S5.4. for exact masses) to achieve a final concentration of
around 0.5 wt% for each component. Control solutions of polymer (PDCBT or PQT) only (around 0.5
wt%, Table S5.4.) were prepared in 0-DCB. The solutions were stirred at 180 °C for 1 hour with thin
films fabricated by spin coating (2000 rpm for 1 minute) the respective hot 0-DCB solution onto
EAGLE XG" glass substrates. The resulting films were annealed in a vacuum oven at 180 °C for 1 h
and then cooled slowly to room temperature.

Table S5.4 Mass and weight % of 6Br and polymers (PBTTT, PDCBT and PQT) in 0-DCB solutions
for thin film fabrication by spin-coating (2000 rpm for 1 minute).

6Br/m Polymer / m
(overall w?%) (oeraII wt%% 0-DCB/mg
6Br:PBTTT 1.00 (0.48) 0.99 (0.48) 205.02
6Br:PDCBT 0.99 (0.49) 0.98 (0.49) 199.97
6Br:PQT 1.04 (0.51) 1.15 (0.56) 203.18
PDCBT — 0.99 (0.49) 199.32
PQT — 0.99 (0.49) 200.36
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This Thesis has investigated the consequence of core-substitution of pyromellitic diimide (PMDI) based
molecular triangles with three or six bromine atoms or 3,5-dimethylbenzene groups on the structural
and optoelectronic properties of the cyclic aromatic homoconjugated macrocycles. The combined
effects of macrocyclisation and core-substitution on the properties of the redox-active PMDI faces is
realised through experimental and theoretical studies on the dynamic structural, electrochemical and

optical properties in core-functionalised molecular triangles and presented in Chapters 2—5.

Chapter 1 explores the different methods of electron delocalisation via through-bond and through-space
conjugation in organic macrocycles, with a particular focus on the less commonly explored aromatic
homoconjugation. A new term of cyclic aromatic homoconjugation is introduced which occurs when
through-space electronic communication across non-conjugating sp* centres occurs in macrocycles,
with the most commonly studied class of compound exhibiting this property being the molecular
triangles. The rigid, shape-persistent molecular triangles 1, 2 and 6H, Figure 6.1, composed of three
aromatic diimide (ADI) faces linked by three chiral (R,R)- or (S,S)-trans-1,2-diaminocyclohexane
groups have been developed over the last 22 years with the cyclic aromatic homoconjugation being
shown to introduce favourable redox-active, structural and optical properties to the macrocycles.
However, the large majority of molecular triangles that have been studied have comprised of core
unsubstituted ADI faces, which is surprising given that core functionalisation of PMDIs, naphthalene
diimides (NDIs) and perylene diimides (PDIs) have been shown to also promote attractive
supramolecular and optoelectronic properties in the monomeric small molecules. Core-substitution of
PMDIs in macrocycles can allow for further n-extension via cross-coupling reactions towards carbon
nanotube like structures. In 2023, the first example of a core-functionalised PMDI based molecular
triangle (6Br, Figure 6.1) was presented, where the addition of six bromine atoms to the aromatic faces
influences the supramolecular assembly of the macrocycle in the solid-state, with the resulting
hydrogen-bonded organic framework showing selective adsorption of benzene over cyclohexane.
However, the influence of core-bromination on the optoelectronic properties of the PMDI based
molecular triangle was not explored. The aim of this introductory Chapter was to show the effect of
cyclic aromatic homoconjugation in macrocycles, especially molecular triangles and to highlight the

benefits that could be achieved upon core-functionalisation of the aromatic core.

Figure 6.1 Cyclic aromatic homoconjugated macrocycles in NDI-based 1, PDI-based 2 and PMDI-based 6H and 6Br
molecular triangles.
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In Chapter 2, an alternative synthesis of the hexa-brominated PMDI based molecular triangle 6Br is
presented and the first example of post-synthetic functionalisation via a palladium catalysed
Suzuki-Miyaura cross-coupling reaction is reported to prepare a hexa-arylated macrocycle 6Ar, where
the aryl groups are 3,5-dimethylbenzene substituents, Figure 6.2a. Subsequently, the structural and
optoelectronic properties of core-functionalised molecular triangles are investigated and compared with
the unsubstituted, original PMDI based macrocycle by growing single crystals for X-ray diffraction,
theoretical DFT calculations, absorption spectroscopy, cyclic voltammetry (CV) and
spectroelectrochemistry. The addition of six electron-withdrawing bromine atoms in 6Br increases the
electron-deficiency of the macrocycle with electrochemical reduction by application of a potential
achieved at less negative potentials. Whereas core-substitution with electron-donating
3,5-dimethylbenzene groups in 6Ar increases the electron-density of the molecular triangle with
electrochemical reduction occurring at more negative potentials observed by CV. Furthermore,
core-functionalisation of the molecular triangles was shown not to influence the cyclic aromatic
homoconjugation in the core-functionalised molecular triangles with splitting of the reduction peaks
observed by CV and differential pulse voltammetry (DPV) in both 6Br and 6Ar representing electron
delocalisation around the macrocycle. Notably, a new polymorph of 6Br in the solid-state was observed
where C=0---Br interactions between the molecular triangle and solvated acetone molecules induces
supramolecular assembly into a hexagonal array of 1D channels of macrocycles, Figure 6.2b.
Furthermore, the structure of 6Ar in the solid-state shows that the extension of the aromatic core begins
to resemble a carbon nanotube structure, Figure 6.2¢. The initial post-synthetic functionalisation of 6Br
to 6Ar enables a visualisation and proof of concept of oligomerisation of molecular triangles into
nanoprisms chains via Suzuki-Miyaura Pd catalysed cross-coupling reactions in the future. In triangular
nanoprisms, cyclic aromatic homoconjugation around the macrocycle and through-bond conjugation
along the m-extended core-substituents could occur in a similar manner to polymeric

cycloparaphenylenes discussed in Chapter 1.
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Figure 6.2 (a) Synthesis of 6Br and 6Ar. X-ray crystal structures of (b) 6BrsMe2CO and (c) 6Ar-2Me2CO.
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In Chapter 3, asymmetric molecular triangles composed of mono-substituted PMDI faces are
synthesised with Suzuki-Miyaura cross-coupling of the tris-brominated 3Br with 3,5-dimethylbenzene
substituents yielding a tris-arylated macrocycle 3Ar. These tris-brominated and -arylated molecular
triangles show similar optoelectronic properties as the hexa-functionalised macrocycles in Chapter 2,
although the effect of core-substitution is less significant as a result of half the number of bromine atoms
or 3,5-dimethylbenzene groups. Most notably, 3Br and 3Ar were shown to exist as a mixture of syn-
and anti-isomers in solution, with separation of the different conformers not possible as a result of
interconversion by rotation. The rotation between the syn- and anti-conformers of 3Br and 3Ar
respectively (Figure 6.3) were visualised using variable temperature '"H NMR spectroscopy via
coalescence of the PMDI aromatic protons at temperatures greater than 125 °C. Further '"H-'H EXSY
NMR spectroscopy experiments at a variety of mixing times at 80 °C revealed rates of rotation of 1.81 +
0.03 s! for 3Br and 0.560 +0.015 s™' for 3Ar, Figure 6.3. The increased rate of rotation in 3Br
compared with 3Ar was shown by DFT calculations to be as a result of an intramolecular Br---n
interaction lowering the energy barrier of the interconversion pathway via an intra-annular bromine
atom (18.3 kcal mol ') compared with the route where the PMDI hydrogen-substituent enters the cavity
of the macrocycle (21.5 kcal mol ™). The lowering of the energy barrier of rotation by a favourable
Br- -7 interaction by 3.2 kcal mol™! shows that this system could be used as a transition state molecular
balance with asymmetric core-substitution with other halogens or functional groups allowing for the
strength of other non-covalent interactions to be measured. Intermolecular halogen- - -7 interactions have
also been studied through host—guest chemistry of the core-functionalised molecular triangles with the
electron-rich triiodide anion (I37). The most electron-deficient macrocycle, 6Br exhibited the greatest
binding with I5~ (61 £ 5 M) with the single crystal of the host—guest complex 6Brol;~ showing
significant bending of a Br,PMDI face to optimise the anion-- -7 interaction. The remarkable flexible
dynamic structural properties of the rigid shape-persistent molecular triangles to maximise intra- and
intermolecular halogen:- 7 interactions with the cyclic aromatic homoconjugated cavity could allow
these systems to be used as enzyme mimics through the similarity to the induced fit model for the

binding of substrates.
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Figure 6.3 Atropisomerism between syn- and anti-isomers of 3Br and 3Ar with exchange rates and energy barrier
calculated from *H-'H EXSY NMR spectroscopy analysis.
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In Chapter 4, the photoactive behaviour of core-brominated molecular triangles is investigated with
efforts to synthesise core-hydroxylated molecular triangles and PMDI compounds by irradiation with
UV-light and by reaction with CsF pursued. The photochemical transformation of 6Br to a partially
core-hydroxylated-brominated molecular in DMF was serendipitously discovered by the observation
that the colourless solution turned a deep pink colour after 24 hours. Subsequent studies into the colour
change showed the generation of new absorption peaks by UV-vis spectroscopy with the growth of
these lower energy electronic transitions accelerated under ambient and UV-light, Figures 6.4c and d.
The photochemical transformation of 6Br in DMF increased the luminescent properties of the
macrocycle which exhibited the same emissive behaviour as an impure sample of (OH)SBr, Figure
6.4b. The luminescence of the partially core-hydroxylated molecular triangle could be as a result of
ESIPT activity with the aromatic hydroxy group and diimide carbonyl. Furthermore, a similar -Br
to -OH hydroxylation functional group transformation was discovered for a BrPMDI monomeric model
compound through reaction with CsF in dioxane, Figure 6.4a. Reaction screening showed that the
hygroscopic nature of the CsF was key to the generation of the desired hydroxy PMDI compound where
if the base was dried prior to use the conversion to the target molecule was decreased. The application
of these hydroxylation reaction conditions to a Bro,PMDI small molecule showed the generation of a
mono-hydroxy-mono-brominated compound in the absence of the di-hydroxylated species. The
incorporation of hydroxy groups onto the cyclic aromatic homoconjugated molecular triangle
framework was desirable to ‘turn on’ luminescence whilst the potential asymmetric
mono-hydroxy-mono-brominated functionalisation of the PMDI would be attractive towards further
functionalisation. The orthogonal reactivity of the hydroxy and bromine substituents towards SxAr and
palladium catalysed cross-coupling reactions respectively would allow for core-extension in two

directions via different synthetic pathways.

Furthermore, the luminescent properties of 6H, 3Br and 6Br in the solution and solid states were
investigated. In the solid state, where vibrational and rotational motion was restricted, long lifetime
room temperature phosphorescence (RTP) was observed for 3Br and 6Br. Although, low quantum
yields for RTP were measured in the solid state, an increase in the emission efficiency was observed in
6Br compared with 3Br as a result of the increased influence of the heavy halogen effect to enhance
intersystem crossing from the S; to T excited state and subsequent relaxation via phosphorescence. The
results in this Chapter show that the luminescence of PMDI based molecular triangles can be ‘turned
on’ through the addition of hydroxy or bromine core substituents and most notably, can be achieved
using photochemical or conventional synthetic methods. Although the RTP emission of 3Br and 6Br
was relatively weak, the combination of ESIPT active core-hydroxylated PMDI faces with the cyclic
aromatic homoconjugated m-system in molecular triangles remains an attractive goal for pursuit of

luminescent macrocycles.
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Figure 6.4 (a) Synthesis of hydroxy-substituted 5 from bromo-PMDI compound 4. (b) Structure of partially hydroxylated
brominated molecular triangle (OH)5Br which could contribute to (c) the growth of new absorption peaks at 515 and 540 nm
when 6Br is dissolved in DMF with (d) the evolution of the new peaks at 515 and 540 nm is enhanced when the solution of
6Br in DMF is exposed to ambient light compared to being kept in the dark.

In Chapter 5, research conducted during a two-month PhD Exchange Fellowship funded by the Japan
Society for the Promotion of Science in collaboration with researchers at the National Institute for
Materials Science, Japan is presented and discussed. The structural and optoelectronic properties of the
core-functionalised molecular triangles (6H, 3Br, 6Br, 3Ar and 6Ar) in thin films were studied to
assess their suitability for application as n-type organic semiconductor (OSC) materials. It was
envisioned that OSCs containing core-functionalised molecular triangle thin films would be appropriate
for use in ion-gated transistors on account of their redox-active nature, supramolecular packing in the
solid state to form porous frameworks, e.g. potential 2D tessellation in Figure 6.5a, and ability to
encapsulate electron-rich guests. The assembly of the core-functionalised molecular triangles at the
air-water interface was studied using a Langmuir-Blodgett trough. The resulting experimentally
measured molecular area was compared with the theoretical values calculated from the geometry
optimised DFT structures (Chapters 2 and 3) in two configurations (a and b), Figures 6.5¢ and d. The
experimental molecular area of the molecular triangles were more similar to the theoretical values in
configuration @ which potentially indicated preferential assembly in the ‘standing upright’ morphology.
The core-functionalised molecular triangle thin films prepared at the air—water interface were
transferred to glass substrates for structural analysis by X-ray reflectivity experiments where a single
fringe peak was observed for 3Ar and 6Ar respectively which indicates the presence of a thin film,
albeit likely rough. No diagnostic fringe peaks for 6H, 3Br or 6Br were observed with the reflectivity
patterns being similar to that of the glass control. Although thin films of 6H, 3Br and 6Br could not be

identified by XRR experiments, deposition of macrocyclic material for all molecular triangles was
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confirmed by absorption spectroscopy. Upon exposure of a drop-casted thin film of 6Br to a potential,
the characteristic n-m* transition at 380 nm in the UV-vis spectrum decreased in intensity in favour for
a broad peak at longer wavelengths which could indicate electrochemical reduction towards the radical
anion and anionic species. The difficulty in fabricating and studying the structure of thin films of
core-functionalised molecular triangles shows that future macrocycles investigated in the ongoing
collaboration should be prepared with intentional synthetic design for use as OSCs. A second generation
of core-substituted molecular triangles should utilise polar functional groups (i.e. -COOH) that will
enhance the interaction of the macrocycles with glass substrates. Alternatively, the asymmetric nature
of the tris-substituted molecular triangles in the syn-conformation could influence the assembly of the
macrocycle at the air—water interface. Tris-substitution with hydrophilic or hydrophobic functional
groups could favour the tessellation of the macrocycles into 2D nanosheets which is attractive for use

in ion-gated transistors.

An alternative approach of doping electron-rich p-type polymers (PBTTT, PDCBT and PQT) with the
most electron-deficient molecular triangle 6Br and fabricating into spin-coated thin films was also
studied in Chapter 5. Structural analysis of spin-coated thin films of PBTTT:6Br and PDCBT:6Br by
GIXRD reveal a new crystalline phase compared with the undoped polymer samples. The presence of
distinct diffraction peaks for 6Br which are different to simulated patterns of the macrocycle in single
crystals indicates that a new crystalline polymorph of the molecular triangle is formed. An increase in
the lamellar d-spacing between the polymer chains is also observed upon doping with 6Br. The greater
d-spacing could mean that the new crystalline phase of the macrocycle is a polymorph where the
molecular triangle is incorporated within the supramolecular structure of the intercalated polymer
chains, e.g. the schematic in Figure 6.5b. The blending of p-type electron-rich polymers and the
electron-deficient n-type molecular triangle 6Br in thin films could be incorporated into bulk

heterojunction layers for light-harvesting applications in photovoltaic devices.
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Figure 6.5 Potential (a) 2D tessellation of core-functionalised molecular triangles and (b) incorporation of 6Br into crystalline
lamellar framework of PBTTT polymer chains. Hypothetical assembly of molecular triangles at the air-water interface in (c)
‘Standing Upright’ and (d) ‘Lying Flat’ configurations.

This Thesis has provided an in-depth study into the effect of core-functionalisation on the structural,
dynamic and optoelectronic properties of a PMDI based molecular triangle. The results show that not
only can the scope of this relatively new class of macrocycle be increased by core-functionalisation, but
new unexpected properties can also emerge such as the dynamic atropisomerism of the asymmetric
tris-substituted molecular triangles. The presence of reactive bromine atoms at the aromatic core allows
for further post-synthetic functionalisation via palladium cross-coupling reactions to occur. The
potential pool of core-substituted molecular triangles is therefore extremely vast with the ability to
utilise the functional macrocycles in a range of supramolecular applications. Core-substituted aromatic
diimides (ADIs) have been well studied in the literature and now, combined with cyclic aromatic

homoconjugated redox-active molecular triangles, the potential properties and applications are endless.
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