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Abstract

This thesis presents a combined experimental and computational evaluation of the physical-
organic properties of butadiyne-linked porphyrin oligomers. The principal result from the
thesis is the synthesis and characterisation of the largest aromatic and antiaromatic systems
to date, in the form of an oxidised [6]-porphyrin nanoring, with diameter 2.4 nm. This large
electronically coherent system provides insight into the connection between aromatic ring
currents and persistent currents in metal and semiconductor mesoscopic rings.

briefly reviews the concepts used in the remainder of the thesis, with a
particular focus on aromaticity.

In [Chapter 2] the barrier to inter-porphyrin torsional rotation in a butadiyne-linked por-
phyrin dimer is determined computationally and experimentally to be 3 kJ mol~1. The barrier
height is closely related to the resonance delocalisation energy between the porphyrin sub-
units.

In we show that by oxidising a butadiyne-linked [6]-porphyrin nanoring to its
4+ and 6+ oxidation states, the nanoring becomes antiaromatic and aromatic respectively. In
contrast, the neutral oxidation state exhibits only local aromaticity for the six porphyrin units.
The 124 cation can also be generated, and exhibits local antiaromaticity for each porphyrin
unit. The characterisation of (anti)aromaticity employs NMR and computational techniques.

In [Chapter 4] the properties of cation radicals of linear and cyclic porphyrin oligomers
are explored. Cations generated by spectroelectrochemistry are measured by optical spec-
troscopies, and chemically generated radical monocations are examined by cw/pulsed EPR
spectroscopies. EPR and optical spectroscopies agree that the dimer monocation radical
is fully delocalised, in Robin-Day Class Ill, whereas the monocations of longer oligomers
are localised over 2-3 porphyrin units (Class II).

In [Chapter 5], photophysical and computational investigations into excited state aro-
maticity in porphyrin nanorings are presented. The computational results suggest the
presence of aromaticity in the triplet excited states, but experiment fails to convincingly
demonstrate the effect.

Computational results in show that a butadiyne linked [6]-porphyrin nanoring
in which one butadiyne (C=C-C=C) is truncated to an alkyne (C=C) exhibits a reversal
of aromaticity and antiaromaticity in its oxidised states, compared to the all-butadiyne
linked nanoring, consistent with Hiickel's law.
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In [Chapter 4} EPR results for c.w. and ENDOR measurements of porphyrin radical cations
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Reader! Imagine a school-boy who has outgrown his
clothes. Imagine the repairs made on the vestments
where the enlarged frame had burst the narrow limits
of its inclosure. Imagine the additions made where the
projecting limbs had fairly and far emerged beyond the
confines of the garment. Imagine the boy still growing,
and the clothes, mended all over, now more than ever
in want of mending — such is chemistry, and such its
nomenclature.

— John Joseph Griffin in Chemical Recreations (7th
Edition, 1834) “The Romance of Chemistry” p. 189
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1.1 OQutline

This thesis explores electron delocalisation in porphyrin-based molecular wires, in both
linear and cyclic topologies, and in neutral, cationic and excited electronic states. There
is some necessity for restriction in the content of the introduction, and so only a very
limited presentation of porphyrin chemistry will be made. Interested readers are referred to
recent reviews,2™ and to other theses from the Anderson group which deliver comprehensive
introductions to porphyrin chemistry>"* The literature surrounding delocalisation of unpaired
electrons (e.g. radical cations) on conjugated oligomers and in mixed-valence compounds is

mainly dealt with in [Chapter 4] For the most part, this introduction will be limited to a



1.2. Porphyrins

discussion of aromaticity, particularly in the context of organic molecules. A brief introduction

to computational techniques for the assignment and prediction of aromaticity will be given.

1.2 Porphyrins

Porphyrins, with their vivid colours, have captured chemists' imaginations since the discovery
of the chemical properties of chlorophyll by Willstatter, for which he was awarded the Nobel
Prize in 191522 Chlorophyll, heme, and cytochrome proteins all contain porphyrins, and
they all prove vitally important to life.

The simplest porphyrin is porphine 1 ([Figure 1.1)), comprising four pyrroles and four
methines, arranged to form a tetrapyrrolic macrocycle with an aromatic 18 7-electron
circuit. The 18 m-electron circuit can be represented by simplifying the porphyrin to an
[18]-annulene (shown in red for tetraphenylporphyrin, TPP, 2 in or to a [16]-
annulene dianion 2% The atomic positions of porphine can be identified by the IUPAC
systematic numbering (1) or by the common nomenclature. In the common nomenclature
the methines are referred to as the meso positions, the pyrrole C—Hs are referred to as the
[ positions, and the quaternary pyrrole carbons are the « positions, as illustrated on TPP 2.

Porphyrins are typically synthesised by condensation of an aldehyde and pyrrole, perhaps
via a dipyrromethane (3, see for example[Figure 1.1)) 2213/ The resulting porphyrin monomers
can be elaborated by oligomerisation, or by the introduction of substituents. In the former
case, discrete porphyrin oligomers in diverse morphologies, with different linker groups, can
be readily prepared (see later)#3 As an example of the latter case, dyads (e.g. 4) and triads
can be prepared for exploring photoinduced charge separation 1413

The introduction of a central metal ion into a porphyrin, which acts as a square planar
tetradentate ligand, allows further modulation of the porphyrin's properties. For example, a
nickel(ll) porphyrin 5 has been used as a photochemical spin switch, where the action of
the azobenzene photoswitch causes an axial pyridine to coordinate to the Ni(ll), changing
it from low spin (S = 0) to high spin (S = 1) (Figure 1.2)).*® Copper(Il) porphyrins
are paramagnetic; they have been explored for their applications as biochemical distance
rulers by double electron-electron resonance (DEER).*! Axial coordination of ligands to
metalloporphyrins, yielding square pyramidal or octahedral coordination geometries, is useful

for the synthesis of supramolecular assemblies (Figure 1.3|), as has been recently reviewed
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Ph
a
B
Ph Ph
meso
Ph
1 2 4
TPP
R R
o _H
(i) \\r Lewis acid
~ = R M(OAC)Z
\ /
NH HN (ii) 0 M = Zn, Cu, Ni
3 cl CN
DPM DDQ
cl CN R R

Figure 1.1: (top) Examples of porphyrins: 1 is porphine, with [IUPAC atom numbering indicated; 2 is
tetraphenylporphyrin (TPP), with the [18]-annulene aromatic circuit indicated in red, and with the ‘common
names' for the atomic positions; 4 is a schematic example of a Cgg—porphyrin dyad, in which absorption of
a photon of light can result in charge separation. (bottom) Example of porphyrin synthesis by condensation
of an aldehyde with DPM 3, followed by oxidation with DDQ. Metal insertion then follows.

]
>~ _N

hv (500 nm)
R hv (435 nm)

R

§=0 S=1
5-trans 5-cis

Figure 1.2: A photochemically mediated spin switch employing an azobenzene link which, upon irradiation
with 500 nm light, undergoes a trans—cis isomerism, causing a pyridine ligand to axially coordinate the
Ni(11) and switching the spin state from low spin (trans) to high spin (cis).2°

This thesis concerns the chemistry of butadiyne-linked zinc-porphyrin oligomers. This
class of oligomer was first prepared by Arnold in 1978, and has since been the subject of
intense study, mainly by his group and that of Anderson*?"2? Historically, Arnold focused
primarily on the physical properties of short oligomers (e.g. porphyrin dimers),“? whilst
Anderson explored the supramolecular chemistry of porphyrins. The Anderson group has
prepared spectacular structures such as porphyrin ladders“ the nanoring-template complex
c-P6eT6,% the Vernier-templated figure-of-eight c-P12eT6, %% ring-in-ring complexes,?®
and an axially elongated nanoring tube t-P12eT6, ([Figure 1.3).%” The preparation of these
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structures has relied on the binding of nitrogenous ligands — typically pyridine — to the axial
coordination site of the Zn-porphyrin. The Zn-porphyrin—pyridine binding constant is weak
(K = 10* M~1) %8 byt chelate cooperativity diminishes the entropic cost for multiple-binding,
leading to huge binding constants?® For example, T6 in c-P6eT6 has a binding constant of
K = 1036 M~! 2% The butadiyne link ensures good conjugation between the porphyrin units,
which can readily adopt a coplanar conformation without steric hindrance, in contrast to the
steric clash between porphyrin 3-protons in a planar monoalkyne-linked dimer. However, as
we will see in [Chapter 2] there is little thermodynamic preference for planarity: the barrier
to torsional rotation in a butadiyne-linked porphyrin dimer is about 2 kJ mol=1 %3 Ag such,

butadiyne-linked porphyrin oligomers are prone to the introduction of conjugation-breaking

defects in the form of non-planarity of adjacent porphyrin units.

I-PN,-bipyy
t-P12

Figure 1.3: A double-stranded porphyrin ladder formed by coordination of 4,4/—bipyridine (bipy),*® a
[6]-porphyrin nanoring c-P6eT6,%* and a [12]-porphyrin nanotube (BLYP/6-31G*) t-P127

The high absorption coefficients of porphyrins and their oligomers often motivate
comparisons to the light harvesting complexes in green plants, which comprise circular
arrays of chlorophyll molecules3233 Efforts continue to use porphyrins in high-efficiency dye-
sensitised solar cells (DSSCs), through both the design of new materials and investigations
into electron transport properties 2234 To date, the power conversion efficiency of synthetic
DSSCs has reached 12%, compared to 22% for leading perovskite materials and 26% for
silicon cells* The theoretical limit for a single-junction cell, the Shockley-Queisser limit, is
34% 53¢ Porphyrins have found more application in medicine, where they are employed for

photodynamic therapy (PDT). In this treatment for cancer, a sensitiser molecule (porphyrin)
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c-P6 c-P6.T6

Figure 1.4: Comparison of binding constants for a porphyrin monomer to pyridine and for a [6]-porphyrin
nanoring c-P6 to a hexadentate template T6, demonstrating significant cooperativity in the latter.

accumulates in a tumour and is then irradiated with light. Intersystem crossing to the triplet
manifold occurs, resulting in sensitisation of oxygen and oxidative destruction of tissue.3%38

The field of porphyrin chemistry is broadened by the introduction of the porphyrinoids
and the expanded and contracted porphyrins2%4Y These molecules are essentially variations
upon the theme of the porphyrin: for example, diverse porphyrinoids can be generated by
replacing the pyrroles of the macrocycle with other 5>-membered aromatic rings, like furan
or thiophene 42 Expanded porphyrins (e.g. 6, are simply large porphyrinoids,
with at least 17 atoms in their ‘internal ring pathway'#34% The diversity of porphyrinoids

39,4547

has proven extremely useful for dissecting concepts in aromaticity, including excited

state and Mobius aromaticity, as we shall see in the next section.
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Figure 1.5: Osuka's Hiickel aromatic [50]-7 expanded porphyrin 6.4
1.3 Aromaticity

Aromaticity is a heavily-reviewed topic, and was the subject of entire issues of Chem. Rev.
in 2001 and 20054920 and of Chem. Soc. Rev. in 20155L In this section, a brief historical
account of aromaticity will be given, illustrated by prominent examples.

A simple bibliometric analysis using Google Books®® shows that, although benzene
was widely written about from the late 1800s, the concept of ‘aromaticity’ only gained
prominence with the appearance of molecular orbital theory, ring current theories, and NMR
(Figure 1.6, nuclear magnetic resonance). This correlation describes the development
of aromatic chemistry, from the study of compounds with particular olfactory properties
to the broad-ranging subject of aromaticity, facilitated by synthetic, spectroscopic, and

computational advances.

5
(3)1_4 x10 ®) 50 benzene
Benzen.e./50 . aromaticity
1.2 Aromaticity . § 40+ molecular orbital
M‘olecular orbital/3 ? 304 ring current
5 1.0 Ring current k) NMR
s NMR/40 £ 201 \
8 o8 k)
e K
Qo » 104
o >
E 0.6 8 R i i it
o c
o)
0.4 T 29
>
ol
0.2 o N
0 - ——— T T 0 T T T
1850 1900 1950 2000 1850 1900 1950 2000

Year Year

Figure 1.6: Bibliometric analysis (ngrams)®? showing the use of benzene, aromaticity, molecular orbital,
ring current and NMR in the English language corpus of Google Books®? In (a) the prevalence of each
phrase, case insensitive, is shown. The numbers in the legends denote a scale factor applied to the specified
term. In (b) the prevalence of the (case sensitive) terms relative to the prevalence of the word ‘chemistry’
are shown. All data are smoothed with a 10-point (21-year) moving average.

The decline in frequency in all of these terms since the mid-1900s is partly a consequence

of chemistry forming a smaller part of the English language corpus in modern times. In
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[Figure 1.6, the frequencies of several terms relating to aromaticity are normalised by the
frequency of the word ‘chemistry’. The results show that relative to chemistry, interest in
ring currents and aromaticity has remained fairly steady since the 1980s. It is reflective
of benzene's importance that in the 1940s, the word ‘benzene’ was mentioned almost

half as many times as the word ‘chemistry’!

1.3.1 Early aromaticity

Benzene (7, [Figure 1.7)) was isolated by Faraday in 1825, but its structure remained
unknown until the 1860s. After Kekulé and Coupers’ independent realisations that carbon is

t,°>°% the former deduced (through the famous, perhaps apocryphal, day-dream

tetravalen
of a snake biting its own tail) that benzene is cyclic.>® Kekulé proposed a benzene structure
with alternating single and double bonds, which he later refined by the suggestion that the
single and double bonds rapidly interconverted ®*® Benzene and the other aromatic molecules

became defined by reactivity, most notably by the fact that they underwent a substitution
reaction with bromine, as opposed to the addition expected for alkenes ([Figure 1.8)).

8 8
CHp Ha  oH
D) %5%
Ei)ﬂ
61 8 4 6T 6T
9 10 11 12

10m
7 8

Figure 1.7: Examples of aromatic, non-aromatic, and antiaromatic compounds.

B
(@) ' (0)
BI’2 Br2 )‘\BI'
FeBrs
Br
Figure 1.8: (a) Benzene undergoes a substitution reaction with bromine, in the presence of FeBr; as an
activating Lewis Acid; (b) cyclohexene undergoes an addition reaction with benzene.

Thiele proposed a theory to account for this reactivity, namely that unsaturated carbons
had a ‘partial valence’, which was especially reactive *” Adjacent pairs of partial valences
could interact with (saturate) each other, provided neither was at a terminal position (hence,
the partial valences in ethylene could not saturate). Reactivity was thus found at the
unsaturated partial valences, explaining the reactivity at the 1,4-positions of 1,3-butadiene

and the stability of benzene (Figure 1.9). However, Thiele's theory was proven wrong

by our earlier hero of chlorophyll chemistry, Willstatter, who isolated cyclooctatetraene
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(COT, 8) in 1911,°% and found that it reacted with bromine as an alkene, without any

hint of partial valence stabilisation.
@) (b) _ © 7 //=\"

Figure 1.9: Thiele's theory of partial valences applied to (a) ethylene, (b) 1,3-butadiene and (c) benzene.
Partial valences are indicated by dotted lines: blue dotted lines are unsatisfied partial valences, and thus
sites of high reactivity. Saturated partial valences are denoted by red dotted semicircles: these positions are
unreactive.

Although much research into aromatic compounds continued in the latter part of the
19t century, heavily motivated by their application in dyestuffs, the notion of aromaticity
as a distinct chemical property did not really exist until the 1930s, with the development of

molecular orbital theory, and only became ascendant as late as the 1950s ([Figure 1.6)).

1.3.2 The aromatic sextet and Hiickel's theory

Crocker, Armit and Robinson presented the idea of the aromatic sextet in the 1920s,
proposing that benzene's aromatic stability arose from the favourability of a sextet of

29761 Pauling and Wheland soon developed valence bond (VB) theory and

valence electrons.
the accompanying notion of resonance was quickly adopted by organic chemists. Benzene's
aromatic stabilisation was explained by the presence of multiple resonance structures, in
which the delocalised m-electrons are represented by different VB representations: more
resonance structures confer more stability.*? Although Erich Hiickel's molecular orbital (MO)
theory was developed in the 1930s, and was able to quantitatively explain the stability
of aromatic molecules, his explanations struggled to displace the pervasive and simple
resonance theory®3®% |t was really only with the development of mnemonics, such as
Doering's presentation of the [4n + 2] rule® (bringing the theory back to aromatic sextets)
and Frost and Musulin's graphical presentation of Hiickel's orbital energies®® that Hiickel's
MO theory entered the mainstream ®* The familiar [4n + 2] rule states that a molecule
with [4n + 2] conjugated m-electrons is aromatic, while a molecule with [4n] m-electrons
is antiaromatic, where n is a non-negative integer.

By constructing the Frost-Musulin diagrams for benzene and cyclobutadiene (CBD,

antiaromatic, 9) we can immediately see that benzene, in a Dg, model, has a filled degenerate

pair of orbitals as its highest-occupied MO (HOMO), whereas CBD, with only [4n] 7-
electrons, adopts a triplet configuration in its D4, symmetric structure (Figure 1.10]).
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Further calculations reveal that CBD is better described as a Dy, rectangle, with increased
double-bond and single-bond character (i.e. bond length alternation, BLA) compared to
benzene ®” This pseudo-Jahn-Teller (PJT)® distortion is common to the [4n]-7 antiaromatic

molecules, and lifts the HOMO degeneracy as shown in [Figure 1.10| leading to a closed

shell antiaromatic configuration with a small HOMO-LUMO (lowest unoccupied MO) gap.

(a) (b)

Antibonding

Bonding

Figure 1.10: Frost-Musulin diagrams for (a) benzene and (b) CBD. In (a), all of the bonding orbitals
(below the horizontal red line) of benzene are filled. In (b), the half-occupied degenerate pair is non-bonding.
A pseudo-Jahn-Teller (PJT) distortion breaks the degeneracy and leads to a bonding character for one
electron pair.

1.3.3 Ring currents

In addition to advances in theory, the early part of the 20t century saw a development
of experimental methods for the quantification of aromaticity. Pascal noted that aromatic
molecules were more diamagnetic (ym) than expected on the basis of additive substituent
contributions (x}y),%? and Pacault termed this excess of diamagnetic susceptibility the

‘exaltation’ ()%

A= XM~ Xu (1.1)

The utility of exaltation measurements for the assignment of aromaticity was demon-
strated by Dauben et al. in 1969,7? but by this time there was a more experimentally
informative, and appealing, method of measuring magnetic properties: NMR. Nowadays,
susceptibility measurements have almost entirely fallen out of favour™ despite the fact
that they were once described as the ‘only’ unambiguous assignor of aromaticity. ™

NMR is a particularly helpful descriptor of aromaticity because of the effect of so-
called aromatic ring-currents on NMR chemical shifts. The resonances of nuclei inside

an aromatic ring are shielded; those outside are deshielded. For example, the protons of
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benzene are deshielded from an olefinic chemical shift (5 ppm) to what is now colloquially
called ‘the aromatic region’, around 7 ppm. In the ring-current model (RCM) the delocalised
m-electrons in an aromatic ring precess about the ring centre in the presence of an external
magnetic field Be (typically defined along the z axis, perpendicular to the molecular
plane). This precession is a diatropic current of electrons which flows clockwise around the
ring, when viewed from the z axis (looking towards —z) (Figure 1.11]). Consistent with
Ampére's right hand screw rule, this induced ring-current J,q has an associated magnetic
field Bi,g4, which opposes B.,; inside the ring (hence has a shielding effect) and reinforces
Bex: outside the ring (hence deshielding). Examples of the shielding and deshielding effects
arising from the RCM will be discussed shortly, but first we must give a surprisingly late

introduction to antiaromaticity, via the annulenes.

Figure 1.11: Representation of the induced ring current (Jing) in benzene in the presence of an applied
magnetic field (Bext). The induced current generates its own magnetic field, Bi,q which opposes Bey inside
the ring, and reinforces it outside.

Benzene, COT and CBD are all members of the class of molecules termed the annulenes
by Sondheimer ™ Annulenes are ring systems of general formula C,,H,,, comprising alternating
single and double C—C bonds. Sondheimer prepared a spectacular array of annulenes
and dehydroannulenes, in which some C=C bonds are replaced with C=C bonds.®"%
He made the remarkable discovery that while the [4n + 2]-annulenes exhibited NMR
spectra similar to that of benzene: i.e. shielded inner resonances and deshielded outer
resonances, the [4n]-annulenes had reversed spectra: inner resonances were deshielded
and outer resonances shielded.

The term antiaromatic was first applied by Breslow in 1965 to describe the instability
exhibited by some molecules with [4n] 7-electrons, antithetical to the established aromatic
stabilisation of [4n + 2]-m molecules.™ In antiaromatic molecules, the ring current flows

in the opposite direction (paratropic) to that in aromatic molecules,®® which accounts

for the opposite effects on chemical shifts.

10
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It is important to note that both aromatic and antiaromatic molecules simultaneously
possess counter-rotating diatropic and paratropic ring current character to different extents.
The diatropic ring current (and the diamagnetic susceptibility) is a ground state property;
paratropic currents (and temperature-independent paramagnetic susceptibility) arise from
interactions with excited states.®! It is easy to see why the paratropic currents can dominate
for antiaromatic molecules due to the smaller HOMO-LUMO gap.

In a Hiickel theory approximation, a symmetric annulene has a manifold of 7-orbitals
with angular momentum values / = 0, 4+1, £2.... For aromatic molecules with [4n + 2]
m-electrons, these orbitals are filled to / = +n. In the antiaromatic case, the degenerate
pair | = £n is only half-filled, and can undergo distortions to lift the / = +n degeneracy
and afford a HOMO with / = n and LUMO with /| = —n. The HOMO-LUMO gap is
small in this case, compared to that for an aromatic molecule ([Figure 1.10)), so the excited
state transition (and accompanying change in angular momentum) which induces the
paratropic ring currents is more accessible 8182

Fowler and Steiner have presented an alternative model in which the ring current
direction is predicted by the symmetry of the dominant frontier-orbital transitions — in this
model, both diatropic and paratropic ring currents arise from transitions to excited states.
A rotationally allowed transition (as between a Jahn-Teller distorted angular-momentum
pair) leads to a paratropic current, while a translationally allowed transition (as between
| = +n and | = £[n + 1]) leads to diatropicity.*%** More thorough introductions to the
quantum mechanical origin of ring currents and magnetic susceptibilities can be found
in the cited reviews and references therein 842

The NMR shielding effect inside an aromatic ring can be probed by molecules where
an NMR-active nucleus is located inside the ring. Vogel and coworkers were able to
synthesise a [10]-annulene derivative with a methylene bridge above the annulene plane
(1,6-methanocyclodecapentaene, 10): as expected from the RCM, this methylene is shielded
by about 2-3 ppm to —0.5 ppm €9 The propensity of Li™ to coordinate to the 7-systems
of aromatic molecules can also be exploited, allowing the use of “Li NMR to measure
the ring-current shielding effect.™

Porphyrin chemistry provides many examples of the ring current shielding effects for

aromatic and antiaromatic derivatives. The porphine ligand is formally in a 2— oxidation

11
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state with an aromatic set of 18 m-electrons. Typically, a 2+ metal binds to the porphyrin
to give a net zero charge, as is the case for M = Zn, Mg, Ni, 2H, etc. In the latter case,
M = 2H, the protons are characteristically shielded from a pyrrolic 8 ppm to —2 ppm.
Vaid and coworkers have prepared a TPP complex of Si, where the TPP ligand has a
—4 (207) oxidation state. 2°Si NMR shows that the central Si is deshielded by 125 ppm

on account of the antiaromatic ring-current .’

1.3.4 Other experimental signs of aromaticity

There are other properties available by which to assign aromaticity. The most traditional
of these is based on aromatic reactivity: a propensity to undergo electrophilic aromatic
substitution rather than addition. A related aspect is the energetic stability of aromatic
systems, arising from a large resonance stabilisation energy (contrast to zero, or negative, sta-
bilisation for antiaromatic systems). Finally, structural properties can support an assignment
of aromaticity: aromatic compounds exhibit a low BLA, whereas the pseudo-Jahn-Teller
distortion for antiaromatic compounds leads to a higher BLA. Such data can come from

infra-red (IR) or Raman spectroscopies, X-ray diffraction, or from calculation.

1.3.5 Predicting aromaticity

There is a multitude of methods available to computationally predict and characterise
aromaticity in molecules. Their utility is facilitated by the availability of computing power
and the applicability of density functional theory (DFT), which scales well for small molecules

(systems with a few hundred atoms are routine) with generally accurate results.

1.3.56.1 Ring currents

Perhaps the most popular methods for predicting aromaticity are those which measure
the properties of the aromatic ring current. The first of these techniques was the nucleus
independent chemical shift (NICS), which evaluates the NMR shielding at a point in space
around a molecule. This is achieved by placing a ‘ghost’ atom (in Gaussian, ‘Bq’, after the
character (latterly a ghost) Banquo®® in Macbeth) at the desired probe position(s). In the
first reported NICS calculations, the ghost atoms were placed at the geometric centres of
rings.®? For some inorganic ring systems, it was noted that the in-plane NICS was prone to

contamination by ¢ and in-plane 7 bonds, motivating the dissection of m and ¢ components

12
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to give NICS, and NICS, % The measurement of NICS(X) at some position X A above
the ring plane was also used for these inorganic systems, to avoid in-plane contributions
Indeed, it had been earlier noted that NICS values were higher above the ring plane than in
the plane for small m-aromatic systems, reflecting the toroidal distribution of 7-electrons
and the presence of o bond anisotropy contamination for in-plane measurements.®®

In addition to choosing a suitable z-axis height, the selection of the correct tensor
component to describe aromaticity is also important: the original report used the isotropic
(iso) shielding (NICS;s,),*® but later studies have placed increased emphasis on the zz
shielding tensor component (NICS,,) as being more reflective of aromaticity effects. Of the
myriad combinations of ‘dissected NICS' (i.e. 7 contributions only), distances above the
ring plane, and tensor components, it was found that NICS(0),,, gave the best correlation
to aromatic stabilisation energy, and that the non-dissected NICS(1),, was a suitable
alternative, since shifting the ghost atom 1A above the ring plane has the effect of
removing most in-plane contamination.

Since its invention in the late 1990s the NICS method has been extended to the calcu-
lation of shielding isosurfaces® and NICS-scans®® which reveal the variation in aromaticity
in different parts of a molecule®>®3 Examples of the utility of NICS and its derivatives
have been thoroughly reviewed 34

NICS evaluates the effects of the ring current: the magnetic shielding and deshielding.
It is also possible to computationally predict and visualise the ring current. The anisotropy
of the induced current density (ACID) method depicts the induced current as an isosurface
around the molecule®® By examining this anisotropy property, rather than just the current
density field, it is possible to subtract out local diamagnetic (isotropic) atomic ring currents,
which otherwise dominate. As a result, electron delocalisation can be visualised as a
three-dimensional isosurface around the molecule (Figure 1.12]).

ACID was first applied by Wallenborn et al. to assess transition state aromaticity,?® and
the utility of the technique was significantly broadened from aromaticity to other examples
of conjugation, including hyperconjugation and spiroconjugation, by Herges et al ®>27 An
illustrative example of ACID's application to porphyrin ring currents shows the utility of the
technique in dissecting electron delocalisation pathways*® The additional calculation of
induced current vectors shows the direction of electron flow in the presence of an applied

field, and thus the assignment of diatropic and paratropic ring currents ®’

13
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Figure 1.12: ACID isosurfaces (yellow, isovalue = 0.05) and current vectors (green/red) for (a) benzene and
(b) a zinc porphyrin monomer. The monomer is substituted with trimethylsilylacetylenes. B3LYP/6-31G*
(LANL2DZ ECP for Zn). The current vectors are calculated for an applied magnetic field perpendicular to
the aromatic ring planes (i.e. out of the page).

It is also possible to directly calculate the magnitude of the ring current passing through
a given bond. The Gauge-Including Magnetically Induced Currents (GIMIC) technique is

popular for this calculation, and several examples of its use have been reported. 257100

1.3.5.2 Structural

In benzene, all of the C—C bonds are of equal length: there is no BLA, indicating complete
electron delocalisation. The extent of BLA in a molecule can be quantified using the

harmonic oscillator model of aromaticity (HOMA XL

HOMA =1 — [% ivj(Ropt - Ri)2] (1.2)
=1 — Ropt — Rn)? — %Z(Rav — R)? (1.3)
—1—EN - GEO (1.4)

where HOMA is a quantity from 0 (complete localisation) to 1 (complete delocalisation), «
is an empirical scaling constant, N is the number of bonds over which the sums run, R, is
the length of the it" bond, R,, is the average bond length, and Ropt is the optimum bond

length for a fully delocalised bond (e.g. 1.388 A for C—C) X% |n other words, the first term

14
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(EN) relates to an increase (vs. the optimum) in mean bond length in the system, and
the second term (GEO) relates to the amount of BLA. Both of these parameters indicate
non-aromaticity, and hence a decrease in HOMA towards zero.1%

The theory and application of structural descriptors of aromaticity have been reviewed by
Krysowski and Cyranski %3 Although BLA is a good metric for aromaticity in small molecules,
it has been shown computationally that [30]-annulene exhibits the magnetic characteristics
of aromaticity despite the presence of significant BLA, and even larger annulenes (up to

[66]-annulene) are aromatic if high symmetry (Dgp) is retained 104102

1.3.5.3 Energetic

The increased thermodynamic stability conferred by aromaticity is often termed the aromatic
stabilisation energy (ASE), and can be calculated explicitly. The forerunners of the ASE
methods were estimations of resonance energy, either by experiment or calculation 106

In calculations of resonance energy, the additional stabilisation of aromaticity is taken as
the difference between the aromatic molecule’s energy and the energies of the substituent
‘localised’ components. For example, the resonance energy of benzene can be estimated by
the difference of benzene's electron energy and the sum of its bond contributions: three
C=C, three C-C and six C—H. These approaches require the energy of the aromatic
molecule, and reliable energies for the localised substituents.

The calculation of ASE depends on devising, and calculating, a suitable reaction scheme
which directly reports on the aromaticity of the molecule, whilst avoiding contributions to the
reaction energy from changes in hybridisation or atom numbers. The two primary methods
are the homodesmotic stabilisation energy (HSE) and its improved form: the isomerisation
stabilisation energy (ISE) (Figure 1.13))*°? In the former, starting materials and products have
the same number of atoms with the same hybridisation. In the latter, the aromatic molecule
is optimised with a methyl substituent: the ISE comes from the difference in energy when the
methyl is converted into an exocyclic double bond with accompanying loss of aromaticity.

The ISE has been evaluated for the annulenes from benzene ([6]-annulene) to [66]-
annulene (Figure 1.14) 1% As ring size increases, ISE-per-electron becomes vanishingly
small: for example, [42]-annulene has an ISE-per-electron of 2.3 kJ mol~1. Put into context,
this is about the same as the entropic cost, at room temperature, of freezing a sp>—sp?

torsion2% This comparison implies that, for large annulenes, the aromatic stabilisation

15
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© 3HC=CH, — s g NS

CHg ISE CHa
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H

Figure 1.13: (top) A homodesmotic reaction for calculating the HSE of benzene; (bottom) the reaction
scheme for calculating the ISE of benzene.

energy becomes vanishingly small compared to the entropic cost of maintaining a regular

cyclic geometry necessary for aromaticity.
25 1

20 1

ISE per electron (kJ/mol-electron)
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[n]-annulene

Figure 1.14: Isomerisation stabilisation energy (ISE) per electron for the annulenes, B3LYP/6-31G*. Data
from Wannere and Schleyer 104

1.3.5.4 Electronic

There has been a recent adoption of computational aromaticity metrics which describe
electron delocalisation directly, rather than a physical observable such as BLA, or magnetic
properties. These metrics have recently been reviewed**? Indeed, the ACID method (see
Section also falls into this category. Without going into too much detail, many
electron-delocalisation measures are calculated by evaluating the nature of the electron
density at bond critical points and ring critical points (i.e. at the centres of bonds and rings),
within the framework of the Quantum Theory of Atoms in Molecules*!? In contrast to the
other methods presented above, wavefunction analysis is perhaps the most remote from
an experimental observable (cf. NMR for NICS, crystallography for structural properties,

and calorimetry for stabilisation energies).
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1.3.6 Topological effects on aromaticity

The annulenes are all monocyclic carbocycles, but molecules can exhibit much broader
topological diversity, which has implications for the assignment of aromaticity. In this section
we discuss, roughly in order of their appearance in the literature, polycyclic aromaticity

and Clar's rule, homoaromaticity, and Mobius aromaticity.

1.3.6.1 Polycyclic aromaticity

Some of the earliest identified aromatic compounds, on the basis of smell, were those
comprising fused benzene rings. These molecules exhibit some non-aromatic character in
their reactivity: anthracene (13), comprising three linearly fused benzene rings, undergoes
Diels-Alder reaction at the 9,10-positions of the central benzene ring. Phenanthrene (14)
has distinctly olefinic chemistry at its 9,10-positions. These observations were rationalised
by Clar, who noted that the aromaticity of a polybenzenoid molecule depends on the
number, and location, of discrete aromatic sextets of six m-electrons ™t In anthracene, three
resonance structures, each with one sextet, can be drawn; Diels-Alder chemistry at the
9,10-positions offers a product with two Clar sextets (15), while reaction at either of the
terminal benzene rings gives just one Clar sextet (16). Hence reactivity is exclusively at the

9,10-positions. For phenanthrene (14), the maximum possible number of sextets is two, for

the terminal rings, leaving olefinic character in the central ring (Figure 1.15]) 112

Figure 1.15: Examples of polycyclic aromatic hydrocarbons, and the application of Clar’s rule to predict
and rationalise aromatic character. The red dots denote aromatic sextets.

This idea has been extended to hexabenzocoronene (HBC), which has a maximum of
seven aromatic sextets. Spectacularly, the different aromatic and single bond character

predicted by Clar’s rule is measurable by atomic force microscopy (AFM) 143
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Porphyrins present another example of polycyclic aromaticity: they essentially comprise
an [18]-annulene [4n + 2] m-electron pathway appended by two (spectator) ethylene bridges
and two aromatic 6 7m-electron pyrroles. Both of these aromatic ring current paths are
important to the porphyrin aromaticity, though on an atom-weighted basis the pyrroles
contribute more aromatic stabilisation energy*® The aromatic stabilisation energy (ASE)
calculated by the block-localised wavefunction method to isolate the m-electron effects
shows that the ASE from the macrocyclic [18] m-electron circuit in the porphyrin is the

same as that of an individual 6 m-electron pyrrole (~80kJmol~1).4®

1.3.6.2 Homoaromaticity

The homoaromatics comprise a different sort of topological perturbation of the monocyclic
m-framework of the annulenes: introduction of an insulating (e.g. CH,) interruption.

Remarkably, aromaticity and conjugation can persist in charged species despite this disruption.

So, the homotropylium cation 11 (CgHo™, [Figure 1.7)) is distinctly aromatic, as revealed by

the different chemical shifts of protons 8 (inside, —0.6 ppm) and 8’ (outside, 5.2 ppm) /1114

Homoaromaticity is much rarer for neutral species™ and seems to arise only when the

m-orbitals on either side of the conjugation defect are close enough to effect delocalisation,

such as in the theoretical trishomoaromatic molecule 12 (Figure 1.7]).1*

1.3.6.3 MGobius aromaticity

Heilbronner (1964) predicted that the introduction of a 180° phase shift into the aromatic
m-system would reverse Hiickel's law: such a molecule with [4n] m-electrons is then aromatic,

and [4n + 2] m-electrons becomes antiaromatic.'*® Such molecules are known as Mébius

aromatic molecules, for their resemblance to the topological Mobius strip ([Figure 1.16)).

(a) (b)

Antibonding

Bonding

Figure 1.16: (a) A Mébius strip. (b) A Frost-Musulin diagram for a hypothetical 6 w-electron Mébius
molecule.

18



1. Introduction

The first synthetic example of a Mobius aromatic molecule was given by Herges and
coworkers: the twisted [16]-annulene 18 (Figure 1.17)) is aromatic.**” It is possible to
introduce two Mobius twists into a molecule, at which point it reverts back to Hiickel's
aromaticity rules 18119 Several examples of expanded porphyrins which exhibit Mébius

aromaticity have been reported by Osuka and co-workers*<

18

Figure 1.17: Example of Mobius aromatic compound 18117

1.3.6.4 Excited state aromaticity

In molecules which exhibit excited state (anti)aromaticity (ES(A)A), the electron-counting
rules are once again reversed (Table 1.1)) 220122 The effect has been reported in expanded
porphyrins by Osuka and co-workers, and was assigned on the basis of the structure of excited
state absorption spectrat2312% |n their case, an excited state aromatic compound has an
absorption spectrum similar to a ground state aromatic analogue, and vice versa for excited

state antiaromaticity. A further introduction to excited state aromaticity is given in|Chapter 5|

Table 1.1: Effect of topology, m-electron count and electronic state on (anti)aromatic character.

Ground state Excited state
4n 4dn+ 2 4n 4dn+ 2
Hiickel  Antiaromatic Aromatic Aromatic Antiaromatic

Mébius Aromatic Antiaromatic Antiaromatic Aromatic

1.4 The limits of electron delocalisation

Aromaticity can be considered the limit of electron delocalisation in molecules: the ring-
current model leads us to imagine that the 7-electrons are freely circulating around the entire
conjugation path. However, cyclic conjugation is not the sole requirement for aromaticity:

the cycloparaphenylenes (CPP) and cycloparaphenyleneacetylenes (CPPA) do not exhibit
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measurable macrocyclic aromaticity around their peripheries | as evidenced by their benzeniod
NMR spectra 1207128 |ndeed, it is only upon oxidation to the dication that a ring current is
observed in [8]-CPP.*2? Similarly to homoaromaticity in charged molecules, it seems that
oxidation disrupts the ground state electronic character (8 isolated benzene rings) and
permits enhanced delocalisation (a [32]-annulene dication with 30 m-electrons).

We are led to the inevitable question: if CPP does not exhibit macrocyclic aromaticity,
how can porphine be aromatic? Porphine has three sources of aromatic stabilisation,
all calculated to be of roughly equal weight (~80kJmol~ BLW-ASE (block-localised
wavefunction)): the [18]-annulene pathway and two pyrroles.*® The pyrrole aromaticity is
not entirely ‘switched off" in favour of the [18]-annulene circuit, since there are still local
pyrrolic ring currents. The same calculations predict a BLW-ASE for benzene of about
120 kJ mol~!, and for isolated pyrrole of about 70 kJ mol~* ¢

There are two key differences between the CPP(A)s and porphine: first, there is much
more ASE to be lost (about 50kJ mol™!) by (partial) disruption of the local aromaticity
of benzene than of pyrrole. Second, in the absence of an [18] m-electron circulation in
porphine, the 12 non-pyrrolic m-electrons of the circuit are localised: essentially, there is a
Pauling resonance argument for delocalising these additional electrons through macrocyclic
aromaticity. In contrast, CPP has no localised electrons, and [n]-CPPA has a 6n:4n ratio of
aromatic:static electrons. If a macrocyclic ring current were to be established in [n]-CPPA,
only 4 m-electrons from each benzene would be involved, immediately negating the electron-
counting benefit of including 2n acetylene electrons in the macrocyclic aromatic circuit. 130

As will be discussed in the introductions to Chapters[3] [5| and [6] large aromatic molecules
are of interest because they may exhibit novel quantum effects, such as a Aharonov-
Bohm oscillations of the ring current direction as a function of magnetic field 239131 Sych
oscillations, introduced in more detail in [Chapter 3 could result in magnetic field control
of conductance through a molecular junction 32333 |ntriguingly, at high magnetic fields

134,135

it has been calculated that molecular ring currents will reverse direction, just like

the experimental observations in metal rings.3

*Taubert et al. have calculated the magnitude of macrocyclic ring currents in [6]-CPP to [11]-CPP
and report paratropic and diatropic currents for [6]-CPP and [7]-CPP, respectively. These ring-currents do
not significantly affect NICS(0) at the CPP ring centres (—2.1 ppm and —1.9 ppm for [6]- and [7]-CPP,
respectively). The reversal of the calculated current direction between [6]- and [7]-CPP is surprising because
both CPPs are, formally, [4n] all-cis annulenes. In contrast, the dianions ([4n + 2] m-electrons) of all the
CPPs studied are aromatic according to NICS(0)+2
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1. Introduction

Aromaticity and antiaromaticity are predominantly features of molecules with even
numbers of electrons. For those with odd-numbers of electrons, such as radical cations
and anions, the focus for studies of electron delocalisation is the radical electron/hole, or
polaron. As we shall introduce more thoroughly in , the extent of charge (or
spin) delocalisation is an important predictor of molecular properties in a device: with
long delocalisation lengths, coherent transport becomes possible, preserving the quantum
state of an injected electron or hole*3” In contrast, shorter delocalisation lengths can still
transmit charge over long distances along a molecular wire, through a stepwise hopping

process 137

Charge delocalisation has been reported to be ‘extreme’ (across up to seven
porphyrin units, 7.5nm) in monoalkyne-linked linear porphyrin oligomer radical cations
and anions 138139 Polyfluorenes (PF) have been extensively studied, and seem to have a
radical anion delocalisation length of 3-5 fluorene units 2497442 For poly(3-decylthiophene)
(P3DT), the polaron delocalisation length is remarkably long: 11.5 units for an anion, or
8.7 units for a cation, ™3 though in terms of spatial extent (4-5nm) these distances are
similar to those for PF. In contrast, the polaron delocalisation length is limited to 2-3

monomer units in a poly( phenylenevmylene) (PPV) radical anion 142142

'

[n]-CPP [n]-CPPA
P3DT
R = CyoHzq

Figure 1.18: Examples of conjugated polymers.

Charge delocalisation is controlled by two competing effects: the conjugated m-system
efficiently delocalises charge, but its efforts are frustrated by the presence of conjugation
breaking defects. These defects can be kinks and twists in the oligomer chain,*** or can
arise from a more dynamic vibrational relaxation following polaron formation: electron-
phonon coupling. In this second case, a short segment of the oligomer chain becomes
more strongly conjugated (lower BLA) and thus encourages charge localisation within this
region 143 Overall, polaron delocalisation depends on 7-conjugation, oligomer flexibility,

and the absence of charge-localising vibrations.
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1.5. Prospective

1.5 Prospective

The remainder of this thesis starts by considering perhaps the simplest case of delocalisation
in butadiyne-linked porphyrin oligomers: the resonance energy of the neutral dimer I-P2
(Chapter 2)). The resonance energy is determined from the experimentally determined height
of the torsion barrier for rotation of porphyrins around the butadiyne link. also
serves to introduce some of the photochemistry of porphyrins.

Next, we explore the chemistry of the even m-cations of the [6]-porphyrin nanoring
c-P6 and its template complex c-P6eT6 ((Chapter 3)). Although the nanoring does not
exhibit global aromaticity (i.e. around the nanoring circumference) in its neutral oxidation
state, after oxidation it is shown to obey Hiickel's law. c-P6 exhibits aromaticity and
antiaromaticity in its 6+ and 4+ oxidation states, respectively. It is even possible to generate
the 12+ cation of the nanoring: this oxidation state corresponds to six antiaromatic ([16]-7)
porphyrin subunits, and global (anti)aromaticity is not prominent. These conclusions are
developed from DFT and experiment.

We next turn to an exploration of charge and spin delocalisation in the radical cations
of a series of linear (I-P1 to I-P6), cyclic (c-P6 and c-P6eT6) and tubular (t-P12eT6,)
porphyrin oligomers . By using spectroelectrochemistry, DFT, and EPR, we
show that the cation is delocalised over just two or three porphyrin units.

The thesis concludes with two short chapters which each extend the study of aro-
maticity in porphyrin nanorings. In [Chapter 5 we ask whether porphyrin nanorings exhibit
ES(A)A. Although DFT suggests that nanorings smaller than c-P8 do have ES(A)A, initial
photophysical experiments do not reveal any physical manifestations. In the final chapter
we use DFT to calculate the effect of removing a single acetylene (C;) unit
from c-P6 — does the nanoring still obey Hiickel's rules when two 7-electrons are removed,
with an accompanying reduction in symmetry? The resulting molecule, with asymmetric
conjugation paths, is interesting for studies on quantum interference. This chapter is entirely

computational: synthetic efforts towards the truncated nanoring are under way independently.
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I do not know what | may appear to the world, but to
myself | seem to have been only like a boy playing on the
sea-shore, and diverting myself in now and then finding
a smoother pebble or a prettier shell than ordinary,
whilst the great ocean of truth lay all undiscovered
before me.

— Isaac Newton, as quoted in Memoirs of the Life,
Writings, and Discoveries of Sir Isaac Newton (1855)
by David Brewster (Volume Il. Ch. 27)

Experimental and computational evaluation
of the barrier to torsional rotation in a
butadiyne-linked porphyrin dimer
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2.1. Abstract
2.1 Abstract

The barrier to torsional rotation in a butadiyne-linked porphyrin dimer in solution has been de-
termined by variable temperature UV-Vis-NIR spectroscopy: AH = (5.27 4 0.03) kJ mol ™,
AS = (10.69 + 0.14) JK~! mol~t. The value of AH agrees well with theoretical predictions.
Quantum chemical calculations (DFT) were used to predict the torsion angle dependence
of the absorption spectrum, and to calculate the vibronic fine structure of the Sg — S;
absorption for the planar dimer, showing that the absorption band of the planar conformer has
a vibronic component overlapping with the (0]|0) absorption of the perpendicular conformer.
The torsion barrier in the porphyrin dimer is higher than that of 1,4-diphenylbutadiyne (cal-
culated AH = 1.1kJmol™!). Crystallographic bond lengths and IR vibrational frequencies
confirm that there is a greater contribution of the cumulenic resonance form in butadiyne-
linked porphyrin dimers than in 1,4-diphenylbutadiyne. The DFT frontier orbitals of the
twisted conformer of the porphyrin dimer are helical, when calculated in the absence of
symmetry. The helical character of these orbitals disappears when D,y symmetry is enforced
in the 90° twisted conformer. Helical representations of the frontier orbitals can be generated
by linear combinations of the more localised orbitals from a symmetry-constrained calculation
but they do not indicate m-conjugation. This work provides insights into the relationship

between electronic structure and conformation in alkyne-linked conjugated oligomers.

2.2 Introduction

Molecules with extended 7-conjugation are of wide interest, both as ingredients in molecular

146,147

electronic and optical materials, and as molecular wires for creating nanoscale electronic

devices 287151 Conjugated oligomers and polymers have been constructed by linking aromatic

152 The properties of these

monomer units with a wide variety of m-conjugated bridges.
oligomers are critically dependent on the molecular conformation because any twist in
the m-system can dramatically reduce the coherent electronic coupling through the bridge.
Conformational heterogeneity can thus attenuate the ability of a conjugated molecule to
transport charge or electronic excitation. Several workers have explored the relationship

between conformation and function in different types of molecular wire 222327159 Conjugated

butadiyne-linked porphyrin oligomers have been actively investigated for more than twenty
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2. Experimental and computational evaluation of the barrier to torsional rotation in a
butadiyne-linked porphyrin dimer

years, 181921100101 bt the barrier to torsional rotation around the butadiyne link has yet to
be determined experimentally. In this chapter, we present a time-dependent density functional
theory (TD-DFT) evaluation of the electronic excitations of the porphyrin dimer as a function
of inter-porphyrin torsion angle, and use variable temperature (VT) UV-Vis-NIR spectroscopy
to determine the torsion barrier. Our experimental results permit the accurate simulation
of conformational dynamics in this, and similar, systems. Our (TD-)DFT results provide
insights into the nature of bonding and electronic excitations in butadiyne-linked oligomers.

Porphyrin-based molecular wires have been widely investigated for their potential

162/163 35 models

applications in functional materials,? as dyes for two-photon absorption,
for biological photosystems (e.g. light-harvesting photosystem 2Y* and as wires for
single-molecule charge transport. 122197 The Anderson group, and others, have prepared

a wide variety of meso—meso butadiyne-linked porphyrin architectures, including linear

21122]]1611/168 25,169

oligomers, nanorings and supramolecular complexes 2223170 Qther linking

groups have also been explored: meso—meso alkynylene **% vinylene %Y phenylenes 177174
and direct porphyrin connection via oxidative coupling at the 3 and meso positions, 1/
among many others.

The meso—meso butadiyne link permits strong inter-porphyrin electronic coupling and the
extension of conjugation upon oligomer homologation is most apparent in the progressive
bathochromic shift of the lowest energy optical transition (So — S;, 625-850nm, Q-
band, [Figure 2.1)). However, the butadiyne link also permits torsional heterogeneity, with a
continuous range of torsion angles (#) between the porphyrin chromophores. The length
of the butadiyne bridge is sufficient to avoid any steric repulsion between the opposing (3
hydrogens of the porphyrins (denoted "X" in [Table 2.1)), thus the lowest energy conformer
is planar (0 = 0°). The energy difference between the perpendicular and planar conformers
reflects the bridge-mediated resonance stabilisation energy between the porphyrins. The
torsional heterogeneity contributes towards the increasing width of the Q-band absorption
with increasing oligomer length ([Figure 2.1)).

Previous semi-empirical and DFT calculations have predicted that the lowest energy
conformation of P2 is planar (# = 0°). These calculations gave a torsional energy barrier

(AE) of about 3-4kJmol™! (Table 2.2} [Figure 2.2) between 6 = 0 and 90° 29161170

which is in the range of kg T at room temperature (2.48 kJ mol™!), thus it is anticipated
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2.2. Introduction

504

Soret/B-band

€ (4mol-' dm® cm™")

0 T T T T T T T r 1 H
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Figure 2.1: Absorption spectra of linear oligomers: monomer P1 (blue), dimer P2 (red), trimer P3 (yellow)
and planar dimer complex P2 e T2 (purple). (Solvent: CH,Cly: THF:pyridine 10:10:1, except P2eT2:
CH,Cly. THS = trihexylsilyl.)

that all torsion angles are populated at room temperature. The barrier height was not
significantly affected by the use of a range-separated DFT functional (CAM-B3LYP) %" an
effective core potential, or a solvent model (Table 2.2)). The torsion profile for the butadiyne
linked dimer P2 contrasts with that for the corresponding monoalkyne linked dimer:+€0
in that case, coplanarity is disfavoured by the steric clash between porphyrin § protons,
and the DFT equilibrium torsion angle is about 34° ([Figure 2.2). The AE between the
equilibrium geometry and the perpendicular 90° conformer is around 5 kJ mol~!, greater
than that in butadiyne linked P2, and indicating increased conjugation across the linker.
These computational results on C,-P2 are in agreement with those found in several other

|18 who note that the computational

studies, reviewed and contributed to by Rintoul et a
equilibrium torsion angle (~35°) is much greater than that expected from the narrow,
redshifted absorption spectrum and than the angles observed in crystal structures (0-20°).

Computational work®® (TD-DFT calculations, reproduced in this work, has
shown that the visible electronic transitions of the butadiyne-linked porphyrin dimer exhibit
a strong dependence on interporphyrin torsion angle #; as 6 increases from 0 to 90° the
Q-band transition is hypsochromically shifted. Torsion angle-dependence is also apparent
in the B-band, albeit in the presence of several overlapping transitions.

The torsion-dependence of the Q-band absorption wavelength has been exploited to
selectively excite populations of molecules with different conformations. The wavelength

of fluorescence emission is also dependent on the torsion angle. Analysis of fluorescence

emission and excitation spectra shows that the S; state has a much higher torsion barrier
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2. Experimental and computational evaluation of the barrier to torsional rotation in a
butadiyne-linked porphyrin dimer

Table 2.1: Molecular structures referred to in[Table 2.2 and in the present study

19 Zn H H H
19¢ Zn Ph H CoH
19d 7Zn Ph H C,SiMes
19¢e Zn H H CH
P2 Zn Arf H C,THS?

T Ar = 3,5-bis(trihexylsilyl) as

defined in [Figure 2.1}
T THS = trihexylsilyl.

Table 2.2: Calculated barriers, AE, to torsional rotation in butadiyne-linked porphyrin dimers

Molecule Method AE (kJmol™) Ref
19a VWN and BP86 ~63 [176]
19b AM1 ~4 [161]
19¢ B3LYP/6-31G* 28 [30]
19d B3LYP/6-31G*/LANL2DZ 3.17 This work
19d TPSSh/6-31G*/LANL2DZ 3.71 This work
19d CAM-B3LYP/6-31G* 1.3 This work
19d CAM-B3LYP/6-31G* * 2.3f This work
19d B3LYP /def2-SV(P) 2.8f This work
19e B3LYP/6-31G* 2.61 This work

T No zero-point energy (ZPE) correction applied.
T PCM THF solvent model.

(16 kJ mol™) than the electronic ground state (Sq).*? Perpendicular conformers which

are excited to S; tend to planarise prior to emission, unless solvent viscosity retards the

SOL7OAI8Y The torsion angle has also been found to influence the two-photon

rotation.
absorption (2PA) cross-section and the singlet oxygen (*O,) yield. Planar conformers have
stronger two-photon absorption 293 |arger third-order optical non-linearities®? and higher

183,184

charge-mobilities, and they are more efficient oxygen sensitizers because intersystem

crossing (S; — T;) is faster than in twisted conformers*®
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2.2. Introduction

18 270 360
Torsion angle 6 (°)

Figure 2.2: Calculated (B3LYP/6-31G*/LANL2DZ) energy profile for butadiyne torsion in P2, model 19d
(blue). The red dashed line shows the torsion profile (B3LYP/6-31G*) for a monoalkyne linked analogue of
P2 (substitution pattern corresponding to model 19b). 6 is the angle between the mean planes of each
porphyrin, defined by the 24 non-hydrogen atoms in each macrocycle. The indicated AE is the torsional
barrier for P2 which is under discussion in this chapter.

The torsion angle can be constrained to enforce coplanarity by the preparation of
supramolecular complexes, such as ladder complexes with a bidentate ligand (e.g. DABCO
or 4,4-bipyridine),* or simple 1:1 complexes between oligomers and designed templates,
such as T2 (Figure 2.1]) 29384 Fixing the torsion angle results in the expected bathochromic
shift and sharpening of the Q-band ([Figure 2.1]), as the conformation is restricted to a
librational range of angles around 6 =~ 0°.

Interestingly, Aida et al. prepared tetrameric cages from meso-pyridyl substituted
butadiyne-linked porphyrin dimers28® They found that the cage composed of dimer units
with perpendicular porphyrins was favoured, due to the resulting cancellation of the pyridine
dipole moments. This result showed that the torsion barrier in the butadiyne-linked dimer is
low enough to be overcome by a dipole-based conformational preference 1%

The aim of this chapter is to experimentally determine the barrier to torsion in porphyrin
dimer P2 using VT UV-Vis-NIR spectroscopy and to understand how torsional rotation
alters the electronic structure of this molecule. After presenting the VT UV-Vis-NIR results,
we will discuss our theoretical analysis of the electronic excitations. With the help of this
theoretical analysis, we will extract thermodynamic parameters using a van't Hoff analysis.
We will use evidence from IR spectroscopy and bond-length alternation to discuss the
resonance stabilisation of the planar conformer. Finally, we discuss our observation of helical

frontier orbitals and natural transition orbitals in DFT calculations.
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2.3 Methods
2.3.1 Synthesis and spectroscopy

Porphyrin compounds were prepared as described previously 283188 Qligomers PN with
trihexylsilyl (THS) solubilising groups on the meso-aryls were used throughout this study,
since THS porphyrins exhibit excellent solubility and a low propensity towards aggregation.
Room temperature UV-Vis-NIR spectra were recorded using a Perkin-Elmer Lambda 20
with a 1cm quartz cuvette. Variable temperature UV-Vis-NIR spectra were recorded using
a Perkin-Elmer Lambda 1050 and an Oxford Instruments LN, optical cryostat, with 1 cm
and 1 mm Infrasil Quartz cuvettes (Starna). In all cases, freshly mixed CH,Cl,: THF:pyridine
(10:10:1) was used as the solvent mixture. CH,Cl, and THF were dried over activated
alumina before use. CH,Cl, contained amylene (50-150 ppm) as a stabiliser; THF was
unstabilised. Variable temperature UV-Vis-NIR experiments were performed across a wide
concentration range (0.8 pM, 1.6 pM and 58.5 uM) to confirm the absence of thermally-
induced aggregation. Absorbances were not corrected for concentration change due to
thermal contraction of the solvent, since the ratio of absorbances is not affected by
concentration. Emission spectra were collected using an ISA Fluoromax-2 Fluorimeter.
Infrared spectra were collected using a Bruker Tensor 27 FT-IR spectrometer in ATR mode

with neat sample, with 2cm™? resolution at 293 K.

2.3.2 Computational methods

All (TD-)DFT calculations were conducted using Gaussian09/D.01.%%” The B3LYP density
functional® was used in conjunction with the 6-31G* basis set /1897192 ith the LANL2DZ
ECP%I19% on Zn as indicated. For computational tractability, truncated model compounds
were used. The potential-energy surface scan and TD-DFT calculations used a model of
P2 with phenyl substituents in place of the meso-aryls, and trimethylsilyl protecting groups
as the acetylene end-groups, and C; symmetry, 19d. Further truncated models were used
for the calculation of the vibronic fine structure of the Q-band transitions and vibrational
frequencies: the meso-aryls and the trimethylsilyl acetylene protecting groups were replaced
by hydrogens, 19e. These calculations were then conducted in D,, and D,y symmetry

for planar and perpendicular conformers respectively.
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2.4. Results and discussion

The potential energy surface was calculated by varying the interporphyrin torsion angle
in 2.5° increments and, while holding the torsion coordinate fixed, relaxing the remainder
of the structure. The resulting AEscr is used for comparison: the zero-point vibrational
contribution to the energy has been neglected unless indicated otherwise. Vibrational
frequencies (calculated analytically, with the harmonic oscillator model) were scaled by
a multiplicative factor of 0.96.

Unless otherwise specified, orbital isosurfaces are depicted using the default threshold
settings in the Chimera®® program. Namely, the thresholds are placed symmetrically about

zero, at a value which encompasses 99% of the voxels on either side of zero.

2.4 Results and discussion
2.4.1 Experimental VT UV-Vis-NIR spectroscopy

Since the calculated torsion barrier AE is of the order of kg T at room temperature, we
envisioned that VT UV-Vis-NIR spectroscopy would probe the equilibrium between twisted
and planar conformers. Indeed, dramatic changes in the UV-Vis-NIR spectrum of P2
(~59 pM, CH,Cl,: THF:pyridine 10:10:1) were observed upon cooling within the solvent
liquid range (298-173 K, [Figure 2.3). Below 180K, discontinuous changes in the spectra

are observed, which we attribute to changes in bulk solvent properties at temperatures

96

close to the glass transition temperature

2.0

1.5

Absorption

0.5
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Figure 2.3: Variable temperature (298-173K) absorption spectra of porphyrin dimer P2 in
CH,Cly: THF:pyridine (10:10:1), concentration ca. 59 uM, path length 1 mm.

Previous work has shown that temperature-dependent changes in the absorption spectra

of butadiyne-linked porphyrin oligomers can be caused by aggregation 22719 byt as noted in
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the Methods, we were able to exclude the presence of aggregation by selection of appropriate
solvent and solubilising side-chains. VT experiments performed on the porphyrin monomer

P1 in the same solvent mixture showed that, within the temperature range 298-163K,

there is no thermochromic shift of the Q-band absorption A, (Figure 2.4]).
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Figure 2.4: VT UV-Vis spectra of monomer P1 in CH,Cly:THF:pyridine 10:10:1, (a) full spectrum in
temperature range 298-77 K (b) expansion of Q-band region in temperature range 298-163 K.

When a solution of P2 is cooled, its UV-Vis-NIR spectrum exhibits several changes
(Figure 2.3): the red edge of the Q-band becomes more intense (~740 nm; planar con-
formations, 6 ~ 0°), at the expense of a slight decrease in intensity on the blue edge
(675 nm; perpendicular conformations, 6 ~ 90°). We can be confident in our assignment
of the absorbance at 675 nm to perpendicular conformers thanks to measurements of the

|. 189 who found

emission of twisted dimer conformers in viscous solution by Kuimova et a
that highly viscous solvents inhibited excited state planarisation. The resulting emission,
predominantly from twisted conformers, occurred bathochromically to the “shoulder” on
the high-energy side of the Q-band absorption.

The absorption at 570 nm, assigned with the help of TD-DFT to near-planar con-
formers (see later), increases intensity on cooling. In the Soret/B-band, a sharpening
and intensification of the absorption on the red edge is observed (~490 nm). This band
can thus also be assigned to near-planar conformers. Before discussing the van't Hoff

analysis of the VT UV-Vis-NIR of P2, we will further develop our understanding of the

absorption spectra using TD-DFT.
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2.4. Results and discussion

2.4.2 Calculated electronic transitions as a function of torsion
angle

We computed the electronic excitations for different torsion angles using TD-DFT (B3LYP/6-
31G*/LANL2DZ) (Figure 2.5)). The results agree with earlier published work *® The transition
dipole moments for the lowest energy part of the Q-band are polarised along the butadiyne
(long, x) axis, as observed experimentally2**209 Analysis of the angle dependence of the

Q-band excitation energy reveals a relationship to cos8: i.e., the projection of the porphyrin

planes ([Figure 2.6)), as given by equation ([2.1)):
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Figure 2.5: Calculated (TD-B3LYP/6-31G*/LANL2DZ) vertical excitation energies in the UV-Vis-NIR
region for different torsion angles in a model P2 (19d). (a) Calculated wavelength vs. torsion angle. Faint
grey lines (only shown for the Q-bands) connect corresponding states, comprising a Walsh diagram; circle
size is proportional to oscillator strength, as is the circle shading. (b) Calculated wavelength vs. oscillator
strength. Transitions with oscillator strength <0.1 are not included. Bars above the x-axis correspond to
transitions polarised along the long molecular axis (x, butadiyne axis) of the molecules. Bars below the
x-axis correspond to transitions polarised along either the y or z (short) molecular axes.

Eoq~E, —(EL—Ej)-cost (2.1)
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Figure 2.6: Comparison of TD-DFT calculated Sg — S; vertical excitation energy (blue) vs. a predictive
model based on the projection of the porphyrin planes (green) (Eqn. (2.1))).

where Eg is the Q-band absorption energy for a conformer with inter-porphyrin torsion
angle 6. E and E, are the limiting energies for planar (low energy) and perpendicular
(high energy) conformers, respectively. This function readily relates absorption energy
to the overlap of the porphyrin m-systems along the butadiyne and shows that Eg is
most sensitive to 6 when 6 ~ 90°.

The calculated oscillator strength of the lowest energy transition is surprisingly high

for the 90° conformer ([Figure 2.5b), contrasting its gradual decrease with increasing 0

between 0—80°. This result does not appear to be a simple computational artefact: the
increase of oscillator strength is gradual from 85-90° ([Figure 2.7)). Close examination of the
TD-DFT results reveals that, on twisting from 0-90°, the second-lowest energy x-axis (long
axis) polarised transition is progressively redshifted until it becomes degenerate with the
lowest energy transition (Figure 2.5a). This analysis further reveals that the weak absorption
centred at ~580 nm in the experimental spectrum ([Figure 2.1)) arises predominantly from
planar conformers, and contains components polarised along both the long (x) and short
(y) molecular axes. A detailed discussion of TD-DFT results and orbital/state correlations
as a function of torsion angle has been published previously by Winters et al., and our
computational results are in complete agreement with theirs 0

The high oscillator strength of the Q band of the perpendicular conformer (# = 90°)
provides a partial explanation for the peak observed in the absorption spectrum at 675 nm
(Figures and . However, a further contribution appears likely because the peak at
675 nm persists at low temperature, with similar relative intensity to the planar conformer as

at room temperature. Even at 78 K, at which temperature occupation of the perpendicular

state should be thermally inhibited, there is a discrete absorption at ~675nm ([Figure 2.8]).
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Figure 2.7: TD-DFT (B3LYP/6-31G*/LANL2DZ) calculated excitation energies and oscillator strengths
for P2 (model 19d) as a function of inter-porphyrin torsion angle

Room temperature emission spectra of P2 and P2eT2 (Figures[2.9a and[2.9b) show a similar
shoulder on the red edge of the main emission band. Therefore we assign this shoulder

to a vibronic contribution of the planar conformer, with the support of computational

results described in the next section.
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Figure 2.8: (red) Absorption spectrum of Q-band region (600-800nm) of P2 in frozen solution
(CH2Cl: THF:pyridine 10:10:1) at 78 K; (blue) calculated (B3LYP/6-31G* Franck-Condon/Herzberg-
Teller approximation) vibronic structure of Q-band absorption for planar P2, model 19e; (sticks) vibronic
transitions; transitions with low relative intensity are not plotted. The (0|0) transition in the computational
result was shifted in energy to match the low-energy peak in the experimental spectrum (red).
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Figure 2.9: Absorption (blue) and fluorescence (green) of (a) P2 (CHCl3 4+ 1% pyridine), Aex = 450 nm
and (b) P2eT2 (CHCI3), Aex = 450 nm, Amax(logyo €): 749 (5.297), 682 (4.574), 588 (4.324), 498 (5.452),
434 (5.295).

2.4.3 Vibronic contribution to the Q-band electronic transition

We used the Franck-Condon (FC) and Herzberg-Teller (HT) approximations as implemented
in Gaussian09/D.01 to calculate the vibronic absorption spectrum for the So — S;

transition in planar P2 205202

The calculation was restricted to excitations originating
from the vibrational ground state of Sg, thus treating the vibronic spectrum as temperature
independent. This calculation gave a predicted spectrum which is in remarkably close
agreement to the experimental spectrum of P2 recorded at 78K (Figure 2.8)). At this
temperature the near-planar conformers of P2 are expected to be dominantly populated.
The major vibronic bands arise from intra-porphyrin collective stretching modes, and do not
appear to involve nuclear displacements on the butadiyne link (see[Figure 2.10]). The vibronic
band which we calculate at ~390 cm™! from the (0|0) transition has also been experimentally
characterised by Camargo et al. in P1, at 380 cm~1 %% We used the computational vibronic
spectrum to firmly assign the absorption at 675nm in (planar) P2eT2 (Figure 2.1)) to a
vibronic contribution. Similarly, the anomalously increased intensity at the blue edge of the
Q-band (~675nm) in the experimental spectra of P2 at room temperature is
partially attributed to this vibronic contribution, in addition to the relatively high oscillator
strength of the overlapping perpendicular absorption. The significant overlap between the
absorption of the twisted conformer and that of a vibronic band of the planar conformer
rationalises previous results where wavelength-selective excitation of the twisted conformer

appeared to result, additionally, in excitation of the planar conformer 30163
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2.4. Results and discussion

Figure 2.10: Normal modes of S; state of P2 (model 19e) associated with major vibronic bands.

2.4.4 van’t Hoff analysis of experimental VT UV-Vis-NIR data

The experimental VT UV-Vis-NIR data were subject to a van't Hoff analysis of the equilibrium
constant for a simple two-state model comprising near-planar and near-perpendicular
conformers, P2 (6 = 0°) and P2, (6 =~ 90°) with concentrations proportional to the
absorbances at 750 and 675 nm, respectively, weighted by the TD-DFT oscillator strengths
for the 0° and 90° transitions[| The vibronic contribution of the planar conformer to
the absorption at 675 nm (mostly perpendicular conformer) was subtracted. The relative
magnitude of this vibronic contribution was assumed to be temperature-invariant and was

calculated from the ratio of peak heights in the spectrum of P2 at 78 K.

fWe also used the van't Hoff equation without weighting the absorbances at 750 and 675nm
to the calculated oscillator strengths. This approach does not change the resulting value of AH
((5.27 +0.03) kJmol~1), but it gives a higher value of AS ((14.42 4-0.14) JK~1 mol=1); thus, AGaos k
becomes (0.98 = 0.05) kJ mol 1
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The equilibrium constant at each temperature was thus calculated according to equation

22)

ﬂ . é — ﬂ . A675 - A750 * Xyibr (2 2)
L A A Azso .

where K is the equilibrium constant for:

K:

P2, == P2,

Aj and A, are the absorbances for planar and perpendicular conformers, respectively.

fy and f, are the TD-DFT oscillator strengths for planar and perpendicular conformers,

fi
f1

respectively (7= = 1.574). X, is the ratio of the intensities of the planar (0|0) absorption
and its vibronic contribution (at ~1350 cm™? separation) in the experimental 78 K spectrum
of P2 (x,i»r = 0.186). The ratio of TD-DFT oscillator strengths (1.574) is consistent with
the ratio of estimated experimental extinction coefficients for the planar and perpendicular
conformers. The experimental ratio of extinction coefficients for planar and perpendicular
conformers (:—‘L') was estimated by comparing the absorption coefficients of free P2 (in
the presence of pyridine) and complexed P2eT2 at 750nm (planar, ¢) and 675nm
(perpendicular, €, ), after subtraction of the vibronic contribution at 675nm in free P2.
The vibronic contribution in liquid solution at room temperature is given by the following

equation, assuming that in P2eT2, there is no perpendicular P2 (i.e., all absorption at

675nm arises from the vibronic contribution).

X = S75MmT2 (171 (2.3)
€750 nm, T2

Thus ¢, can be estimated by subtracting this vibronic contribution:

€1 py = Xvibr X €675nm.py = 60,960 M~ cm (2.4)

Where €, corresponds to spectra recorded in the presence of pyridine, and er3 to the com-
plex P2eT2. Next we calculate A¢j. A€, was found in the previous step (60,960 M=t cm™1)

assuming all P2 has been planarised.

A€ = €750nm T2 = €750nm py = 103,990M T cm™! (2.5)

Thus:
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2.4. Results and discussion

Aej 103,990
Ac, 60,960

Within the temperature range 298-198 K, the van't Hoff plot ([Figure 2.11)) of the extrac-

= 1.7059 (2.6)

ted equilibrium constants shows an excellent straight-line fit, and is concentration independ-
ent across the range measured (0.8-59 pM), thus excluding the presence of aggregation. Ther-
modynamic parameters were extracted: AH = (5.27 + 0.03) kJ mol™! (in reasonable agree-
ment with most computational estimates, , AS = (10.69 4 0.14) JK 1 mol~1.
The large value of AS demonstrates an important temperature dependence for the rotational
barrier: AGyogk = (2.08 £ 0.05) kd mol™!; AGigox = (3.35 4 0.04) kJmol™ — in other

words, the barrier rises as the temperature falls.

3.0 35 4.0 45 5.0 5.5
1T (K1) x 1073

Figure 2.11: van't Hoff plot and fit line for VT experiments at three different concentrations: 0.8 uM (blue
crosses), 1.6 uM (green diamonds), 58.5 uM (red circles). R? = 0.999.

There are few previous reports of the determination of both AH and AS for a torsional
equilibrium. Our thermodynamic parameters for P2 are similar to those reported for trans-
skew isomerism in 1,1-dihalo-3-fluoro-buta-1,3-dienes from solution-phase IR spectroscopy
(halo = Br: AH =3.53kJmol™!, AS =3.5JK " mol™!; halo = Cl: AH = 2.95kJ mol~!,
AS = 23JK1mol )2 AS for oxalyl chloride (trans-gauche isomerism) has been
calculated from the experimental vibrational modes (excluding the torsion mode) as
~13JK 1 mol=1 2% and from gas-phase electron diffraction as 10 JK~1mol=1209 We
attribute our positive value of AS to changes in the frequencies of large-amplitude (low
frequency) motions between the planar and twisted states, including the pertinent torsion

mode and butadiyne bending modes.
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2. Experimental and computational evaluation of the barrier to torsional rotation in a
butadiyne-linked porphyrin dimer

The potential energy surface from DFT calculations ([Figure 2.2)) was scaled based on the
experimentally determined thermodynamic parameters (AH and AS), and the Boltzmann
equation ([Equation 2.7)) was used to determine the temperature dependence of the mole
fraction of each conformer ([Figure 2.12)). Inclusion of the entropic factor in this manner
permits a more accurate simulation of temperature-dependent populations than simply
using a temperature-independent barrier height, which would overestimate conformational

heterogeneity at low temperature, and underestimate it at high temperatures.

Ej

e kT
o — @)
ZMl e kT
J:

where p; is the population of the it state, kg T is the Boltzmann constant, and E; is

the relative energy of the i*" state.

0.06+
0.054 —78K 1568 K — 238 K
78K —98K 178 K 258 K
0.04- 118K —198K —278K
— 138K —218K 298 K

0.034

Population density (deg™)

0 10 20 30 40 50 60 70 80 90
Torsion angle 6 (°)

Figure 2.12: Temperature dependence of the population density for different torsion angles, based on the
experimentally determined AH and AS.

The stated error in our thermodynamic parameters is the error in the fit of the
experimental data to the van't Hoff equation, and must be taken in the context of the
approximation of the two-state model. Our analysis presents a lower bound for the torsion
barrier height, because the model evaluates the barrier between near-planar and near-
perpendicular conformers. Spectral overlap between angles in a small range (estimated
0-20°) around 0° and 90° means that the absorptions at 750 nm and 675nm capture

some contributions from nearby angles.
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2.4. Results and discussion

2.4.5 Evidence for enhanced conjugation in the planar conformer
from C=C bond length and vibrational frequencies

The torsion barrier for P2, AH = 5.27 kJ mol™!, can be compared to that for other alkyne-
and butadiyne-linked molecules. The experimental torsion barrier of tolane (Ph—C=C-Ph)
is 2.42 kJ mol~* 2% compared to the near-barrierless (0.05 kJ mol™!) torsion of dimethyl-
acetylene (Me—=—Me).“% Calculations have indicated that the barrier for diphenyldiacetylene
(DPDA, Ph—C=C-C=C-Ph) is around 1.1 kJ mol~! (PBE0/6-31+G*//6-31G* and B3LYP/6-
314 G*) 209210

1,4-Bis(phenylethynyl)benzene (Ph—C=C-CgH;—C=C-Ph) has an experimental barrier
of 2.75kJmol™!, similar to that for tolane, but DFT (B3LYP/6-31G**) dramatically
overestimates the barrier at 8.75 kJ mol~1 /21

To ensure comparability of computational results, we have calculated the torsion barrier
of tolane and DPDA at the B3LYP/6-31G* level of theory, by performing constrained
geometry optimisations of planar and perpendicular conformers. At this level of theory, the
barrier for DPDA is 1.1 kJ mol™!, while that for tolane is 3.8 kJ mol™! (calculated in this
work, and in agreement with previously published data?!4).

One might expect the torsion barrier to increase with the ability of the m-system at each
end of the butadiyne to stabilise radical or anionic/cationic character, as a consequence of
contributions from cumulenic resonance forms in the ground state ([Figure 2.13@). Such
contributions should be reflected in a decrease in the bond length alternation (BLA) in the
butadiyne link ([Figure 2.13p). This hypothesis is supported by our computational studies:
the BLA in planar P2 (19d, 0.151A) is smaller than that in DPDA (0.158 A) as shown
in [Table 2.3] We used the range-separated CAM-B3LYP functional in this part of the
study: CAM-B3LYP gave BLAs in closer agreement to crystal structures than B3LYP. The
more accurate estimation of BLA in polyynes when using DFT functionals with increased
exact exchange (BHHLYP and CAM-B3LYP vs. B3LYP) has been reported.**

The calculated BLA for perpendicular P2 (0.163 A) is higher than for planar P2 (0.151 A),
and is even higher than both conformations of DPDA (0.158 A). This change in the nature of
bonding between perpendicular and planar P2 further supports the hypothesis that resonance
delocalisation via a cumulenic canonical form is important in the planar conformer. The
resonance stabilisation in DPDA is demonstrably lower — the calculated BLA is the same

in perpendicular and planar conformers.
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2. Experimental and computational evaluation of the barrier to torsional rotation in a
butadiyne-linked porphyrin dimer

@ X—C=C—-C=C-X <— 'x=c=c=c=c=x""

(b) X—C=C—-C=C—X

d d,
BLA=d,-d,
Figure 2.13: (a) A butadiyne-linked conjugated compound can be considered a combination of both
alternant and cumulenic forms. The alternant form is dominant. (b) The relative contributions of these

resonance structures can be estimated from the bond length alternation.

Table 2.3: Calculated and crystallographic bond length alternation (BLA) in 19d and DPDA

Molecule Method Conformer BLA(A)
6 = 90° 0.163
CAM-B3LYP/6-31G*
19d / 0 =0° 0.151
R crystal structure®EEES  §=0°  0.16540.007
CAM-B3LYP/6-31G* %0 0.158
DPDA 0 =0° 0.158

crystal structure?167e2l =0 0.178 +0.011

We have also compared BLA in crystal structures of P2 vs. DPDA. We used ConQuest222
to search the Cambridge Crystallographic Structure Database % After rejection of one
DPDA structure with a high R-value (9.2%),%* we did indeed find that the mean BLA in
butadiyne-linked porphyrin dimers (average of 3 structures) is less than that in unsubstituted
DPDA (average of 6 structures, [Table 2.3)). However, the difference has low statistical
significance (p = 0.067, Welch's t-statistic) and the sample sizes are too small to permit an
unequivocal conclusion. Thus, we consider the evidence for resonance stabilisation from BLA
analyses of crystal structures provisional: as more accurate crystallographic data become
available, it may be possible to perform a more definitive analysis.

A contribution from cumulenic resonance forms should also be apparent in the frequency
of the butadiyne vc—c asymmetric stretch, observable by IR spectroscopy (2100-2200cm™1).
We 225 and others 22® have previously used IR spectroscopy to explore cumulenic character
in electronic excited states of polyynes. Increasing cumulenic character results in a lower
frequency vibration. Experimentally, we see a 13 cm~! difference for the vc—c in experimental
ATR FT-IR spectra of DPDA (2147 cm™?!) compared with P2 (2134cm™!) (Table 2.4)).
These results are in reasonable agreement with calculation ([Table 2.4)). It is clear from

the IR and crystallographic BLA that the contribution of cumulenic resonance structures
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2.4. Results and discussion

to the bonding in P2 is very small, as reflected in the low barrier to torsional rotation,

but that it is greater than in DPDA.

Table 2.4: Experimental and calculated acetylene stretch frequencies ve=c

Molecule Method Veec cm™t

Expt. 2134
B3LYP/6-31G* T 2132 (2120)}

B3LYP/6-31G* | 2156

TPlanar conformer, frequencies scaled by a mul-
tiplicative factor 0.96.
TTerminal alkyne stretch

The calculated vibrational frequencies of P2 in its S; excited state show far more
cumulenic character with a lower vc—c (2078 cm ™, [Table 2.4)), correlating with the increased
torsion barrier (16 kJ mol~1) in S;.2% This result suggests that time-resolved IR spectroscopy
could be used to probe the extent and dynamics of conjugation in the excited states of
butadiyne-linked oligomers. We have previously used this technique to show cumulenic

character in the first singlet and triplet excited states of a hexayne chain??®

2.4.6 Helical molecular orbitals in twisted conformers

To offer further insight into the nature of the Q-band (So — S;) excitations, we have
calculated the natural transition orbitals (NTOs)?%? for both planar and perpendicular
P2 (Figure 2.14)). The NTOs provide an intuitive picture of the natural orbital origin of
the hole and electron involved in a transition. Multiple electron/hole NTO pairs may be
used to describe a single transition: the relative contribution of each electron/hole pair
representation to the TD-DFT transition density is denoted by an eigenvalue (\). The
NTO pair describing the S — Sy (Q-band) transition in planar P2, (0 = 0°, [Figure 2.14a)
shows, as expected, the absence of charge transfer character in the excitation. Both hole
and electron are delocalised over both porphyrin units.

Interestingly, the first two NTOs of perpendicular P2 (6 = 90°, |Figure 2.14p) show that
this excitation can be largely described (~85%) with both hole and electron delocalised over

both porphyrin units through apparent helical orbital character on the butadiyne link, arising

42



2. Experimental and computational evaluation of the barrier to torsional rotation in a
butadiyne-linked porphyrin dimer
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Figure 2.14: Natural transition orbitals (NTOs) calculated at the B3LYP/6-31G* level of theory for (a)
planar and (b) perpendicular conformers of 19d. The eigenvalue associated with each NTO hole/electron
pair is shown as A. The default isovalues are depicted (for # = 0°, ~0.013.u.; for § = 90°, ~0.0085.u. and
~0.0053.u. for A = 0.4 and \ ~ 0.08, respectively.)

from admixture of the perpendicular 7, and 7, butadiyne orbitals. The NTOs for P2 are
similar to the HOMO and LUMO for the planar and perpendicular conformers ([Figure 2.15|),
reflecting the predominantly HOMO-LUMO nature of the Sg — S; transition. Helical

butadiyne orbitals are also observed for the HOMO and LUMO of twisted conformers of P2,

with increasing admixture of 7, and 7, orbitals upon twisting (Figure 2.15)). Similar effects

The reported effects

have been observed in calculations on the much simpler DPDA.
of endgroup torsion on the DFT frontier orbital energies in DPDAZ are similar to those
reported in our previous work for P23% Helical orbitals have previously been calculated
by DFT for some cumulene/polyyne molecules?28229 However, we are reluctant to attach
much significance to the helicity in the NTOs and frontier orbitals of P2: the first two
NTOs are pseudo-enantiomeric and near degenerate (A = 0.441 and A = 0.412), and their
structures differ only in the phase of localised orbitals on the left hand porphyrin, and in

the handedness of the helical portion of the MO. Degeneracy is broken due to the lack of

symmetry in this model: the meso-aryl groups and terminal trimethylsilylacetylenes result
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2.4. Results and discussion

in C; symmetry. A similar calculation performed with a truncated model (D,q symmetry)
gave a degenerate pair of orthogonal NTOs, with no orbital helicity (Figure 2.16f). Similarly,

the frontier orbitals in this symmetric model show no helical orbital character (Figure 2.17]).
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Figure 2.15: DFT (B3LYP/6-31G*/LANL2DZ) HOMO and LUMO for P2 (model 19d) as a function of
interporphyrin torsion angle, 0-90°. The default isovalues are used, which are typically 0.08 to 0.153.u.

(a) 8=0°
Hole Electron

Hole Electron

Figure 2.16: Natural transition orbitals (NTOs) for So — Sy transition calculated (TD-B3LYP/6-31G*)
for model 19e. The eigenvalue associated with each NTO hole/electron pair is shown as A. The default
isovalues are used, which for all parts of the figure are ~0.153.u.
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(@)0=0°
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Figure 2.17: (a) Degenerate HOMO and LUMO of planar (D,) P2 (model 19e); (b) degenerate HOMO
and LUMO of perpendicular (D24) 19e (left) and linear combinations of the same orbitals (right), showing
helical character. The default isovalues are used, which for all parts of the figure are ~0.153.u.

The equivalence of helical and localised MO representations is demonstrated by taking
linear combinations of the (originally orthogonal) degenerate HOMO and LUMO of a
twisted conformer (Dyyq symmetry, B3LYP /6-31G*, |[Figure 2.17)), giving non-orthogonal but
degenerate helical orbitals. For example, in the § = 90° conformation of 19e, there are
two degenerate HOMOs, H1 and H2, each localised on one porphyrin unit; the sum and
difference of these orbitals (H1 + H2 and H2 — H1) are helical, enantiomeric and degenerate.
In the present study, we have found that helical orbitals occur where there is a deviation
from D,y symmetry (and hence frontier orbital degeneracy) in twisted conformers, either
due to non-symmetric molecular structures (disordered sidegroups) or due to geometry

relaxation to a minimum with a value of 6 close to, but not exactly 90°.

2.5 Conclusions

The barrier to torsion about the butadiyne link in a porphyrin dimer has been determined ex-
perimentally by VT UV-Vis-NIR absorption spectroscopy. The planarisation of a twisted dimer
was analysed with a van't Hoff treatment to yield the following thermodynamic parameters
for planarisation: AH = (5.27 4+ 0.03) kJmol™ and AS = (10.69 4 0.14) JK~ mol~?.
(TD-)DFT calculations were used on model systems to explore the suitability of

computational methods for the study of these chromophores. Gratifyingly, an affordable DFT
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functional /basis set combination (B3LYP/6-31G*) provided a barrier height in reasonable
agreement with experiment, and TD-DFT results permitted clear characterisation of the
dimer Q-band, in agreement with previous work.2Y In particular, the use of TD-DFT to
assign vibronic structure in the Q-band absorption was essential for the deconvolution of
overlapping spectral features for the van't Hoff analysis and afforded theoretical insight
into previous wavelength-selective excitation studies.

The torsion barrier in P2 is higher than that calculated for 1,4-diphenylbutadiyne,
suggesting that the increase in the size of the conjugated endcapping 7-system increases the
barrier height, owing to increased resonance stabilisation. Examination of the experimental

vc=c IR stretch and calculated BLAs offer some support to this rationale.
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them off every once in a while, or the light won't come
in.

— Isaac Newton
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3.1. Abstract

3.1 Abstract

Aromatic and antiaromatic molecules exhibit ring currents around their perimeters 71102

Similar persistent currents are observed in metal rings, when the coherence length of the

130231 The relationship between these

electrons is longer than the circumference of the ring.
quantum mechanical phenomena is poorly understood, partly because they are studied
in different size regimes: the largest aromatic molecules have diameters of about 1 nm,
whereas persistent currents are found in rings with diameters of 20-1000 nm. It is not clear
whether aromaticity and antiaromaticity are confined to small molecules, or whether the
necessary quantum coherence can be achieved in large macrocycles. Here we show, using
H NMR spectroscopy and DFT, that a six-porphyrin nanoring template complex c-P6eT6,
with a diameter of 2.4 nm, is antiaromatic in its 4+ oxidation state and aromatic in its 6+
oxidation state. These species have circuits of 80 and 78 7 electrons, respectively, and they
are the largest aromatic and antiaromatic systems yet reported. The antiaromatic state
has a huge paramagnetic susceptibility, despite having no unpaired electrons. This work
demonstrates that a global ring current can be promoted in a macrocycle by adjusting its
oxidation state to suppress the local ring currents of its components. The discovery of ring
currents around a molecule with a circumference of 7.5nm, at room temperature, shows
that quantum coherence can persist in surprisingly large molecular frameworks, and implies

that it will be possible to exploit quantum interference effects, such as Aharonov-Bohm

oscillations, in molecular electronic devices.

3.2 Introduction

Chemists have been fascinated by aromatic compounds ever since Faraday isolated benzene
in the 1820s, and aromaticity has become an important concept for understanding molecules

U192 Hijckel's rule predicts that a molecule will be

with delocalised electronic structures.
aromatic or antiaromatic if it has a delocalised circuit of [4n+-2] or [4n] electrons, respectively,
where n is an integer. These ideas were developed by studying cyclic hydrocarbons
known as annulenes, with the general formula C,, H,, (where m is even),%* and the

prototypical aromatic and antiaromatic molecules are benzene (CgHg) and cyclobutadiene

(C4Hy), respectively.
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

The most characteristic feature of aromatic and antiaromatic molecules is their ability
to sustain an induced ring current in a magnetic field. Molecular ring currents are quantum
mechanical phenomena and their main manifestation is induced magnetisation * In aromatic
molecules, the direction of the ring current is such as to generate a magnetic field that
opposes the external field inside the ring (a ‘diatropic’ current), while ring currents in
antiaromatic molecules flow in the reverse direction (‘paratropic’).®® These ring currents
give rise to diagnostic NMR chemical shifts,® and are accompanied by diamagnetic and
paramagnetic susceptibility exaltations, for aromatic and antiaromatic molecules respectively,
and large out-of-plane magnetic anisotropies™® The persistent currents observed in metal

130231 and in direct analogy to

and semiconductor rings resemble aromatic ring currents,
Hiickel's rule, the direction of the persistent current depends on the number of electrons in
the system %33 Persistent currents in non-molecular rings switch direction as a function of
the magnetic flux passing through the ring, so that they can be changed from diatropic
(‘aromatic’) to paratropic (‘antiaromatic’) simply by changing the strength of the external
magnetic field. The magnetic field required for one such Aharonov-Bohm oscillation is
inversely proportional to the area of the ring and absurdly high fields would be needed to
test this effect in small molecules (e.g. a benzene molecule, with a diameter of 0.3nm,
would require a field of 6 x 10* T for one cycle). Understanding the connection between
aromaticity and the persistent currents in mesoscopic rings provides a strong motivation
for investigating ring currents in molecules of an intermediate size. !

Studies on annulenes have led to the conclusion that aromaticity decreases with increasing
ring size and vanishes for systems with more than about 30 7 electrons (corresponding to a
diameter of around 1.3nm), 2910 byt it seems likely that aromaticity can be preserved in

134 The previous record for the largest

larger systems if geometrical disorder is suppressed.
aromatic molecule is held by a 507 dodecaphyrin with a diameter of about 1.3nm*® The
dication of [8]cycloparaphenylene ([8]CPP, 307, diameter 1.1 nm) is also aromatic.**® The
Anderson group recently reported the synthesis of m-conjugated macrocycles consisting of
5-50 porphyrin units, with diameters of 2-20 nm, (c-PN, N =5 — 50, [Figure 3.1)), as well
as the corresponding linear oligomers I-P N 234723¢ The ¢-PN rings might all be expected
to exhibit diatropic or paratropic ring currents around the whole nanoring because they all

have circumferential circuits of [4n+ 2] or [4n] 7 electrons (e.g. c-P6 84w; c-P7 987), yet,

as in [8]CPP, the neutral molecules exhibit no signs of global aromaticity or antiaromaticity.
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3.3. Methods

Figure 3.1: Molecular structures of the butadiyne-linked porphyrin oligomers used in this study: I-PN,
c-PN and c-P6eT6. Ar = (3,5-bis(trihexylsilyl))phenyl as shown for I-PN. The template T6 in c-P6eT6
is shown in blue.

3.3 Methods

3.3.1 Synthetic chemistry

| synthesised the oxidants and porphyrin nanorings as described below. General experimental
details can be found in the Appendix. The syntheses of linear porphyrin oligomers, c-P6eT6
and ¢-P6 have been reported previously.**® Bulky 3,5-bis(trihexylsilyl)phenyl solubilising
sidegroups were chosen to permit high-concentration NMR experiments, and to inhibit
aggregation. c-P6eT6 was synthesised from 200 mg of monomer P1. Small amounts
of larger rings (c-P8 to c-P16) were isolated as side products, characterised by gel
permeation chromatography (GPC), NMR, MALDI-TOF MS and UV-Vis-NIR spectroscopy.
It is notable that the yield of c-P10 (2.3%) was much higher than that of ¢-P12 (0.1%),
presumably because the bulky THS sidechains disfavour the formation of the c-P12eT6,

5

figure-of-eight complex,?” instead favouring a less crowded c-P10eT6, complex in which

two template ‘legs’ are unbound.%3’
For the synthesis of oxidants, all solvents were dried. Exposure of reaction mixtures or

pure solvents to rubber septa was carefully avoided. CH,Cl, was purchased unstabilised,

and was purified by washing with conc. H,SO, followed by distillation from CaH,.
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

3.3.1.1 Acetylferrocenium hexafluoroantimonate (AcFc)

. sore

; (i) ;
Fe2r O —— Feir O
e I =
20 AcFc
Scheme 3.1: (i) AgSbFg, MeNO,, r.t., 30 min, 57%.

Acetylferrocene (395 mg, 1.73 mmol) and silver hexafluoroantimonate (AgSbFg, 578 mg,
1.73mmol) were combined and dried in vacuo. The mixture was dissolved in MeNO,
(5mL) and stirred at r.t. for 30 min. The mixture was filtered to remove colloidal Ag. Et,O
(20-100 mL) was then added to precipitate the product as a blue-green solid (454 mg,

57%), used without further characterisation.

3.3.1.2 Diacetylferrocenium hexafluoroantimonate (diAcFc)?3®

0 SbFg
\ ! \
o Ee2+ O - = o ',:e3+ o
== <A

21 diAcFc

Scheme 3.2: (i) AgSbFs, CH,Cly and MeNOy, r.t., 30 min, 44%.

Diacetylferrocene (360 mg, 1.33 mmol) and silver hexafluoroantimonate (AgSbFg, 445 mg,
1.33mmol) were combined and dried in vacuo. The mixture was dissolved in CH,Cl, (5 mL)
and MeNO; (2mL) and stirred at r.t. for 30 min. The mixture was filtered to remove
colloidal Ag. Et,O (50mL) was then added to precipitate the product as a blue-green

solid (294 mg, 44%), used without further characterisation.
3.3.1.3 Thianthrenium hexafluoroantimonate (Thn)
.. SbFg
CO0~C0
| %
S s
22 Thn

Scheme 3.3: Method one: (i) NOSbFs, MeNOy, r.t., 60 min, 25%. Method two: (i) SbFs, CH,Cl,, 0°C,
30 min, 96%.

The compound was prepared by two strategies. First, by oxidation of thianthrene with

NOSbFg (25% vyield); second, by oxidation with SbFs (96% yield).
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3.3. Methods

Warning: SbFs is extremely corrosive and evolves HF in the contact with water. Calcium

gluconate gel should be available for first-aid when this reagent is in use.

Strategy 1: Thianthrene (100 mg, 0.46 mmol) and NOSbFg (128 mg, 0.48 mmol) were
combined as dry solids. Dry MeNO, (8 mL) was then added and the mixture was stirred at
r.t. for 60 min. Dry Et,O was then added to precipitate the product, which was collected by

cannula filtration. The precipitate was washed with Et,O. The product was a purple

solid (51 mg, 25%).

Strategy 2: SbFs (167 pL, 502 mg, 2.31 mmol) was added to a cooled (ice bath) suspen-
sion of thianthrene (500 mg, 2.31 mmol) in CH,Cl, (5mL). The mixture was then warmed
to r.t. and stirred for 30 min. Dry Et,O was added to precipitate the product, which was
collected by cannula filtration under an inert atmosphere and washed with further Et,0.

The product was a purple solid and was dried in vacuo (1.00g, 96%).

3.3.1.4 Tris(4-bromophenyl)aminium hexafluoroantimonate (BAHAg)

Br N —— | Br N
SbFg
3

3

Scheme 3.4: (i) AgSbFs, I, CH,Cly, r.t., 15min, 56%.

Tris(4-bromophenyl)amine (0.75 g, 1.56 mmol) and silver hexafluoroantimonate (AgSbFg,
778 mg, 2.33 mmol) were combined and dried in vacuo. Dry CH,Cl, (10 mL) was added
whereupon the solution turned blue. I, (396 mg, 1.56 mmol) was added as neat solid and the
mixture was stirred at r.t. for 15 min. The mixture was filtered under an inert atmosphere,
using a cannula, to remove colloidal Ag. Dry Et,O was then added to the filtrate to
precipitate the product, which was collected by further cannula filtration and washed with
Et,O. The precipitate was dried in vacuo and the product was a fine dark blue powder

(627 mg, 56%). The product was used without further characterisation.
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

3.3.1.5 Tris(2,4-dibromophenyl)amine (24)%%

SbFg

<® (i) (i) .
N —— [Br N —— [Br N

Br Br
3 3

24 25 DIBAHA

Scheme 3.5: (i) Bry, CHCls, r.t., 64h, 72%; (ii) AgSbFs, l2, CH,Cly, r.t., 30 min, 52%.

Triphenylamine 24 (5.05g, 20.6 mmol) was mixed with CHCl; (20mL). Bry (7 mL,
138 mmol) in CHCl3 (7 mL) was added dropwise, at r.t., over the course of one hour. The
mixture was then stirred at r.t. for 64 h. The product was precipitated by the addition of
EtOH, then recrystallised twice from CHCl3/EtOH to afford the product 25 as a mixture
of colourless, small crystals and large hexagonal faintly yellow crystals (10.73 g, 72%). *H
NMR (400 MHz, CDCls) 6y, ppm: 7.74 (d, J = 2.2Hz, 3H), 7.35 (dd, J = 8.5,2.2 Hz,
3H), 6.68 (d, J = 8.5Hz, 3H).

3.3.1.6 Tris(2,4-dibromophenyl)aminium hexafluoroantimonate (DIBAHAE)

Tris(2,4-dibromophenyl)amine 25 (1 g, 1.39 mmol) and silver hexafluoroantimonate (AgSbFg,
701 mg, 2.10 mmol) were combined and dried in vacuo. |, (356 mg, 1.40 mmol) was added
followed by dry CH,Cl, (10mL), with stirring. The solution immediately became dark
green. The mixture was stirred at r.t. for 30 min, then filtered by cannula in an inert
atmosphere. Dry pentane was added to the filtrate to precipitate the product, which was
collected by further cannula filtration in an inert atmosphere, washing with dry Et,0.
The product was dried in vacuo to afford a blue-green water-sensitive powder (692 mg,
52%), which had a UV-Vis spectrum in accordance with literature**” The product was

used without further characterisation.

3.3.1.7 c-P6eT6

The overall route to c-P6eT6 is shown in [Scheme 3.6/ Steps (i) to (v) are described

elsewhere 180
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m
\/ANH HN -

/
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EL
(CgH1a)sSi Si(CeH1a)s
Ar

(il
, —

— (iv) —
——=—CPDIPS — > H——

Scheme 3.6: (i) TFA, CH,Cl,, then DDQ, then Et3N; (ii) Zn(OAc),-2H,0, CHCl3, MeOH; (iii) N-
bromosuccinimide, CHyCly; (iv) CPDIPS-acetylene, Pd(PPh3)2Cla, Cul, THF, DIPA; (v) TBAF, CH,Cly;
(vi) T6, Pd(PPh3),Cly, Cul, 1,4-benzoquinone, CHCl3, DIPA, r.t., 16 h, 20-36%. Yields and full experimental
for steps (i)—(v) reported in ref. [186].

{H,H}-P1 (200 mg, 0.12mmol) and template T6 (26 mg, 29 pmol) were dissolved
in CHCl3 (133mL) by sonication for 2h. A solution of Pd(PPh3),Cl, (27 mg, 39 umol),
copper(l) iodide (37 mg, 0.19 mmol) and 1,4-benzoquinone (89 mg, 0.80 mmol) in CHCl3
(18 mL) and DIPA (0.25mL) was added to the porphyrin mixture at r.t. The mixture was
stirred at r.t. overnight, open to air. The reaction mixture was partially concentrated and
passed over a plug of alumina (CHCI3). Purification by SEC (toluene) and preparative
recycling GPC (toluene + 1% pyridine) afforded c-P6eT6 (78 mg, 36%) as a brown
solid. On a larger scale (800mg {H,H}-P1), the yield was only 20% due to apparent
co-absorption of polymer and product to alumina and glass frits during purification, and due
to mechanical losses. *H NMR (500 MHz, CDCl3) oy, ppm: 9.54 (d, J = 4.2 Hz, 24H), 8.72
(d, J = 4.2 Hz, 24H), 8.30 (bs, 12H), 7.98 (bs, 12H), 7.97 (bs, 12H), 5.52 (d, J = 8.5 Hz,
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12H), 5.45 (d, J = 8.5Hz, 12H), 4.98 (d, J = 6.1 Hz, 12H), 2.41 (d, J = 5.8 Hz, 12H),
1.54-1.41 (m, 144H), 1.41-1.17 (m, 432H), 0.98-0.77 (m, 360H); MS (MALDI-TOF) m/z:
calcd. M+ for C720H1068N305i242n6: 11211, found: 11207. UV-vis (CHQCIQ) >\max [nm] (IOgE

[M~1cm~1]): 850 (5.61), 808 (5.70), 772 (5.57), 612 (4.59), 482 (5.76).

3.3.1.8 Free-base c-P6 [H;]-c-P6

c-P6-T6 [Hole-c-P6

Scheme 3.7: (i) TFA, CHCl3, r.t., 5min, 79-100%.

Trifluoroacetic acid (95 pL, 1.24 mmol) was added to a solution of c-P6eT6 (23 mg,
2.078 pmol) in CHCl3 (2 mL). The mixture was stirred at r.t. until UV-Vis indicated complete
conversion of starting material (typically 5min), then pyridine (0.2 mL) was added and the
mixture was immediately filtered over a short column of silica gel (CHCl3 + 1% pyridine).
Removing the solvent yielded FB-c-P6 (16 mg, 79%) as a green solid. Yields varied
from 79% to 100%. *H (400 MHz, CDCl3) dy, ppm: 9.56 (d, J = 4.7 Hz, 24H), 8.71 (d,
J = 4.7Hz, 24H), 8.15 (bs, 24H), 7.96 (bs, 12H), 1.52-1.36 (m, 144H), 1.36-1.14 (m,
432H), 1.07-0.94 (m, 144H), 0.94-0.85 (m, 216H), —1.29 (s, 12H); MS (MALDI-TOF)
m/z: caled. M for CeagH1032N24Sing: 9834; found: 9836; UV-vis (CH,Cly) Apax [nm] (log e

[M~Lem=1]): 791 (5.47), 771 (5.49), 659 (5.30), 466 (5.72).
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3.3. Methods

3.3.1.9 c-P6

[Hole-c-P6 c-P6

Scheme 3.8: (i) Zn(OAc), - 2H,0, CHCl3, MeOH, 40 °C, 70 min, quant. Over two steps (with|Scheme 3.7)),
73%.

[H2)6-c-P6 (43.9mg, 4.5umol) was dissolved in CHCl3 (6 mL) and a solution of
Zn(OAc); - 2H,0 (8.8 mg, 219 pmol) in methanol (0.6 mL) was added. The mixture was
stirred at 40 °C for 70 min, at which time UV-Vis indicated reaction completion. The mixture
was then filtered through a short column of silica gel (CH,Cly + 1% pyridine) to afford
c-P6 (46 mg, quant.) as a brown solid. *H (400 MHz, CDCl3) oy, ppm: 9.67 (d, J = 4.6 Hz,
24H), 8.81 (d, J = 4.6 Hz, 24H), 8.16 (m, 24H), 7.91 (m, 12H), 1.50-1.37 (m, 144H),
1.37-1.12 (m, 432H), 0.94-0.84 (m, 144H), 0.84-0.72 (m, 216H); MS (MALDI-TOF) m/z:
caled. MT for CgagH1020N24SingZng: 10214; found: 10211; UV-vis (CH,Cly) Apax [nm] (log e
[M~tcm™1]): 772 (5.45), 748 (5.49), 593 (4.62), 473 (5.71).

In another example, the two-step preparation of c-P6 from c-P6eT6 had an overall yield

of 73%.

3.3.1.10 Removal of templates from larger rings

The template, T6, was removed from larger rings by displacement with pyridine. A sample
of ring was dissolved in CHCl3 + 20% pyridine, and passed through a SEC column.
The absence of template was confirmed by NMR. Residual pyridine could be removed
by washing with a saturated aqueous solution of potassium hydrogen phthalate (three

times), then with water (twice) before passage over a SiO, plug to remove water and
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phthalate residues. An alternative method of removing pyridine is to repeatedly dissolve
the sample in tetrahydrofuran, then remove the solvents by evaporation. The phthalate

wash is much more reliable.

3.3.1.11 -P8

c-P8 was isolated as a by-product in the synthesis of c-P6eT6 (from 0.8g {H,H}-P1)
as a brown solid (3.2mg, 0.4%). 'H (400 MHz, CDCl3) oy, ppm: 9.74 (d, J = 4.5Hz,
32H), 8.85 (d, J = 4.5Hz, 32H), 8.21 (s, 32H), 7.97 (s, 16H), 1.76-0.72 (m, 1248H);
MS (MALDI-TOF) m/z: caled. M for CgsaH1360N32Si32Zng: 13615; found: 13786; UV-vis
(CH,Cly) Amax [nm] (loge [M~tcm™!]): 818 (5.54), 597 (4.62), 495 (5.74), 469 (5.68).

3.3.1.12 ¢-P9

c-P9 was isolated as a by-product in the synthesis of c-P6eT6 (from 0.8g {H,H}-P1)
as a brown solid (2.9 mg, 0.4%). *H (400 MHz, CDCl3) dy, ppm: 9.83 (d, J = 4.6 Hz,
36H), 8.93 (d, J = 4.6 Hz, 36H), 8.26 (s, 36H), 8.00 (s, 18H), 1.52-0.80 (m, 1404H);
MS (MALDI-TOF) m/z: caled. M™ for Co7oH1530N36SizgZng: 15317; found: 15550; UV-vis
(CH,Cly) Amax [nm] (loge [M~tem™1]): 821 (5.60), 600 (4.66), 487 (5.78), 472 (5.77).

3.3.1.13 ¢-P10

c-P10 was isolated as a by-product in the synthesis of c-P6eT6 (from 0.8g {H,H}-P1)
as a brown solid (19.2mg, 2.3%). *H (400 MHz, CDCl3) dy, ppm: 9.80 (d, J = 4.6 Hz,
40H), 8.88 (d, J = 4.6 Hz, 40H), 8.25 (s, 40H), 7.9 (s, 20H), 1.60-0.79 (m, 1560H); MS
(MALDI-TOF) m/z: caled. M* for Cyg0H1700N40Sis0Zn1o: 17019; found: 17241; UV-vis
(CH,Cly) Amax [nm] (loge [M~tem™1]): 821 (5.73), 598 (4.81), 495 (5.89, sh.), 471 (5.92).

3.3.1.14 c-P11

c-P11 was isolated as a by-product in the synthesis of c-P6eT6 (from 0.8g {H,H}-P1)
as a brown solid (2.1mg, 0.3%). 'H (400 MHz, CDCl3) dy, ppm: 9.90 (d, J = 4.7Hz,
44H), 8.98 (d, J = 4.6 Hz, 40H), 8.31 (s, 40H) 8.02 (s, 20H), 1.60-0.80 (m, 1716H); MS
(MALDI-TOF) m/z: caled. M™ for Cy188H1870N44SisqZn11: 18721; found: 19016; UV-vis
(CH2Cly) Amax [nm] (loge [M~tcm™1]): 820 (5.70), 596 (4.79), 493 (5.88), 471 (5.89).
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3.3.1.15 ¢-P12

c-P12 was isolated as a by-product in the synthesis of c-P6eT6 (from 0.8g {H,H}-P1)
as a brown solid (1.2mg, 0.1%). 'H (400 MHz, CDCls) dy, ppm: 9.68 (d, J = 4.5Hz,
48H), 8.80 (d, J = 4.5Hz, 48H), 8.17 (s, 48H), 7.95 (s, 24H), 1.74-0.63 (m, 1872H); MS
(MALDI-TOF) m/z: caled. MT for Cia96H2040N4gSisgZn1z: 20423; found: 20657; UV-vis
(CH1Cly) Amax [nm] (loge [M~tcm™1]): 821 (5.88), 596 (4.88), 488 (6.06), 472 (6.07).

3.3.1.16 ¢-P13

c-P13 was isolated as a by-product in the synthesis of c-P6eT6 (from 0.8g {H,H}-P1)
as a brown solid (1.9mg, 0.2%). 'H (400 MHz, CDCl3) dy, ppm: 9.93 (d, J = 0.45 Hz,
52H), 9.00 (d, J = 0.45 Hz, 52H), 8.33 (s, 52H), 8.04 (s, 52H), 1.62-0.82 (m, 2028H): MS
(MALDI-TOF) m/z: caled. MT for Cy404H2210N52Si52Zn13: 22125; found: 22530; UV-vis
(CH2Cly) Amax [nm] (loge [M~tecm™1]): 821 (5.75), 595 (4.83), 490 (5.91), 472 (5.93).

3.3.1.17 c-P16

c-P16 was isolated as a by-product in the synthesis of c-P6eT6 (from 0.8g {H,H}-P1)
as a brown solid (2.4 mg, 0.3%). 'H (400 MHz, CDCl3) dy, ppm: 10.00 (d, J = 4.4 Hz,
64H), 9.07 (d, J = 4.4Hz, 64H), 8.39 (s, 64H), 8.08 (s, 32H), 1.60-0.86 (m, 2496H); MS
(MALDI-TOF) m/z: caled. M* for Cy728H2720N64SigaZn1s: 27230; found: 27686; UV-vis
(CH2Cly) Amax [nm] (loge [M~tecm™1]): 829 (5.89), 594 (4.97), 491 (6.03), 473 (6.05).

3.3.2 Computational chemistry

DFT calculations were all performed using a model of ¢-P6 in which solubilising aryl groups
had been replaced with hydrogens (Dgy, initial symmetry). Geometries were optimised using
Gaussian09/D.01%87 and the B3LYP/6-31G* functional /basis set combination 1881207192 The
neutral and 6+ rings converged to Dg, symmetry, while the 4+ and 12+ rings lost symmetry
(C1). The 2+ ring was optimised with both unrestricted and restricted DFT, and the stability
of triplet and singlet wavefunctions were checked in the former case. The 2+ oxidation state
optimised to C,, symmetry and a singlet ground state with spin contamination (52) = 0.7342
(0.2022 after annihilation). The converged geometry optimised structures were confirmed

as minima by performing frequency calculations, which showed no imaginary frequencies.
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NICS /susceptibility and ACID calculations were conducted using the GIAO and CSGT
methods, respectively, as implemented in Gaussian09/D.01. NICS grids were calculated with
1 A resolution on a 20 x 20 A grid. Version 2.0 of the ACID program® (external to Gaussian)
was used to generate the ACID results, and they were visualised using POV-Ray. Application
of Grimme's zero-damped D3 (GD3) dispersion correction®*! to geometry optimisations did
not affect the conclusions of subsequent NICS calculations. The D3 correction caused small
changes in the geometries (RMSD 0.018-0.025 A) and this affected the NICS by 0-5% of
their B3LYP values. The M06-2X and wB97X-D functionals?*%243 were tested on the 0+, 4+,
6+ and 12+ oxidation states and gave similar NICS values to B3LYP (Table 3.2). M06-2X is
a highly parametrised hybrid meta GGA (generalised gradient approximation) functional with
good performance for main group thermochemistry and non-covalent interactions. wB97X-D
is a long-range corrected hybrid GGA functional with an empirical dispersion correction
term, and similar areas of applicability as M06-2X with the addition of good treatment of
the self-interaction error. The magnitude of NICS(0) for the antiaromatic 4+ oxidation state
decreases according to B3LYP > M06-2X > wB97X-D due to a corresponding increase in
ellipticity (f = 0.049,0.088 and 0.166 for B3LYP, M06-2X and wB97X-D, respectively).
For wB97X-D, this elliptical distortion results in predicted non-aromaticity of the 4+ state.
The presence of template (T6) in the experimental studies maintains an approximately

circular geometry by limiting such distortion, ensuring antiaromaticity.

3.3.3 Spectroscopy

All oxidation experiments were conducted in J. Young tap NMR tubes using CD,Cl, stored
over molecular sieves, employing standard Schlenk line techniques. For titrations, a solution
of oxidant (40-50 mM) was added to a solution of porphyrin compound (ca. 4 mg/mL) in
the NMR tube, cooled to —78°C and kept under a flow of argon. For single point oxidations,
an excess of an oxidant as a solution or suspension was added to the porphyrin solution in
the same manner. Tubes were then closed and quickly transferred to an NMR spectrometer
pre-cooled to the appropriate temperature. Exposure to water is immediately deleterious to
porphyrin polycations, but they are stable to oxygen (O,). The use of rubber septa was
avoided: we found that the introduction of small quantities of rubber (even by non-coring

needles) has an immediate quenching effect on the cations.
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NMR measurements were performed on a Bruker AVII 500 (5 mm TXI probe) or a
Bruker AVIII 700 (5 mm TCI cryoprobe). Chemical shifts are reported in ppm vs. the
residual solvent peak. The 'H NMR spectra of c-P6eT6*t and c-P6eT6°%* are unchanged
on warming from 213K to 278 K. In contrast, the spectrum of c-P6eT6'%+ broadens
upon warming, and this change becomes irreversible if the sample is kept at 20 °C for more
than a few minutes, due to decomposition. Neutral c-P6eT6 is insoluble in CD,Cl, at low
temperatures (<233 K), but solubility improves upon oxidation. The 'H NMR spectra of all
species are field-independent, from 500 MHz (11.7 T) to 700 MHz (16.4T).

Voltammetric measurements were made using an Autolab PGSTAT 12 with a glassy-
carbon working electrode, platinum wire counter electrode and Ag/AgCl quasi-reference
electrode. Voltammograms were referenced to the Fc/Fct couple (0.0V) as an internal
reference after each measurement. Square wave voltammograms (SWV) were acquired with
a bmV step potential, 50 mV modulation amplitude and 5 Hz frequency. Exclusion of water
was essential for the acquisition of clean voltammograms. The supporting electrolyte salt
(tetra-n-butylammonium hexafluorophosphate, TBAP, Bus;NPFg) was dried by melting in
vacuo. CH,Cl, (dried over alumina (MBraun SPS), distilled from CaH,, and stored over 4 A
molecular sieves) was added to the dry electrolyte to a concentration of 0.1 M electrolyte.
Analyte solutions were prepared by addition of this electrolyte solution to porphyrin oligomer

(2-10 mg), and measurements were performed over 4 A molecular sieves.

3.4 Results and discussion
3.4.1 Computational assighment of aromaticity

DFT was used to calculate NICS89% a5 a measure of aromaticity.

For our purposes, we chose to calculate NICS(0) on grids in the xy plane, since c-P6
is sufficiently large that negligible in-plane contamination would be expected at the ring
centre (c.f. the limited extent of in-plane anisotropy presented in?Y). The NICS(0),, indicate
aromaticity for the 6+ oxidation state, while 0 (neutral) and 12+ are non-aromatic, and
4+ is antiaromatic. The NICS(0);s, calculated on a grid in the xy plane (the plane of the

six Zn atoms) for ¢-P6, c-P6*", c-P6% and c-P6!2* clearly demonstrates the nature

of the ring current in each oxidation state (Figure 3.2| and [Figure 3.3).
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Figure 3.2: Computational data supporting aromaticity and anti-aromaticity. NICS(0);s, grids in
the xy plane of (a) c-P6, (b) c-P6*t and (c) c-P6%*. The colour axis has been truncated to compare
the grids on the same scale; see for grids with individual scales. (d—f) show ACID plots for
each oxidation state. The yellow iso-surface depicts the anisotropy of the induced current density, with
an isovalue of 0.1 a.u. The neutral oxidation state (a) shows ring current effects local to each porphyrin
subunit. In contrast, the 4+ and 6+ oxidation states (b and c) show global ring current effects, manifest
by sign-reversal of the NICS inside and outside the ring.

10 12 14 16 18 20
Xcoordlnate

Table 3.1: Calculated (NICS, ppm) and experimental (Ad, ppm) parameters for the description of aromaticity
in different oxidation states of c-P6 (calculations were performed on a ¢-P6 model). Negative NICS/Ad
values correspond to aromaticity, and positive NICS/A¢ values to antiaromaticity. The NICS(0) values were
calculated at the centre of the ring. The NICS and magnetic susceptibility for the dication were calculated
using unrestricted DFT.

0+ 2+ 44 6+ 12+
nme” 84 82 80 78 72
Hiickel clas- 4n 4n 4 27 4n 4n 4 27 4n
sification
NICS(0).. 1 —10 304 —41 1
(ppm)
NICS(0)iso -1 -5 101 —13 1
(ppm)
X mol —20x1073 —42x10% 68x102 —10x10"2 1.1x10°*
cm? mol ™!
(cgs)
Ady o 0.26 — — —1.87 —0.74
AdT1Hs! THS 0.14 — 3.45 —0.70 —0.18
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Figure 3.3: NICS(0)is, grids for neutral, 44+, 64 and 12+ c-P6. (e-h): corresponding NICS(0),, grids.

Level of theory B3LYP/6-31G*.
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

Table 3.2: NICS(0)iso and (in brackets) NICS(0),, values (ppm) for c-P6 in different oxidation states,
with different DFT functionals. The 6-31G* basis set was used throughout.

0+ 2+ 44 6+ 12+
B3LYP//B3LYP ~1(1) —5(—10) 101 (304) —13 (—41) 1(1)
B3LYP//B3LYP-D3 ~ —1 (1) —5(—10) 106 (320) —13 (—41) 1 (1)
M06-2X / /M06-2X ~2 (1) n.d 3(12) —15(—45) 0(1)
wBI7X/wBI7X-D —2 (1) n.d 0(1) —16 (—46) 0 (1)

For the neutral c-P6, the ring current effects are localised above and below the plane

of each porphyrin unit, with no net global ring current (Figure 3.2a). This result is
in stark contrast to ¢-P6**, where the NICS is positive (NMR deshielding) inside the

macrocycle, and negative (shielding) outside, characteristic of paratropicity (Figure 3.2b).
This effect is reversed in the aromatic c-P6°t, with shielding inside the macrocycle, and
deshielding outside ([Figure 3.2¢).

The NICS(0)iso grid for the 12+ shows local porphyrin antiaromaticity, with
no global aromaticity, consistent with six local 167 antiaromatic porphyrin ring-currents.
For the 6+, we also calculated NICS,, in the orthogonal xz and yz planes (Figures
and , showing that the shielding anisotropy of the nanoring extends as a double cone

above and below the plane of the ring.

e\
plane

e, 5

Figure 3.4: Representations of c-P6 describing the xy, xz and yz planes in which NICS grids have been
calculated.
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Figure 3.5: NICS,, grids for c-P6°* in (a) the xz plane and (b) the yz plane of the molecule. In (a), the
view bisects a butadiyne and in (b) the view bisects a porphyrin. (c—e) show NICS(z) scans along the z axis

of the molecule (see [Figure 3.4)). The fitting lines are described below. Level of theory: B3LYP/6-31G*.

These calculated NICS(z) values (Figure 3.5¢c-€) fit well to a cubic polynomial:

NICS(0
NICS(z) = W()(323 + bz® + cz + 100) (3.1)
Where a, b and c are defined by fitting, according to aromaticity status, as identified in

Table 3.3l

Table 3.3: Fitting parameters for NICS(z) scans to a cubic polynomial. The shape of the polynomial is
consistent for all (anti)aromatic states, and distinct from that for non-aromatic states.

Ox. states a b c

(Anti)aromatic 2+, 4+, 64+ 450 x 1072 —9.46 x 10! 1.10 x 107!
Non-aromatic 0, 12+ 1.13x 1071 —1.96 —1.30 x 1071

Models of ACID on c-P6 support the conclusions from NICS, demonstrating a coherent

current ACID isosurface for c-P6* and c-P6°* (with paratropic and diatropic current

directions, respectively; current vectors shown in [Figure 3.6|), in contrast to an interrupted

isosurface for c-P6 and c-P6'%* (Figure 3.2d—f and [Figure 3.6)).

Many antiaromatic systems, including cyclobutadiene, undergo a Jahn-Teller distortion

to favour a low-symmetry conformation, and this effect is evident in c-P6**. The geometries
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring
(@)

{
i\ ~
N

Neutral

[EX WO e

Figure 3.6: ACID plots, viewing the molecule along the —z axis, for an applied magnetic field along the
+z axis, for (a) c-P6, (b) c-P6** (c) c-P6%* and (d) c-P62*. (e-h) show the corresponding views along
the y axis. The ACID isosurface corresponds to an isovalue of 0.06 a.u.

of c-P6 and c-P6°%t converge in Dg, symmetry whereas c-P6*t has C; symmetry with
an elliptical flattening factor of f = 0.049 (defined as 1 — b/a, where a and b are the
major and minor radii of the Zng ellipse). c-P6!%* also has C; symmetry but in this

case there is almost no ellipticity (f < 1073).

3.4.2 Experimental measurement of aromaticity and antiaromati-
city

The nanoring cations can be generated in solution by chemical or electrochemical oxidation.

Square-wave voltammetry (SWV) of c-P6eT6 reveals six reversible porphyrin-centred

oxidations in a first manifold, at +0.1 to +0.7V (vs. Fc/Fc™) (Figure 3.7} [Chapter 4 for

spectroelectrochemistry). The second manifold comprises a single six-electron oxidation to
generate c-P6eT6%* in which each porphyrin unit is in its 2+ oxidation state.

All of the oxidation states are accessible by titration with tris(2,4-dibromophenyl)aminium
hexafluoroantimonate (DIBAHAE, E.q = 1.14 V), and specific oxidation states can
be targeted with diacetylferrocenium hexafluoroantimonate (diAcFc, Ey = 0.50 V),

tris(4-bromophenyl)aminium hexafluoroantimonate (BAHAE, E.q = 0.70 V) and thi-
anthrenium hexafluoroantimonate (Thn, E.y = 0.86 V) (all vs. Fc/Fct, |[Figure 3.7,

Figure 3.8 for structures).?**

The magnetic effects of molecular ring currents are particularly apparent in NMR
spectra.® Titration of DIBAHAF into a solution of c-P6eT6 at 223K in CD,Cl, gives a
sequence of three resolved 'H NMR spectra (Figure 3.9)), assigned to the 4+ (red-brown
solution), 6+ (burgundy solution) and 12+ (grey/black solution) oxidation states (see later).

There is no further change in the NMR spectrum upon addition of excess DIBAHAE: the

65



3.4. Results and discussion

7'M12*

5 pA

DIBAHA,
114V

Fc
0.0V

diAcFc
0.50 V

T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
potential vs. Fc/Fc* (V)

Figure 3.7: Square-wave voltammetry of c-P6eT6. The solvent was CH,Cl, (0.1 M BusNPFg). Red
arrows show the first reduction potential of each oxidant:24# ferrocene (Fc), diacetylferrocene (diAcFc),
tris(4-bromophenyl)aminium hexafluoroantimonate (BAHAE), thianthrenium hexafluoroantimonate (Thn)
and tris(2,4-dibromophenyl)aminium hexafluoroantimonate (DIBAHAE). There are six oxidations in a first
manifold, generating oxidation states up to the hexacation (6+4). A second manifold contains only a single
oxidation wave generating the dodecacation (12+).

.
o S SbF, 3 SbFs SbFs - SbFs  AgSbFy/l,
3

diAcFc Thn DIBAHA,
0.50 V 0.70 0.86 V 1.14V >114V

Figure 3.8: Chemical structures of oxidants used in this study. Abbreviations are expanded in the text.
The potentials underneath each structure refer to the E,.q for the first reduction of each oxidant.

12+ state is the endpoint. Identical spectra are obtained using AgSbFg /I, (4:1 or 2:1) as the
oxidant. Intermediates with odd numbers of electrons are not observed during these NMR
titrations, presumably because their spectra are extremely broad. The spectrum for the 2+
oxidation state (i.e. after addition of 2 eq. oxidant) is also too broad to observe, indicating
that c-P6eT62%" is open-shell and paramagnetic. We confirmed the oxidation state of
the first two resolved products (4+ and 6+) by single-point oxidations with diAcFc (4+),
BAHAEg (6+) and Thn (6+). These single-point oxidation NMR spectra are reproducible
in the presence of supporting electrolyte (0.1 M BusNPFg).

Before presenting the NMR evidence for global nanoring (anti)aromaticity in the 4+ and
6+ oxidation states, we calibrate discussion of the tH NMR spectra on the well-studied?*

neutral c-P6eT6. The porphyrin 3-pyrrole protons resonate at the characteristic chemical

shifts for neutral porphyrins (a: 9.56 ppm, b: 8.75 ppm, [Figure 3.9p; [Table 3.4)).
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring
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Figure 3.9: NMR spectra of neutral and oxidised c-P6eT6. 'H NMR (500 MHz, CD,Cl,) of (a) neutral
c-P6eT6 (298 K); (b) c-P6eT6*+ generated by titration with DIBAHAE, 223 K; (c) c-P6eT65* generated
during titration with AgSbFes/l,, 223K; (d) c-P6eT6'2+ generated by oxidation with excess DIBAHAF,
223 K. The inset shows the molecular structure of the repeat unit of the 6-fold symmetric c-P6eT6.
The peaks labelled # and * arise from CHDCIl, and neutral oxidant (tris(2,4-dibromophenyl)amine),
respectively. Unlabelled resonances are not assigned. 1 is an unknown impurity. In the neutral state (a), the
template resonances (a—d) probe the local aromaticity of each porphyrin. This aromaticity is reversed in
the dodecacation (d), where the template protons report local antiaromaticity. The global aromaticity and
antiaromaticity of the tetracation (b) and hexacation (c) are revealed by the large chemical shift difference
between similar protons inside and outside the ring. The full spectra, without truncated peaks, are shown

in Figure 320
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3.4. Results and discussion

Table 3.4: 'H and 3C NMR chemical shifts for c-P6eT6, c-P6eT6*", c-P6eT6%" and c-P6eT612+.
‘THS CHs’ refers to the terminal methyl in the hexyl chain of the trihexylsilyl group (determined by
multiplicity edited HSQC), and ‘THS CH;' refers to the methylene proximal () to the silicon atom,

determined by chemical shift. The inner (') and outer THS manifolds could be readily distinguished by
COSY, TOCSY and NOESY. All chemical shifts are given in ppm.

Neutral 4+ 6+ 12+

1H 13C lH 13C lH 13C 1H 13C
o 241 1434 — — 571 1459 11.31 151.0
5 499 1199 — — 527 — 883 1256
v 545 1243 — — <517 — 794 1263
5 556 1312 — — ~517 — 773 1318
a 956 1306 — — 652 1282 6.05 133.6
b 875 1333 — — 599 1334 577 1365
0 8.06 1416 — — 778 — 731 1282
o 832 1408 — — 591 — 657 1344
p 802 1399 — — 792 — 758 1446
THS CH; 077 144 069 139 084 142 083 137
THS' CH, 091 144 414 173 0.14 136 0.65 14.1
THS CH, 092 130 080 11.7 073 116 075 ~13
THS' CH, 092 13.0 473 149 0 108 059 ~13
Aby o 026 —-08 — — —187 — —074 6.2

Abusthscn, 014 0 345 34 —070 —06 —018 0.4
Abtus thsc, 0 0 393 32 -073 —08 -016 ~0

Rotation of meso-aryl groups is slow on the NMR timescale (see Supplementary Section
for details), so that the inner and outer ortho protons (o’ and o) and trihexylsilyl resonances
(THS’ and THS) can be confidently distinguished. A global aromatic ring current would
shield the inner protons (o’ and THS’) and deshield the outer protons (o and THS) causing
large differences in chemical shift (A0 = djnner — Oouter). It is Observed that these signals
give small chemical shift differences (Ady/o = 0.26 ppm; Ad7Hs /Hs = 0.14 ppm) in the
neutral ring, implying that there is no global ring current. The ring current of each aromatic
187 porphyrin unit is apparent from the 'H chemical shifts of the template protons «, f3,

~ and &, which are shielded by the porphyrin; the shielding is attenuated with increasing

distance from the porphyrin: @ > 3 > v > § ([Figure 3.9a and [Table 3.5).
The 'H NMR spectrum of c-P6eT6%F is very broad (Figure 3.9b), precluding detailed

assignment of the resonances. However, a clear splitting of the THS groups is apparent

in the aliphatic region (Figure 3.10R).
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

Table 3.5: Chemical shift differences (Adx+ = 076, free — O in c.peeTe*+) fOr the template protons (a, f3,
v and 6) in c-P6eT6, c-P6eT6% and c-P6eT6!2*, vs. unbound template (T6, 400 MHz, CDCl3). All
values are given in ppm.

T6 Ady Adeyr Adioy
a 854 613 283 277
g 733 234 206 —1.50
v 7.24 179 207 —-0.70
6 7.02 146 185 —-0.71
(®) ovidant 11
e M
—_é N THS‘:D S - o
Reduced j i
‘ oxidant —] <Br N m ‘ ‘
5 < N i e
THS’% ) [THS’ Br: 5 d
—J| Reduced ] 1 L;‘Q
oxidant ~ CHDCI, © ! ' ©
1o : 1 ﬁ I
b 6 [ <Bf r N wg - @ | g :;, 8'%
i T K | R O
8 6 4 2 0 F2 [ppm] 20 15 10 5 0 F2 [ppm]

Figure 3.10: (a) TOCSY (tmix = 60 ms, MLEV17 sequence) and (b) NOESY (tmix = 250 ms) of
c-P6eT6%t (500 MHz, 223 K). This sample was prepared by titration with DIBAHAE.

The less shielded set of THS resonances shows multiple NOEs to resonances at high
chemical shift (8-24 ppm), and is thus assigned to the inner THS’ group [Figure 3.10p).
The large positive Adrys/THs' (3.45 ppm) implies a strong macrocyclic paratropic ring

current. Antiaromaticity is further supported by an extremely high paramagnetic susceptibility

exaltation for c-P6eT6%*" measured by Evans’ NMR method (see [subsection 3.5.1[f?4

and corroborated by DFT calculations; Xm0 (experimental) = 21,000 ppm cm?3mol™!
(ttefr = 6.5018), Xmol (calc.) = 68,000 ppm cm3mol™! | (per = 11.5 uB), compared to

Xmol = 1480 ppm cm® mol™ (e = 1.7 ug) expected for a single unpaired electron (all

units c.g.s.; see |[Figure 3.18| |Table 3.1]). Despite many predictions of paramagnetism in

closed-shell antiaromatic compounds*® to the best of our knowledge, this is the first
time that the effect has been observed experimentally, though diamagnetic susceptibility

exaltation is a well-recognised characteristic of aromatic systems.”? Experimental studies of
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3.4. Results and discussion

other antiaromatic systems have found a reduction in the diamagnetism rather than outright
paramagnetism ’? ‘Giant orbital paramagnetism’ has been predicted, but not observed, for
carbon-based nanostructures such as carbon nanotube tori.?*

In contrast to c-P6eT6*t, the NMR spectrum of c-P6eT6° is well resolved and fully
assigned by 2D techniques (see Figures[3.11p (NOESY) and [3.11p,c (COSY)).

(a) CHECIZ THS'
a o Y
P 8
=== - - (b) (c)
j e
o
g
A. e
S| THS = g _
F< f o g . i~ g_
BY s 2 e k=
CHDCI;—¢ o 4 oo oo
b —2 o o 5{’! ’ Y o 2 I ) EI; ; : 5
a A0 F2 [ppm] F2 [ppm]
P ] 0 o 'g
@ ¢ co&
8 6 4 2 0 T

F2 [ppm]

Figure 3.11: (a) NOESY (tmix = 250 ms) (b) COSY (aliphatic expansion) and (c) COSY (aromatic
expansion) of c-P6eT6%+ (500 MHz, 223 K). This sample was prepared by titration with AgSbFg/I5.

A large A0 is observed between the o'/o (—1.87 ppm) and THS’/THS (—0.70 ppm)
resonances. NOEs to the template were used to assign the inner vs. outer resonances. The
inner o’ and THS' are more shielded than their external counterparts (negative Ad) in
c-P6eT6%t confirming the presence of a global diatropic ring current. The template protons
a—0 are all nearly equally shielded with respect to unbound T6 (Table 3.5)), revealing a
uniform shielding effect within the macrocycle, as predicted by the NICS grids (Figure 3.2c),
and indicating the absence of local porphyrin aromaticity.

The 'H NMR spectrum of c-P6eT62* is well resolved and was fully characterised
by 2D NMR techniques (Figures (NOESY), (COSY) and (NOE build-
ups)). In c-P6eT62*, every porphyrin unit is in the antiaromatic 167 dicationic oxidation
state.?*® The antiaromatic porphyrin centres deshield the template protons (with respect
to unbound template, [Table 3.5)); the extent of deshielding decreases with distance from
the porphyrin plane, & >> 8 >~ > § ([Figure 3.9d). This behaviour is entirely local to
the 167 porphyrin unit, as demonstrated by the similarity between the 'H NMR spectra

of the porphyrin monomer I-P1%2+  dimer I-P2%*, tetramer I-P43+ and cyclic oligomers
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Figure 3.12: (a) NOESY of c-P6eT6'2* (500 MHz, 223 K). tix = 200 ms. This sample was prepared by
titration with excess DIBAHAE. (b) COSY of c-P62* (500 MHz, 213 K). This sample was prepared by
oxidation with excess DIBAHAE.

c-P6eT62t, c-P6'2+, c-P8°F, c-P10%°+, c-P112%+ and ¢-P122%* (all recorded in the
presence of excess DIBAHAE; [Figure 3.14)).

Comparison of the SWV of I-P1 and /I-P2 shows that the first oxidation wave of
I-P1 is split upon oligomer homologation, while the second oxidation wave is not split
(Figure 3.15a). This lack of electronic communication is reflected in the highest occupied
molecular orbital (HOMO) of I-P2%*, corresponding to the Gouterman az, orbital “*® which
exhibits no density at the porphyrin meso positions (Figure 3.15p). In contrast, the HOMOs
of neutral oligomers exhibit high density at the meso positions (Gouterman ay,), leading
to strong electronic communication in meso—meso linked porphyrin oligomers 16!

The 'H NMR spectra of c-P6°* and c-P6!2* with no bound template are very similar
to those of the template complexes, except for the absence of template signals ([Figure 3.16)).

We were unable to observe a *H NMR spectrum of ¢-P6*t without the bound template,
and the conformational lock provided by the template seems to be essential for creating
a well-defined antiaromatic system.

Neutral butadiyne-linked porphyrin oligomers have a very low barrier to torsional rotation
about the alkyne axis®! and fast exchange occurs between the ortho (o and o)

resonances in c-P0, even at low temperature, due to this free rotation. In contrast, the o

and o’ resonances are split at low temperature for c-P6°+ (T < 263 K; [Figure 3.17a) and
c-P6'2* (T < 243 K; [Figure 3.17b), indicating increased conjugation between porphyrin

subunits in these oxidation states.
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Figure 3.13: Transient 'H NOE (500 MHz, CD,Cl,, 223 K) buildup/decay curves for c-P6eT62+, with
NOE transfer following selective excitation (tmix = dg) of the template « proton. The sample was prepared

by oxidation with excess DIBAHAE.
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Figure 3.14: (a) 'H NMR spectra (500 MHz, CD,Cl,) of the 2N+ oxidation states of c-P6, c-P8eT8,
c-P10, c-P11 and c-P12, generated by oxidation with excess DIBAHAE. (b) *H NMR spectra (500 MHz,
CD,Cl,) of I-P1, I-P2 and I-P4 in their diamagnetic neutral, N+ and 2N+ oxidation states (excluding
paramagnetic I-P1%*). Atom labels for linear oligomers are described in (c).
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Figure 3.15: (a) Square wave voltammetry of I-P1 (blue), I-P2 (red) and c-P6eT6 (orange), in CH,Cl,
(0.1 M BusNPFg). The abscissa (current) is normalised to the height of the highest oxidation peak (~1V).
(b) Frontier orbitals of I-P2 in its neutral, 24+ and 4+ oxidation states. A truncated model of I-P2 was
used, with aryl sidegroups and terminal trialkylsilyl alkyne protecting groups truncated to H (overall Dy
symmetry). Level of theory: B3LYP/6-31G*. The isosurfaces are plotted at an isovalue of ~0.183.u.

EXSYZ9 NMR experiments at 213 K revealed AG* of 49.5+0.4 kJ mol~! and 42.6+0.4

kJmol~! for 6+ and 12+ respectively (see Supplementary Section [3.5.2} [Figure 3.19| and
Table 3.6} for details). The c-P6%t hexacation is aromatic with or without the bound T6

template, but the template has two important roles in this system: it holds the nanoring in
a regular geometry, resulting in sharper NMR spectra, and it provides a set of protons to

probe the magnetic effects of the ring current at well-defined positions inside the nanoring.
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Figure 3.16: (a) Comparison of 'H NMR spectra (500 MHz, 223 K, CD,Cl) of template-free c-P6 in its
neutral, 6+ and 124 oxidation states. The 6+ oxidation state was generated by oxidation with excess Thn,
and the 12+ oxidation state was generated by oxidation with excess DIBAHAE. (b) Comparison of 'H
NMR spectra (500 MHz, 223 K, CD,Cly) of c-P6 in its 6+ oxidation state, with and without template.
The samples were prepared by oxidation with excess Thn and by titration with AgSbFg/l,, respectively.
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Figure 3.17: VT 'H NMR (500 MHz, CD,Cl,) of (a) ¢-P6%* and (b) c-P6!2*, generated by oxidation
with excess Thn and excess DIBAHAE, respectively.

3.5 Supplementary details
3.5.1 Paramagnetic susceptibility by Evans’ Method

We applied the principles of Evans’ method24%:2517253 for the determination of magnetic
susceptibility by NMR to determine the approximate magnetic susceptibilities of the [6]-
porphyrin nanoring oxidation states. At the outset, we expected to observe increases in
paramagnetic susceptibility for the odd oxidation states (14, 3+, 5+) and for the free
oxidant, with near-zero relative magnetic susceptibility for the closed-shell oxidation states.

The Evans' method involves separating an analyte and a reference solution by placing
one in an isolated coaxial chamber within the other. In our case, we placed a flame-sealed

capillary of CFCl; in dg-toluene into a standard 5 mm J. Young NMR tube containing the

~
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

analyte solution, CFClz and CD,Cl,. The reference capillary was supported with custom-
made PTFE spacers. With this assembly, we were able to conduct titrations of oxidant into
c-P6eT0 solutions, and measure the frequency shift between the CFCls resonances in the
19F domain. We chose to use CFCl; since the 'H domain was too crowded to permit reliable
measurement of a chemical shift difference between analyte and reference probe resonances
for the commonly used references. However, the °F resonance for CFCls is split into a
complicated multiplet pattern owing to different isotopic chemical shift effects from 35/37C|
(the resonance resembles the mass spectrum isotope pattern for CFCls, [Figure 3.18p).
For this reason, we use dg-toluene as the solvent in our reference capillary, to provide
an appreciable initial frequency difference between analyte and reference chamber CFCl3
resonances, and make subsequent measurements of Av (calculated relative to the Av
between CFCl3 resonances in the reference and analyte compartments in otherwise pure
solvent (without c-P6eT6)) more reliable.

Attempts to use Evans' method without an explicit reference compound, instead
monitoring the 2H solvent resonances, failed due to the broad line-width and low signal to
noise of the 2H spectrum. Control experiments indicated that, in the absence of analyte,
Av with CFCl3 varied by about 1 Hz/K temperature variation. In the context of a titration,
this implies an error of at least +2 Hz in each Av.

A titration of DIBAHAE (ca. 44.5 mM, in 21 pL increments) into c-P6eT6 (ca. 2.0 mM,
450 pL in CD,Cly) was conducted at 243 K. At this concentration and field, one equivalent
of oxidant (2.0 mM, i.e. 2.0 x 107 molcm™3) with a magnetic moment of 1 g (Bohr
magneton) would give an imperceptible (1-2 Hz) frequency difference Av. However, our
experimental results (Figure 3.18|) show a huge Av (66 Hz) for the antiaromatic tetracation

c-P6eT6% . This surprising result corresponds to a large paramagnetic susceptibility and

is supported by DFT calculations for c-P6 (Figure 3.18| and [Figure 3.19)).

The magnetic susceptibility xmos is related to the chemical shift difference Av by:

3Av
47TVOC

Xmol = (32)

where 14 is the spectrometer frequency (470 MHz) and c is the concentration of c-P®6, in
molcm™1. An explicit diamagnetic solvent correction has been neglected from this analysis,
since it is already factored in the susceptibility of the neutral nanoring solution from which

all other relative susceptibilities are calculated.
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Figure 3.18: (a) Experimental magnetic susceptibility during an NMR (243 K, 470 MHz (1°F)) titration of
DIBAHAE into c-P6eT6 in CD,Cl, (blue diamonds). The molar susceptibility was calculated based on the
approximate concentration of c-P6eT6, and the concentration of oxidant has been corrected by a factor
of 1.3 to account for error in the concentrations of oxidant and porphyrin. The red points show the DFT
(B3LYP/6-31G*) calculated magnetic susceptibility. (b) Example *°F (470 MHz) NMR spectrum showing
the measurement of Av, and the corresponding *H (500 MHz) spectrum, inset. These spectra correspond
to the third data point (~4 eq. oxidant) in (a).

3.5.2 The interporphyrin torsion barriers in c-P6 6+ and 12+

In template-free neutral c-P®6, the barrier to inter-porphyrin torsion about the butadiyne
linkers is likely to be similar to that in I-P2, ca. 2.1 kJmol=!3! thus the
porphyrins are rapidly rotating at room temperature (kg T = 2.5 kJ mol™!). Consequently,
only one resonance is observed in 'H NMR for the o and o’ (ortho) protons in fast exchange.
No broadening is apparent when reducing temperature to 223K in CD,Cl,, below which
solubility becomes limiting. In contrast, the 0/o’ resonances in oxidised nanorings c-P6°%*
and c-P6!2* are in slow exchange at 223K.

VT NMR can be used to determine the coalescence temperature T. between the o and
o’ resonances and hence the exchange activation barrier at T, (via the Eyring equation).
Estimates of T, from VT NMR are >278K and ~233K for 6+ and 12+, respectively.
Estimation of T, is confounded by broadening of the entire spectrum of oxidised species
at elevated temperatures, perhaps owing to paramagnetic exchange with residual oxidant.
To avoid this problem, we used 2D-EXSY NMR to measure the exchange rate constant
k at 213K for c-P6%t and c-P6'?*.

A phase-sensitive NOESY (EXSY) pulse sequence with gradient enhancement (noesy-
gpph) was employed with variable mixing times tyx from 5ms to 125 ms. The recycle delay

(d1) was 1s. The Fourier-transformed (with a squared sine bell window function applied
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

to the FID) spectra were phase-corrected and a 2D baseline of 5™ order was subtracted.
The intensities of peaks of interest were determined by volume integration.

The pertinent o/0’ exchange was modelled as a simple two-spin system, with spins
labelled A and B. An equal population of sites A and B was assumed, leading to the
following equalities for the intensities / of on-diagonal peaks (/44 and Igg) and off-diagonal
crosspeaks (Iapg and Iga).2%2% These equalities are not experimental facts due to spectral

overlap, but this does not affect the analysis.

Ina = Igs (3.3)

IAB = /BA (34)

The intensities /| can be defined as follows:

1 —tmix

laa =g 1+ e Kmx ] M° (3.5)
1 —tmix

lag = g [1 — e~ Ktmix] O (3.6)

where tnix is exchange mixing time, T1 is the spin-lattice relaxation time (assumed equal
for A and B), k is the exchange rate constant and MO is the initial magnetisation. If we take

the ratio of intensities r, the equations simplify, removing the dependencies on M° and T;:

s+ Ipa (3.7)

~ laa+ Iss
1 _ e_ktmix

iy e (38)

The experimental data points and fit for 6+ and 12+ are shown in respectively.

The equations for /y4 and 4 are based on the following chemical system:

A=—8B
kea

which, given the equal populations of A and B, leads to the following definition of k2%
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Figure 3.19: Fit of 'H EXSY data (500 MHz, CD,Cl,, 213K) for 0/o’ exchange in (a) c-P6%* and (b)
c-P612+  as a function of tmix.

PA = PB = 0.5 (39
kAB = ka (310
kBA = pAk (311

k = 2kag = 2kga = kap + kga (3.12

In 1992, Green et al. noted that a multiplicative factor of two must be applied to kops (
= kag) determined by magnetisation transfer experiments for equally populated two-site
exchange in order to deliver a kcpem suitable for the calculation of AG*2% The rationale
is that a species at the midpoint of a symmetric reaction profile will only decay in such a
way that gives rise to magnetisation transfer 50% of the time. This notion is the direct

analogue of the transmission coefficient x in the Eyring equation:

k=r——e (3.13)

In words, if we denote labelling with an asterisk, the species A*B will form a transition
state in which the label is no longer well-defined: [AB]*. This transition state can decay
with 50% probability (owing to the symmetric nature of the reaction profile) to give
A*B and AB*. A rate constant ks only describes those transition states which result in
magnetisation transfer from A to B, thus a value of kK = 0.5 must be used, analogous to

Green's multiplicative factor of two for kepem (i-€., Kchem = 2kobs = %B)
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3. Aromaticity and antiaromaticity in a 2.4 nm molecular nanoring

Table 3.6: Kinetic parameters for porphyrin torsional rotation in c-P6°%* and c-P6!2* from 'H EXSY
measurements (500 MHz, CD,Cl,, 213 K).

kois k (571) AGhs  kImol™  kepemr. (s71)  Te (K)

c-P6%t  3.4540.86 49.48 + 0.44 4154 282+ 2
c-P612+ 172+ 43 42.56 £ 0.44 1644 234 £ 2

254

In our case the formulations of k, Ip4 and Ixg give us kepem directly,=>* such that we

use a transmission coefficient x = 1 to determine AG¥. The results are shown in [Table 3.6l

The chemical exchange rate constant at the coalescence temperature (T.) can be

determined by taking an estimate for Av between 0/0’ in slow exchange from the templated

nanoring spectra ((Table 3.1 and [Table 3.4)), and thus T. can be estimated using AG* from

the above analysis. The quantitative analysis of errors in this EXSY experiment is difficult —
rather than relying on the 95% confidence interval of the fit (0.07s™! and 35s7* for 6+

and 12+, respectively), we have adopted an empirical error of 25%.

Based on the absence of exchange broadening in neutral c-P6 at 223K (hence T, <
223 K, and ke = 578 s7! at T.), an upper bound of AG* <« 42.3 kJmol™! can be

assigned for the neutral oxidation state.

The value of the exchange rate constant k at 213K for c-P6°" is of the same order
as that measured for o/0’ exchange due to aryl rotation about the meso—aryl bond in
a similar complex (a templated [10]-porphyrin nanoring), at 298 K: 4s™! and 0.4s7* for
two inequivalent porphyrin sites?3” These values of k correspond to AG* of 70 kJ mol~?
and 263 kJ mol~!, respectively, and are thus unlikely to contribute to the EXSY spectra
at 213 K. Furthermore, no o/0’ exchange is observed in the 223 K NOESY spectra of

c-P6eT6%" and c-P6eT6!2+ with t,, = 250 ms.
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3.5.3 Additional figures
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Figure 3.20: Full 'H NMR spectra (500 MHz) of (a) neutral c-P6eT6 (298 K); (b) c-P6eT6* generated

during titration with DIBAHAE, 223 K; (c) c-P6eT6%" generated during titration with AgSbFe/I», 223 K;
(d) c-P6eT6'2+ generated by oxidation with excess DIBAHAE, 223 K. (cf. expanded extract in [Figure 3.9)
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We must not forget that when radium was discovered
no one knew that it would prove useful in hospitals. The
work was one of pure science. And this is a proof that
scientific work must not be considered from the point
of view of the direct usefulness of it. It must be done for
itself, for the beauty of science, and then there is always
the chance that a scientific discovery may become like
the radium a benefit for humanity.

— Marie Sktodowska Curie (1921), Lecture at Vassar
College New York

Charge and spin delocalisation in
butadiyne-linked porphyrin oligomers
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4.1 Abstract

The charge and spin delocalisation lengths in doped organic polymers are important
parameters for the design of functional materials and for understanding the mechanisms

of long-range charge transport. Here we thoroughly investigate the extent of charge
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4.2. Introduction

delocalisation in the radical cations of butadiyne-linked porphyrin oligomers, using optical
(Vis-NIR-IR) and EPR (ENDOR) spectroscopies. Our results reveal charge/spin delocalisation
over 2—3 porphyrin units in linear oligomers, and over a similar or greater distance in
cyclic and tubular arrays. We observe strongly intensified IR signals for the radical cations
and, for the cyclic systems, Fano-like anti-resonance interferences between a low-lying
electronic transition and the butadiyne vibration. Our room temperature continuous-wave
EPR results show that, in these conditions, the radical cation spin is rapidly hopping and
manifests as complete delocalisation on the EPR timescale. In the low temperature (100 K)
ENDOR, spin localisation becomes apparent. We believe that the charge localisation in
these cations arises from a combination of electrostatic pinning by a counterion, end-group

effects, and vibronic localisation.

4.2 Introduction
4.2.1 Molecular wires

The phenomenological connection between conjugated m-systems, in which electrons are
fully delocalised along the oligomer, and wires, in which electrons and holes can flow freely
in a conduction band, has aroused great interest towards the prospective application of
molecules as wires and components in electronic devices. 1487159250 The recent rapid growth
of computational power has been enabled by miniaturisation of silicon-based transistors,
from ~10pm (1960s) to 10 nm (2017).%>” Although a miniaturisation limit has not yet
been realised, molecular components may offer an alternative approach for the preparation

of sub-5nm devices.?’

There is a fundamental interest in understanding the nature of
molecular conductance, and the exploitation of molecular properties and quantum mechanical
effects to deliver new device function. For example, quantum interference can result in a
second-order dependence of the conductance upon the number of parallel paths available in a

t:258

parallel circui a quantum circuit with two parallel paths exhibits a four-fold conductance

compared to the one path analogue 2>
Molecular conductance can arise by two mechanisms. In the first, the whole elec-
trode|molecule|electrode junction is treated as a single potential, so at sufficient bias

voltage, current flows 1293826052631 |y this regime, the rate of electron transfer (k.) has
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4. Charge and spin delocalisation in butadiyne-linked porphyrin oligomers

an exponential dependence on the distance (r), according to k.(r) = Ae ”’. Altern-
atively, an incoherent hopping process can occur, involving tunnelling events between

200i2671 5ch as bases in a DNA chain®®® or monomers

neighbouring sections of the wire,
in a p-phenylenevinylene oligomer2? The hopping process has a much lower distance
dependence than single-step tunnelling.

Conductances in molecular wires are related to the extent of radical anion or cation
(in general: polaron) delocalisation. Delocalisation is also crucial for semiconductor band-
like structures in bulk organic polymers 270271

in devices such as OLEDs and OFETs. 24/

which is important for their applicability

4.2.2 Mixed valence

Mixed valence (MV) systems are those which comprise two redox centres across which some

charge is spread, evenly or otherwise 13772

Classical examples of MV systems are inorganic
coordination complexes, such as the archetypal Creutz-Taube (C-T) ion 26, comprising a
Ru"" complex 273 In general, an MV complex with a net 1+ charge, comprising two redox
active centres R and a bridge b [R-b—R]", can exist between the extremes of complete
localisation: RT—=b—R and complete delocalisation: R%5" —=b—R%5". The C-T ion 26 exists

in the latter category, and each Ru centre has a 2.5+ oxidation state.

4o

n//=\ \ / S S
(HaN)sRu—N N—Ru(NHa)s NON [ — ]
\_7 / \ S S
28

26 27
o -
!

- 29

— 4

(o]

Figure 4.1: Examples of mixed-valence compounds.

Although it is easy to imagine myriad examples of MV metal coordination compounds,
the category does not restrict itself to metal redox centres. Wurster's blue*™ (27) is an
early example of a fully delocalised organic MV compound. Wudl's tetrathiafulvalene (TTF)
radical cation 28, which is also fully delocalised, is generally considered to have initiated

contemporary MV study 23725 |t js instructive to make a quick attempt to categorise 27
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and 28 into redox moieties (R) and bridges (b). The effort reveals a fundamental challenge
for organic MV: with inherently delocalised (not metal-centred) radical cations and anions,
it is difficult to distinguish between bridges and redox centres. The assignment is easier
for 29,%%% where the triarylamine moieties are readily recognisable as redox centres, but
the situation becomes confused again when a redox system is strongly conjugated into its
bridge, such that the [R—b] moiety behaves as an extended chromophore.

MV systems can be classified into three main categories, using the Robin-Day classifica-
tion system 134272277 |n Class |, the redox moieties do not interact with each other in a
measurable way, and charge is fully localised on one redox centre. In Class |l, the charge is
localised at one centre, but the redox centres do interact and thus the charge transfer between
them can be interrogated spectroscopically, manifest as NIR intervalence charge-transfer
(IV-CT) absorptions. Finally, Class Ill includes systems where the charge is fully delocalised
between redox centres. Similar NIR bands appear in Class Il systems and they are often
empirically referred to as IV-CT absorptions. It is important to note that these NIR bands do
not, and cannot, effect charge transfer in fully delocalised Class Ill systems, and it has been
suggested that the ‘intervalence charge resonance’ label ought to be applied in preference?’®
We will use IV-CT to refer to all broad NIR bands in porphyrin oligomer radical cations.

Marcus-Hush theory can be applied to the analysis of the IV-CT bands to extract the
critical factors which control charge delocalisation: the interaction energy (Hag) and the
reorganisation energy (\) 237272 |n Marcus-Hush theory a MV complex is described by two
interacting (adiabatic) potential energy surfaces, with the degree of electronic coupling
described by the parameter Hag (Figure 4.2)). For Hag = 0, the system is Class I; for non-zero
Hag the system moves into Class [l. When 2Hag > ), the system is Class Il (Figure 4.2)).

The reorganisation energy A\ collects all of the energetic terms involved in the charge-
transfer process, such as bond length reorganisation and solvent redistribution. Thus A
can be highly medium-dependent. The reaction coordinate x describes the charge-transfer
process: hence the left parabola (for and b) describes the state where all
of the charge is localised on one unit (xa), and the right parabola where it is localised
on the other (xg). At the Class Il limit there is no distinction between the two redox
units, thus the most stable point on the reaction coordinate is at xa g = 0.5, where the

charge is shared between both units.
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(a) Class | (b) Class Il (c) Class Il

Xu Xg X Xg Xpg

T T T T T

0 1 0 1 0.5
reaction coordinate, x reaction coordinate, x reaction coordinate, x

Figure 4.2: Schematic energy surfaces for (a) Class |, (b) Class Il and (c) Class Il MV systems. \ is the
reorganisation energy; Hag is the electronic coupling between the MV centres 272

In the high-temperature limit (i.e. where hv < kg T for vibrations), there is a Boltzmann
weighted population of vibrational states. Optical transitions from the vibrational manifold of
the lower potential to the upper potential can thus clearly be seen to give rise to a Gaussian
band shape, with the centre energy vma = A. However, there is a lower limit to 1.y, 2H is
the minimum energy transition possible in this picture, effecting a low-energy cut-off at
Vmax = 2H, characteristic of the Class I1/III borderline2” The cut-off is not as pronounced
in experiment as in theory (consider that at room temperature, "‘;—CT ~ 200cm™1), but the
effect is that an IV-CT band becomes increasingly asymmetric with increasing H. For a

system firmly within Class I, with a symmetric Gaussian-shaped IV-CT band, the band
width at half height (FWHM, Avy) can be described as follows:137

Avs = \/16ks Ttz In 2 (4.1)

For Umax in cm™1, the constant terms collect to 2310cm~!. The presence of a narrower
band, in the Class Il/1ll continuum, describes the shift of xa from 0 towards 0.5 (and
xg from 1 to 0.5). Towards the highly coupled Class Ill limit, where xag = 0.5, a
relatively narrow line should result since the optical excitation now proceeds to a less
sloped part of the upper potential.

The delineation of the Class I1/11l borderline is very difficult. The primary features
controlling Class Il vs. 1l character are solvent (or counterion) pinning and vibrational
self-localisation.“®® Care must be taken when using different spectroscopies to probe MV
characteristics: the timescale of EPR is 1077 s whilst vibrational spectroscopy probes < 1071?

s. Thus a Class I1/Ill borderline compound may appear as the averaged Class |1l state in EPR,
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whilst appearing localised in IR spectroscopy.28 Similarly, the rate of hopping is affected by
temperature, so a molecule which appears fully delocalised at room temperature may reveal a

localised character at lower temperatures 272281

The true MV character of the compound is, of
course, intrinsic to the molecule and not to the spectroscopic technique. X-ray photoelectron

spectroscopy (XPS, 107%7s) is the ultimate technique for confirming Class Ill character*®

4.2.3 Porphyrin molecular wires

Dyads and triads comprising porphyrins, fullerenes, and ferrocene have shown that porphyrin-
based molecular wires mediate efficient charge transport following photoinduced charge
separation, over distances up to 50 A for butadiyne linked oligomers 15/183/184282285 The con-
ductance of alkyne-linked porphyrin oligomers has been measured in an STM break-junction
device. The conductance through these oligomers exhibits a remarkably shallow attenuation

(B3) with increasing molecule length 1027167286

possibly indicating a hopping mechanism.

The steady-state properties of mono-alkyne linked porphyrin oligomer radical cations and
anions have been studied extensively by Therien and coworkers 238132287/ Continuous wave
(cw) EPR spectroscopy showed that, on the timescale of the technique at room temperature
(~100ns), the radical cations sample the hyperfine interaction along the whole oligomer
length, from dimer to linear heptamer (7.5nm).**¥ These results could be explained by
coherent electron/hole delocalisation, or by an incoherent rapid hopping process. Similar
EPR results were obtained for the radical anions of these mono-alkyne linked oligomers 13

Wasielewski and coworkers reported rapid hopping, on the EPR timescale at room
temperature, in meta-phenylene-linked, and directly meso—meso-linked porphyrin oligomer
radical cations?®® This result indicates that hopping between porphyrins can be extremely
rapid even when electronic conjugation is ‘turned off’ by a meta-phenyl link, or by near-
orthogonality of porphyrin planes in the meso—meso-linked dimer.

Here we present a detailed analysis of the electronic delocalisation in a series of linear
and cyclic butadiyne-linked porphyrin oligomers, for linear oligomers from monomer to
hexamer (I-PN for N = 1-6),2%% 3 six-porphyrin nanoring with (c-P6eT6) and without

24)236

(c-P6) a hexapyridyl rigidifying template, and a 12-unit porphyrin nanotube with

two bound templates t-P12eT6, %’
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4.3 Methods
4.3.1 Synthesis

The oligomers I-P1 to I-P6, c-P6, c-P6eT6 and t-P12eT6, were prepared as described
previously.2”18¢ Dr P. Neuhaus, Dr A. Cnossen and Ms R. Haver are thanked for gifts of
linear oligomers and t-P12eT6,. Solution studies of zinc-porphyrin oligomers often employ
pyridine as a solvent additive to suppress aggregation. Unfortunately, pyridine reacts with
porphyrin radical cations.?®® Qur preferred strategy to avoid aggregation was to use bulky sol-

ubilising 3,5-bis(trihexylsilyl)phenyl (THS) substituents at the porphyrin meso positions.*%

4.3.2 Chemical oxidation

Solutions of radical cations were prepared by addition of up to one equivalent of an oxidant
to a solution of the porphyrin oligomer. Two oxidising agents were used in this study: tris(4-
bromophenyl)hexachloroantimonate (BAHA, E;/, = 0.70V vs. Fc/Fc™) and thianthrenium
hexachloroantimonate (Thn, £/, = 0.86V vs. Fc/Fc™).%** Note that the counterion is
SbClg™, not SbFs~ as in [Chapter 3] These oxidising agents are strong enough to effect
stoichiometric oxidation of the porphyrin oligomers to their radical cations (for I-P1,
Ei» = 0.44V vs. Fc/Fc™), but not to oxidise porphyrin units to their 2+ states (hence a
2N+ overall charge on the oligomer I-PN). Radical cations prepared with different oxidants
gave identical spectra. Liquid solutions of porphyrin radical cations are stable for several
hours under ambient conditions without precaution to water or air, and they can be cleanly
reduced back to the neutral porphyrin oligomers by addition of ferrocene. EPR experiments

were carried out in a glass-forming solvent mixture of toluene-dg: THF-dg:CD,Cl, 1:1:1.

4.3.3 Spectroelectrochemistry

4.3.3.1 Experimental details

Spectroelectrochemical experiments were performed in an optically transparent thin layer
electrochemistry (OTTLE) cell comprising platinum gauze working and counter electrodes,
and a Ag/AgCl quasireference electrode. The electrolyte solution was CH,Cl, with 0.1 M
tetra-n-butylammonium hexafluorophosphate (TBAP). Optical data were collected using a
Bruker Vertex 80 FT-IR spectrometer with a HeNe laser probe. Vis spectra were collected

with a UV-CaF, beamsplitter, tungsten source and RT-Si diode detector; NIR spectra with
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a CaF, beamsplitter, tungsten source and RT-DLaTGS detector, and IR spectra with a
KBr beamsplitter, Globar source and LN,-MCT detector. Attempts to use the (faster)
MCT detector in the NIR region failed because the detector was significantly non-linear
in this energy range. Spectra were collected every ~1.2s whilst a cyclic voltammetry (CV)
experiment was performed in the OTTLE cell. A slow scan rate (5mVs™!) was used for

the CV to promote equilibrium conditions for each potential step.

4.3.3.2 Curve-fitting

For each oligomer, the spectroelectrochemical data comprised six parts: [m x n] (m time-
separated measurements at n wavelengths) matrices D; of optical spectra for each of
the Vis, NIR and IR spectral regions and their corresponding cyclic voltammograms. The
overall goal was to extract the unique spectra for as many oxidation states as possible

from these datasets, by decomposing D into C and S.

D=C-S+E (4.2)

where, for k species, C is a m x k matrix of speciation (concentration) profiles; S is a
k x n matrix of spectra, and E is a matrix of residuals.

The curve-fitting problem is only solvable if all spectra are sufficiently different and, in
some respect, non-overlapping. The data must also be high quality and relatively free of
spectral artefacts. The raw experimental data were subject to some pre-processing using
home-made Python and MATLAB scripts, before fitting using multivariate curve resolution
(MCR), with the MCR-ALS project in MATLAB .2 The individual steps involved in the

data processing will be described, with a brief introduction to the underlying theory.

Pre-processing The pre-processing comprised three steps: truncation of datasets D;,
their concatenation into one matrix D for each oligomer, and then a background subtraction.
These steps are explained and illustrated for I-P3.

Surface plots for the raw data are shown in Fig. [4.3] The vertical axis shows time,
and there is a clear mirror symmetry at ~250-300s in each surface plot. This time point
corresponds to the switch between anodic and cathodic sweeps in the cyclic voltammogram,
and the symmetry demonstrates good reversibility of the oxidations. For fitting, only the

anodic linear sweep is required, so the data are truncated in the time axis by visual inspection.
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Similarly, the signal at the high and low energy limits of the spectra is noisy, so truncation

in the energy axis is also appropriate to afford the spectra in Fig.
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Figure 4.3: Raw spectroelectrochemical data for I-P3, measured in CH,Cl,/0.1 M TBAP at room
temperature.

For P3, we expect four oxidation states to be accessible with the oxidants used here, and
within our electrochemical potential range: neutral, 14, 2+ and 3+. From each individual
subfigure in Fig. [4.4] taken in isolation, it is only possible to confidently identify three
spectra. However, juxtaposition of the Vis and NIR contour plots reveals four clearly distinct
spectra. Thus a clear prerequisite for the computational deconvolution of the matrix D into
C and S is the construction of a merged spectrum, spanning the Vis to IR regions.

2D traces of absorbance vs. time can be extracted from each of D¢ and D, (where
f and g are neighbouring regions) for each wavelength in the region of spectral overlap
between the two matrices. Each trace is a function of time and they can be denoted

g(t) and f(t). The overlap of a pair of traces, g and f, depends on three parameters:
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Figure 4.4: Spectroelectrochemical data from Fig. after removal of noisy edges and truncation of the
time axis to show only the anodic (oxidation) sweep of the CV.

a scaling factor (m), a time offset (c) and a baseline offset (d). The spectra can be fit

by least-squares optimisation of m, ¢ and d according to:

f(ty=m-g(t+c)+d (4.3)

The original time axes for f and g may be different: inconsistency can be resolved by
interpolation. With m, ¢ and d in hand, these parameters can be applied to the full matrix
D, to concatenate it with D¢. In a final step, the mean absorbances for the first ten spectra
in each D, for wavelengths >1000 nm were subtracted from the remainder of the matrix,
to eliminate most residual solvent/electrolyte absorbances. This process formally converts
the presented IR spectra into difference spectra, but this fact is of no consequence because
the neutral state IR modes are so weak as to be in the noise.

When this procedure (implemented in Python) was applied to I-P3, the merged spectra

in Fig. resulted. Now four clearly distinct spectra can be resolved, denoted by the arrows
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Figure 4.5: Merged spectroelectrochemical data for I-P3, revealing four clearly identifiable distinct
component spectra.

on the time axis, at ~130s (neutral), ~170s (1+), ~210s (2+) and ~250s (3+).

MCR With a complete matrix D in hand, we would like to determine C and S. There are
a number of solutions to this matrix factorisation (or multivariate curve resolution, MCR)
problem. The method most commonly used in the chemometric community is alternating
least squares (ALS).2%Y Here, C and S are optimised iteratively. An initial guess of the
concentration vs. time profiles C is used to generate a test matrix of spectra S by left
division or non-negative least squares. Constraints can then be enforced on S, such as
equality or closure constraints, if appropriate. D is then divided into S to generate a new test
matrix C, to which constraints are applied before the process repeats. A typical termination
condition arises when the reduction in fitting error (||E||) between the product of factorised
matrices CS and the original data matrix A falls below a tolerance.

The inclusion of sensible constraints in the MCR-ALS procedure is essential. In their
absence, it is impossible to obtain a unique solution: solutions will be rotationally ambiguous
— in other words, there are infinite combinations of component spectra (such combinations
described by C) which can equally well describe D.

Suitable constraints include non-negativity in C and S (spectra and concentrations
cannot be negative), closure in C (the sum of all normalised concentrations at each time
point should be unity) and unimodality in C (the concentration of each component should
have a single maximum). All of these constraints are applied in this work.

There are two remaining questions: first, how can we confidently decide on the
number of components (k) necessary to describe D, and second, how can we generate

an initial guess for C?
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For oligomers PN with N < 4, it is sufficient to use a model-based estimate: k = N +1
(i,e. 0, 1+, ..., N+). Beyond tetramer, we must be careful to ensure that A actually
contains enough resolvable components to permit a reliable curve resolution. In this case
it is sensible to turn to a model-free analysis.

Singular value decomposition (SVD) is a technique which factorises a matrix M according
to M = UXVT 22 |mportantly, the diagonal values of X (the singular values of M) describe
the ‘most important’ components in M (alternatively, the rank of M). Large singular values
correspond to important components, while low values correspond to noise. A suitable cutoff
applied to log(X;) can be used to determine the ‘model-free’ number of components.

The SVD technique can also be applied to the generation of an initial guess for C. In
evolving factor analysis (EFA), SVD is applied incrementally to submatrices of D, starting
with the first row (measurement) and growing the submatrix by inclusion of later rows.>%3
The application of SVD to each submatrix recovers the X; singular values. Plotting the
value of each it singular value as a function of number of rows included in the submatrix
gives a picture of how many components are present at each measurement. The procedure
can be repeated as ‘backwards EFA' by starting with the last measurement of D and
growing by addition of earlier rows. The combined EFA results permit the estimation of
when species appear and disappear during the course of the experiment, and thus the
generation of concentration profile guesses.

For I-P5 and I-P6, an additional constraint was employed: the matrix D was augmented
with the electrochemical data. The forward sweep of the CV was baseline corrected and
numerically integrated using the trapezoid method to afford a vector describing the charge
(in Coulombs) transferred as a function of time, normalised to the oligomer length (i.e. 5
or 6). The final row of the spectra matrix S was then constrained with a vector describing
the oxidation states of the species predicted (e.g. six components in I-P5, [0 1 2 3 4 5];
five components in I-P6, [0 1 3 5 6]). The time offset between electrochemical data
and spectroscopic data, and the number of components and their oxidation states, were
assessed by sampling different values for these parameters. Candidate spectra which were
chemically meaningful (i.e. no sharp spikes in the Vis-NIR spectra) were considered and
their residual errors compared. Although there were multiple candidate solutions in each

case, the positions of v, for the 1+ radical cations were relatively consistent.
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4.3.4 Raman spectroscopy

Resonance Raman spectra were collected following chemical oxidation of c-P6eT6 with
BAHA in CH,Cl, solution, ~1pM. The spectra were collected on a Bruker FT-Raman
MultiRAM with a 1064 nm Raman probe. Data were baseline corrected with a 5t order
polynomial and the background solvent was subtracted. The absence of non-linearity was
confirmed by power-dependence measurements. The Raman measurements were performed

at the Central Laser Facility, Harwell, with the kind support of Prof. Tony W. Parker.

4.3.5 EPR spectroscopy

Continuous wave (cw) EPR spectra were collected at X-band (Bruker EMX) at room
temperature and at 100 K. Pulsed ENDOR measurements were made at W-band (Bruker
Elexsys 680) between 6 K and 100 K. Mims ENDOR spectra were recorded using the pulse
sequence 5 —7 — 5 — I — 5 —7 —echo with tz =44 ns, 7 =200 ns and a radio-frequency
(RF) pulse length T of 18 ps, with the RF power adjusted to deliver a 7 pulse. Spectra
recorded with different 7 values, or using the Davies ENDOR pulse sequence, did not reveal

any distortion arising from 7-dependent blind spots. All EPR and ENDOR measurements

and analyses were performed by Dr C. E. Tait.

4.3.6 Density functional theory

There are two essential issues with the use of DFT for calculating the properties of
open-shell molecules. The first of these is the self-interaction error (SIE), which arises

from the Coulomb term:

V] = ; / / p(rlr)lz(rz)drldm (4.4)

where p(r) is the density at a point r in space.

Even with just one electron in the system, neither density term on the numerator of the
integral is zero, thus an electron experiences a Coulomb interaction with itself. The exact
exchange-correlation functional would cancel this error, but it is not known. In Hartree-Fock
theory, the SIE in the Coulomb term is explicitly cancelled by an equivalent exchange

interaction. Thus, the natural solution to avoid SIE in DFT, in the absence of the exact
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functional, is to introduce some portion of exact (or Hartree-Fock, HF) exchange. Thus, for
example, B3LYP (20% exact exchange) suffers less SIE than pure functionals like BLYP.

The second problem is the incorrect long-range behaviour of the exchange-correlation
(XC) potential: semi-local potentials decay too quickly with the density, with an exponential
decay rather than the physical decay following % Thus for short distances r standard XC
functionals behave well, but long-range exchange can be poorly described. An attractive
method to deal with this poor description of non-locality is to partition the exchange
component into a ‘local’ component, described by approximate DFT exchange (e.g. GGA),
and a ‘long range' component described by exact exchange. HF (or exact) exchange is
explicitly calculated from the DFT Kohn-Sham orbitals analogously to the calculation
of Fock exchange from HF orbitals. These partitioning functionals are called ‘range
separated’ hybrids.

In this work we tested three functionals: B3LYP/258 (wB97X-D %43 and LC-wPBE %% All
three are hybrid functionals. wB97X-D is range-separated and incorporates a dispersion
correction (Grimme's D2), while the XC functional is B97. LC-wPBE is another range
separated functional based on the hybrid HSEh1PBE. The w parameter defines ‘long range'.
Small values of w lead to the use of DFT exchange over long distances (the ‘short range
regime’ extends over a longer range of interatomic distances), whereas large values of w
incorporate more exact exchange at shorter distances. The asymptotic behaviour at the
long-range limit is 100% exact exchange. Where erf is the error function, the % decay,with
r as distance, is partitioned as follows:

1 1- erf(wr) n erf(wr) (4.5)

r r r

The 6-31G* all-electron basis set and the Gaussian09/D.01 program were used through-
out 28HIEIII2 \We compared the ability of the above functionals to describe charge (de-)local-
isation by calculating the excitation energies of electronic transitions, focusing on the NIR
transition at ~1000 nm (defined as ‘band 2’, see later). Spin contamination in the TD-
DFT results was moderate ((52) ~ 1 to 1.6). We initially benchmarked using gas-phase
geometries, with excitations calculated in a PCM solvent model of dichloromethane 2%
We found that B3LYP, as expected, completely overestimated the extent of delocalisation

and thus underestimated transition energies for longer oligomers ([Figure 4.6|). LC-wPBE
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also failed for w = 0.1bohr!, but a good fit to the experimental trend was observed
with w = 0.2bohr~? (Figure 4.6). The fit of wB97X-D was similarly good (Figure 4.6)),
perhaps because the default w is 0.2 bohr=? for this functional “*® Vibrational frequencies
were scaled by a multiplicative factor of 0.951, as appropriate for the (non-range-separated)
HSEh1PBE functional **® Raman intensities were calculated (off-resonance) using wB97X-D
at the LC-wPBE geometries, since the implementation of the latter functional in Gaussian09

does not permit Raman calculations.
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Figure 4.6: Comparison of calculated excitation energies for band P, compared to experiment. In (b), an
equal energy offset has been subtracted for each functional such that the excitation energy for P2+ is
equal to experiment. Lines are a guide to the eye. N is oligomer length.

4.4 Results and discussion
4.4.1 NIR-IR spectroscopy of radical cations

Multivariate curve resolution permitted us to resolve all N + 1 oxidation state spectra
for I-P1 to I-P5, c-P6 and c-P6eT6 (Figure 4.7). For t-P12eT6,, it was only possible
to resolve seven components, presumably due to near-degeneracy of pairs of oxidation
states. For I-P6 the spectra of the 2+ and 3+ oxidation states are degenerate and
unresolvable, as are those for the 44 and 5+ states. Although encouraged by the fact that
the speciation profiles correspond to chemical intuition and to the resolved electrochemical

voltammograms,23%:23¢

we cannot exclude the presence of rotational ambiguities in the
extracted spectra for oligomers longer than I-P3. In other words, the extracted spectra for
some adjacent oxidation states may be linear combinations of the true spectra of those

oxidation states. For this reason we do not discuss the higher oxidation states in detail, and
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primarily restrict ourselves to the radical cation and N+ oxidation states. We were able to
confirm the v, and relative intensities of NIR bands in the radical cations by comparing
the MCR-resolved spectra to the raw spectra recorded at low potentials, where a mixture
of only monocation radical and neutral species would be expected.

In this section we will discuss a qualitative characterisation of the radical cation (14
oxidation state) NIR electronic absorption bands, before considering the strongly amplified
IR modes and the presence of unusual anti-resonances in the nanoring IR spectra. We will
progress to a quantitative analysis of the radical cation Vis-NIR-IR spectra to estimate
the effective conjugation length (Ngc) and the ground state charge delocalisation extent,
according to a Robin-Day Class |l model. Finally, we will compare experimental features

to those obtained from (TD-)DFT calculations.

4.4.1.1 Qualitative description

The NIR spectra of porphyrin oligomer radical cations are dramatically changed from
their neutral states, with the appearance of strong absorption bands at ~1000 nm and
~3000 nm. In their studies on the radical cations of butadiyne-linked porphyrin dimers,
Arnold and coworkers observed similar bands and assigned them to SOMO—LUMO (‘band
2') and HOMO—SOMO (‘band 1') transitions, respectively (Figure 4.8p)2°72% These

bands, and their assignments, are similar to those used more widely to describe conjugated
polymer polaron excitations: P; and P, /%%

The emergence of P; and P, can be described either in molecular orbital theory
) or in terms of an electron—phonon (or Su-Schrieffer-Heeger) model (Figure 4.8d),
in which two polaron levels appear inside the valence-conduction band gap2%3 It has recently
been argued that this latter model is illogical, since the newly created intra-gap polaron
level implies that the remaining unpaired electron has a lower ionisation potential than
was experienced by the (former) valence-band electron in the preceding ionisation event.*%!
The suggested remedy to this inconsistency is shown in [Figure 4.8, in which a localised
hole polaron results in a ‘dip’ in the valence band (corresponding to an easier reduction

301

in this region), and changes to transitions P; and P,2%" We will refer to the bands in our

spectra by the general P, notation[f| In addition, the Q-band and the C=C IR stretching

vibration (vc=c) are labelled in [Figure 4.9,

*The polaron notation Py is not to be confused with the (always bold-face) notation for porphyrin
oligomers: PN and I-PN.
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Figure 4.7: MCR resolved spectra for porphyrin oligomer oxidation states, in CH,Cl, with 0.1 M TBAP.
The surface plots show the pre-processed spectral data, with a normalised absorption (colour) axis. Above
each mesh plot is the series of extracted spectra, with the corresponding speciation profiles shown left. The
colour with which spectra are drawn correspond to colours in the speciation plots.

For oligomers longer than I-P3, the radical cation Vis-NIR spectra exhibit increasing

absorption intensities in the range 600—800 nm, corresponding, approximately, to the neutral
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Figure 4.8: Models for electronic excitations in porphyrin polarons and, generally, in conjugated polymers.
(a) shows the Q-band Sg — S; transition; (b) shows the model of electronic transitions for a porphyrin
dimer described by Arnold et al.;3% (c) depicts the molecular orbital picture of electronic excitations in a
generic m-conjugated polymer, in which, by analogy to the electron—phonon band model (d), two polaron
states develop in the band gap.?®® In (e) the recently refined form of model (d) is shown,*?¥ and in (f)
the ‘delocalised polaron’ (DP) transitions are depicted. The DP transitions arise in 2D ordered lamellar
structures,3%2 and are additional to the P transitions shown in (c, d). VB and CB refer to the valence and
conduction bands, respectively.

state Q-band absorption. This coexistence of apparent oxidised and neutral chromophores
in the MCR-resolved spectra of the radical cations implies MV Class Il structure for the
longer oligomers. For I-P27%* there is no band in the Q-band region, implying Class Ill
character. These tentative conclusions are supported by a quantitative analysis of oscillator
strengths and band position shifts (see later).

Band P; of the radical cation spectra (at 3000 nm /3300 cm™!) is extremely broad and,
for I-P3** and longer, featureless ([Figure 4.10). The significant asymmetry of this peak
may arise from conformational variations, vibronic effects, or could be a hallmark of the
Class I1-Class Il borderline,“™ in which the IV-CT transition exhibits a low energy cutoff.

Dr P. Neuhaus has explored the solvatochromism of I-P2** generated by chem-
ical oxidation: the Py band is blueshifted in aromatic solvents (benzene, toluene and
hexafluorobenzene), but is unchanged in other solvents (CH,Cl,, THF, CCl; or 1,1,2-
trichloro-1,2,2-trifluoroethane). The positions of bands P; and P, are largely unchanged
between chemical oxidation in neat CH,Cl, and electrochemical oxidation in the presence
of 0.1 M TBAP. These results suggest the absence of a simple solvent dipole induced
charge localisation (in which case aromatic apolar solvents would reduce localisation
and lead to a redshift of Py).

In the IR part of the spectrum (1000-2400 cm™!), vibrational modes are significantly
increased in intensity compared to the neutral oligomers (Figure 4.10). The intensification
of so-called infra-red active vibrations (IRAVs) has been reported in polaron-containing
states of several conjugated organic polymers and oligomers following their first discovery

in the 1970s. The canonical first example of IRAVs is in doped polyacetylene, reported by
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Figure 4.9: Vis-NIR-IR spectra for porphyrin oligomer radical cations measured by spectroelectrochemistry
(CH,Cl,, 0.1 M TBAP), with the monocation spectra extracted by multivariate curve resolution. Bands P4

and P, are described in C=C denotes the acetylene stretch mode. * denotes an anti-resonance
(AR) acetylene stretch mode, apparent for c-P6eT6 and t-P12eT6,.

Fincher et al. in 19793% However, the same phenomenon was, apparently, reported in 1972

by Kaplunov et al., in the form of strong vibrations in TCNQ radical anion complexes 3%
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Figure 4.10: MIR-IR region of porphyrin oligomer radical cation spectra, showing the broad P; band, IRAVs
and, for c-P6eT6 and t-P12eT6y, prominent Fano-like ARs. The background transmission spectrum (for
the OTTLE cell, solvent and supporting electrolyte) is shown at the top of the figure, to demonstrate that
the AR signals do not correspond to background correction anomalies.

The literature then diverged: most conjugated polymer research refers to IRAVs, while

)306

most mixed valence studies (including those on the photosynthetic special pair refer

005 which trace their way back to Kaplunov's discovery.*%?

to phase phonon modes,
Phenomenologically at least, these spectral features are identical.

IRAVs are a hallmark of solitons: self-localised charges*%* which can arise as a result

312H315 302/316+319 The

of chemical doping or transiently, in photoinduced spectroscopies.
appearance of IRAVs is generally attributed to symmetry breaking as a result of charge
localisation, and their huge intensities are related to the increased dipole derivatives of
charge-coupled modes upon doping. Pure Raman modes in pristine polymers can contribute
to the IRAV bands, again as a result of the symmetry breaking phenomenon 320:321
IRAVs may also have a more capricious origin. Strong IRAVs are present in the
bacteriorhodopsin special pair radical cation, despite significant charge delocalisation between
its two component chlorophyll moieties (charge density: ~0.64:0.36).%% In contrast, a firmly
Class Il (and thus charge-asymmetric) bis-ferrocenyl compound reported by Speck et al.

exhibits no IRAVs: (neutral) electronic ground state vibrations are of equal, or greater,

intensity to those in the radical cation MV system 322 |t is therefore important to distinguish
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between intensity enhancement as a result of charge-induced symmetry breaking between
mixed valence monomers in an MV dimer, and as a result of vibronic coupling. The activation
of a symmetric (Raman active) bridge-centred vibrational mode is a strong indicator of
Class Il character,?®¥ but does not appear unequivocal. In particular, studies on pyrazine
linked MV dimers have revealed intensification of the symmetric pyrazine stretch beyond
expectations,%¥ conflicting with evidence for delocalisation from broad asymmetric IRAVs
(indicative of rapid delocalisation on the IR timescale, fs).*1% A proposed solution to this
conflict is to invoke vibronic coupling between the low lying IVCT transition (P;) and
IRAVs, which leads to a strong IR activity.??®

The observation of a strongly intensified acetylene stretch in the radical cation of a
butadiyne-linked MV Ru—Ru complex was attributed to increased intensity from cumulenic
bridge character, with complete charge delocalisation (Robin Day Class I11).5%#

If the IRAVs result purely from symmetry breaking, then their presence in I-P2%* implies
that there is a charge localisation process even in this, the shortest oligomer of the series.
The absence of IRAVs in the N+ oxidation states of all the oligomers ([Figure 4.7)) appears
consistent with a symmetry-breaking origin for IRAVs in lower oxidation states.

However, the alternative vibronic origin remains feasible: for the 1 < x < N+ oxidation
states of I-PIN** there is a strong P; band, which disappears (or is blue shifted) in the N+
oxidation states. The coupling of this very low energy electronic transition to vibrational
modes at the breakdown of the Born-Oppenheimer approximation may contribute to the
large IR intensities. Published examples indicate that DFT is capable of reproducing IRAV
intensities, 214315 byt the match between experimental and calculated frequencies seems poor.

The IR spectra for I-P3™* to I-P6™%* are almost identical in shape, and there is no
obvious correlation between oligomer length and peak intensities. This invariance suggests
that the extent of radical cation delocalisation (and hence polaron-phonon coupling) is
similar in this series of oligomers. In contrast, the IR spectrum of I-P27%* is different: the
band found at 1175cm™? for longer oligomers is much smaller and shifted to 1195cm~!
in the dimer. For the rigid cyclic systems, c-P6eT6 and t-P12eT6,, the IR spectrum is
much more intense than for the linear systems or the untemplated nanoring c-P6, and
the shape of the spectrum is also changed, with softening of some bands. The increased

IRAV intensity in the rings may indicate a greater extent of charge delocalisation,**! or

stronger vibronic (electron-phonon) coupling.
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4.4. Results and discussion

The C=C stretching modes are useful probes of delocalisation in conjugated systems
containing alkynes, softening towards 2000 cm~! with increasing bond-length equalised
cumulenic character. For the linear oligomer radical cations, there is a subtle (~20cm™1)

softening of the IR band as a function of N from I-P2** until it saturates at /-P4**

(Figure 4.13p and [Table 4.3). Increased cumulenicity could account for the strength of

this vibrational mode, since cumulene stretch bands are typically more intense than those
for acetylenes22%32 The C=C stretch becomes broader with increasing oligomer length,
due to overlap with the progressively red-shifted electronic band P;.

For c-P6eT6 and t-P12eT6, the C=C stretches are prominent as Fano-type anti-
resonances (AR) on the overlapping broad electronic excitation. It is important to distinguish
the 'negative’ peaks from background subtraction artefacts: in [Figure 4.10] the background
transmission spectrum of the OTTLE cell, solvent, and supporting electrolyte, is shown.
There is no solvent absorption at 2000cm™!. In contrast, the feature at 2350cm™! in
I-P4*°—|-P6™* is not an AR — it is a carbon dioxide subtraction artefact. A more subtle
AR is visible in the c-P61* spectrum, reduced in intensity commensurate with a weaker P,
band. It must be noted that the C=C AR in the rings is not in any way affected by the
additional background subtraction process employed for the NIR-IR regions (see Methods).

Comparison of the resonance Raman spectra of samples of c-P6eT6%* ([Figure 4.11)
reveals a striking similarity, suggesting that some of the IRAV character arises from
intensification of Raman modes. It is clear that the Fano-type AR at 2180 cm™? corresponds

directly to a Raman mode at the same energy.

Raman

2400 2200 2000 1800 1600 1400 1200 1000
Wavenumber [cm]

Figure 4.11: Comparison of solution Raman (CH,Cl,) and SEC IR spectra of c-P6eT6"*.

Fano-type ARs are well known in ordered polymer films where the low-lying polaron

band P; overlaps with the vibrational manifold *1¥ The presence of ARs in these systems

102



4. Charge and spin delocalisation in butadiyne-linked porphyrin oligomers

seems to be attributed to increased planarisation as a result of 2D lamellar order,*?® |eading
to a red-shift of the P; band and subsequent coincidence with IRAVs. This red-shift arises
from interchain 2D delocalisation of the polaron, generating a ‘delocalised polaron’ (DP,
Figure 4.8f).*® The Fano effect describes the coupling between overlapping discrete and
continuous transitions, and is manifest as anomalous lineshapes. Fano's original theory

d*2? was extended to the

relating to intra-atomic transitions on an ionisation backgroun
vibronic case by Sturge et al.*?% to explain Fano-like interference effects in transition metal
doped crystals, where the transition metal acts as a discrete defect centre. Essentially,
the scattered wavefunction undergoes, at the extreme, a 7w phase shift in the vicinity of
a discrete resonant transition, yielding destructive interference *%°

There are several examples of Fano-like ARs in conjugated organic polymer films
including, most famously, in the photoinduced absorption spectra (TR-IR) of regio-regular
P3HT reported by Osterbacka et al*%? In that case the appearance of AR bands for
both IR and Raman modes, at similar frequencies to those for ground state absorptions,

302

was attributed to 2D order in the polymer film.#"< ARs were later reported, by the same

authors ¥ and others,3121316/319,329

in a range of different polymers. There is a weak
AR at 2200cm™! in poly(phenylene-acetylene) films*¥ This AR and nearby IRAVs were
simulated using a current density wave model **® permitting the conclusion that there is a
continuous electronic band above the polaron state, and hence supporting a characterisation
of such films as semiconductors 38

In general, most examples of ARs on thin films are in the photoinduced absorption
spectra, because photoexcitation tends to afford increased polaron delocalisation due to
the absence of counterion pinning, and hence an electronic band with sufficiently low
energy to interact with the vibrational manifold. However, there are also a few examples
for p-doped polymer thin films 312313
The supposed importance of 2D order to the appearance of Fano ARs is challenged by

331

their appearance in polymer blends.*** There are a handful of mentions of Fano ARs in

discrete molecules, including the oxidised photosynthetic bacterial reaction centre special

P and a

pair (comprising two bacteriochlorophylls offset and separated by about 3.3 A
mixed-valence ferrocene dimer 3! Fano-type ARs and IRAVs have been observed in liquid
solution measurements of long fluorene oligomer radical anions and cations (N = 8 and

30), and P3DT (poly(3-decylthiophene-2,5-diyl)) polymer radical cations.?!*
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4.4. Results and discussion

Thus, in general, it appears that Fano-type ARs in organic molecules emerge from

overlap between coupled electronic and vibrational modes of similar energy ([Figure 4.12)),

without the requirement for 2D order.

Figure 4.12: A simple depiction of the possible transitions describing band P; for c-P6, c-P6eT6 and
t-P12eT6>. In this model there are two possible transitions: a vibrational transition (a), purely within the
manifold of the Eq state, and an electronic transition between Eq and E; (b). This picture fails to describe
the anti-resonance character, but does depict the unusual overlap between electronic and vibrational modes,
and necessitates a breakdown of the Born-Oppenheimer approximation.

Having exhaustively discussed the appearance of the radical cation spectra we now turn

to a more quantitative analysis of the peak positions and heights.

4.4.1.2 Quantitative analysis

The ‘effective conjugation length’ Ngc, in m-conjugated oligomers reflects the degree of
exciton delocalisation, measured from the saturation of the electronic absorption (vx,)
energy as a function of oligomer length. There are several approaches to the extrapolation
of Vs, from the empirical relationship between wavelength and 1 to Hiickel MO theory5*?

d®33 performs well for neutral oligomers#3? but it gave a

In general, the Kuhn metho
poor fit to our data for P; and P-.

We therefore use Meier's approach®* to empirically evaluate the saturation energy vy,
and to quantify the deviation from linearity («) by fitting the experimental v« (/N) according

to

Vmax(N) = Vinax(00) + [Vmax(1) — Vmax(00)]e™*N=1) (4.6)

Where the vmax(N) is determined from the experimental spectra and all other para-

meters, except N, are fit.
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4. Charge and spin delocalisation in butadiyne-linked porphyrin oligomers

NgcL is often evaluated from a plot of v, vs. the reciprocal of the oligomer length,
and is defined as N for which there is no measurable difference (typically, 1 nm) between
Vmax(V) and pmax(00). Using this analysis for the neutral linear oligomers, Ngcp = 20.°%
However, for the radical cations, with electronic absorptions at 1 pm and 3pm, a 1 nm
shift is arbitrary. We instead favour the ‘maximum conductive chain length' approach

of Gierschner et al. 33

in which Nycc is determined from the intersection between an
extrapolation of the linear part of the Meier fit corresponding to short oligomers, and the
horizontal line describing the saturation energy vmax(0).

Using this approach we have determined, for linear butadiyne-linked porphyrin oligomer
radical cations, Nyicc of 3.3, 3.5 and 2.8 for bands Py, P> and vc=c respectively (Figure 4.13).
We excluded the data for I-P17%* from our analysis because the electronic structure of the
monomer is very different to that of the oligomers. Similarly, we did not include the cyclic
oligomers in our fitting efforts, but their band positions are plotted as non-circular symbols
in [Figure 4.13] Although we would need to examine a homologous series to establish Nycc
for ring radical cations, it is clear that they behave differently from the linear oligomers,
presumably due, in part, to the absence of end-group effects. For P;, we determined the peak
maximum by fitting one Gaussian in the reciprocal energy (wavelength) domain, but the

width of each peak and its overlap with residual solvent peaks, and other features, introduces

significant uncertainty (100-200 cm™1) into their true maxima. Accordingly, the Meier fit for

P, is poor (R? = 0.75, [Figure 4.13)). The fits for P, and vc—c are reasonable ([Figure 4.13)).
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Figure 4.13: Meier plots for (a) Py and Py, and (b) vc=c. For Pa: vmax(1) = 12351 4 261 cm~1,
Vmax(00) = 9732+ 15 cm™! and o = 1.2+ 0.1 (R2 = 0.9969); for P1: Vmax(1) = 5353 £2118 cm~ 1,
Vmax(00) = 3410 £ 86 cm™! and a = 1.34 + 1.1 (R? = 0.75); for vc=c: Vmax(1) = 2182 + 60 cm™1,
Vmax(00) = 2056 + 1 cm~ and o = 1.71 + 0.49 (R? = 0.9728).
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4.4. Results and discussion

Table 4.1: Fit results for band Py. vmax and €max were determined by fitting the peaks with one Gaussian,
with a reciprocal energy scale (nm). The area of the peaks, and thus f, were determined by fitting 2-3
Gaussians in the linear energy (cm~1!) regime.

Vmax €max f
(cm™)  (M7lcm™)
I-P2+* 3907 51326 0.53
I-P3+ 3599 59359 0.54
I-P4+e 3332 56582 0.61
I-P5** 3387 77342 1.01
I-P6+* 3506 58800 0.70
c-P6+* 3330 35573 0.32
c-P6eT6™* 2197 118770 0.54
t-P12e¢T6,™"* 2165 76121 0.62

Table 4.2: Fit results for band P;. Vmax and €max were determined by inspection; the area (and thus f)
was determined by fitting to 2—-3 Gaussians.

Vmax €max f
(cm™)  (M7lcm™)
I-P2+* 10511 93052 0.37
I-P3+* 9961 126963 0.61
I-P4+* 9813 120535 0.50
I-P5** 9733 140900 0.68
I-P6™** 9749 124000 0.69
c-P6** 9071 46201 0.26
c-P6eT6™* 8669 72961 0.35
t-P12¢T6,** 8944 41228 0.17

The spectrum of a Class II MV compound has characteristics of its component parts: the
neutral and oxidised parts of the molecule. An absorption resembling the Q-band of neutral
porphyrin oligomers is apparent for longer oligomers (N > 3) at ~700 nm . We
can thus determine the polaron delocalisation length using an approach similar to that
introduced by Takeda for polyfluorene oligomers4°

We find that the sum of the extinction coefficients of the Q-band and P, (eq + €2)
is approximately proportional to the oligomer length, suggesting that intensity (and os-
cillator strength) is effectively partitioned between Q-band and P, absorptions. Thus the
extent of ground-state cation delocalisation can be determined from the percentage of

extinction coefficient in é5:
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4. Charge and spin delocalisation in butadiyne-linked porphyrin oligomers

Table 4.3: Fit results for band 3 (Vc=c). Vmax and emax Were determined by inspection; the area (and thus
) were determined by fitting the C=C peak to a Gaussian, with the background described using a further
1-2 Gaussians.

@) (e (107
I-P2+te 2079 19202 0.41
I-P3+* 2061 45774 0.72
1-pate 2055 62476 132
I-P5+° 2057 53300 1.14
PG+ 2057 46400 099
c-P6™** 2032 54513 2.20
c-P6eTG™ 2100 nd. nd.
t-P12e¢T6,"* 2150 n.d. n.d.
Nietor = N - — (4.7)
€Q + €2

This analysis gives Nyeloc =~ 2.0 to 2.5 ([Table 4.4] and |Figure 4.14)). For the second

resolved oxidation state of each oligomer (24 for I-P3 to I-P5, and 3+ for I-P6), the

ratio 60262 is about 0.65 for I-P3 to I-P6, supporting the notion of equal delocalisation in
all of these states, and consistent with a cation delocalisation length of 2.5 porphyrin units
(i.e. according to this ratio, I-P52* is delocalised to a similar extent as I-P3%*, suggesting
delocalisation over at least 2.5 porphyrin units). For I-P2%* the ratio is 0.81.

The use of peak extinction coefficients as a proxy for oscillator strength is a crude
approximation, given that the oscillator strength is proportional to the integrated extinction

coefficient according to:33'

4egmec? In (10)
f = ( e / e(v) dv (4.8)
f =4.319 x 10 °moldm 3 cm? - /e(u) dv (4.9)

where the physical constants are defined as normal (see List of Abbreviations). We now
use an elaborated form of |[Equation 4.7|in which we assume that, for I-P2%*, all of the
intensity in the Q-band region arises from overlap with other transitions, as opposed to

neutral-like absorption, since it is clear from visual inspection that /-P2%* has no neutral-like

Q-band (compare to neutral spectrum in [Figure 4.7)). As a basic approximation we also
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4.4. Results and discussion

assume that the background absorption in this region scales linearly with oligomer length

N. Thus Ngeoc is determined according to:

. A2
Ay + Ag — %AQJ_PZ
where A is the integrated absorption coefficient of the band indicated by the subscript.

Nietoe = N (4.10)

This analysis agrees with the simple peak extinction coefficient based approach, giving

Nyeloc =~ 2.0 to 2.5 ([Table 4.4] and |Figure 4.14).

Table 4.4: Calculations of Nyeoc from extinction coefficients (e) and integrated areas (\A) of the P, and
Q bands for porphyrin oligomer radical monocations.

EQT €2T Ndeloc§ AQi A2i Ndeloc”

I-P2** 022 093 162 0.11 085 200
I-P3** 052 127 213 045 142 250
I-P4** 077 121 244 090 117 253
I-P5** 140 141 251 198 158 240
I-P6** 190 124 237 310 160 220

T units M~tem™! (x 107°); { units M~1em™2 (x 1078)

§: calculated with [Equation 4.7} ||: calculated with
ftion 2.101

N
oo

Oligomer length

Figure 4.14: Ngeoc calculated from extinction coefficients of Py and the Q-band using [Equation 4.7 (blue

circles) and calculated from integrated areas using [Equation 4.10| (red squares). The diagonal line is a
guide for the eye showing the limit of ‘complete delocalisation’ within the model used for analysis.

4.4.2 Computational chemistry

DFT calculations using the LC-wPBE functional and the 6-31G* basis set revealed spin

delocalisation in the radical cations over ca. 2-3 porphyrin units in linear oligomers
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4. Charge and spin delocalisation in butadiyne-linked porphyrin oligomers

(Figure 4.15)). The change in bonding towards cumulenic character (lower BLA) in cationic
states closely follows the spin density (Figure 4.15). TD-DFT (LC-wPBE/PCM/6-31G*)
was able to reproduce the experimental trends in absorption energies for
the linear oligomers calculated: I-P2%*, I-P4** and I-P67**. The stick spectra shown in
exclude transitions with excessive expectation values for the spin ({5%) > 2).

We do not present results for the odd oligomers, I-P3%* and I-P5**. We found
that TD-DFT on I-P3** gave an erroneous transition energy for the band expected at
~1000 nm, accompanied by a (S?) > 2.

Frequency calculations showed strongly intensified IR modes (modes were 10-100 times
more intense than in calculations of the neutral), but exhibit a poor resemblance to the
experimental spectra . For I-P2%*, the Raman spectrum calculated using
wB97X-D is in remarkable agreement with the experimental IRAVs. As discussed earlier,
this IR activation of Raman modes is consistent with either symmetry breaking phenomena,
or vibronic (electron-phonon) coupling.®*® The fit for I-P4** is worse, perhaps suggesting
the presence of more complicated vibronic coupling mechanisms for IRAV intensification
in this apparently Class |l compound.

For c-P6%*, the spin is delocalised over a similar number of porphyrin units as in the
linear oligomers: 2-3. We did not attempt TD-DFT on ¢-P6™*, since we have noticed that
straightforward TD-DFT on neutral c-P6 fails to reproduce the complex vibronic splitting
in the Q-band. In c-P6, the Sg — S; transition is symmetry forbidden, and it is argued
that most intensity arises from Herzberg-Teller coupling.#*® It would thus be prohibitively

expensive to accurately simulate the absorption spectrum of c-P6™*°.
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Ar (pm)

()
Ot

Figure 4.15: (a-c) The change in bond lengths between porphyrin oligomer (I-P2, I-P4 and I-P6) radical cations and their neutral precursors, Ar = reation — eutral-

(d-f) Spin density (o — ) isosurfaces for an isovalue 0.001 a.u. Calculations performed at the LC-wPBE/6-31G* level of theory, w = 0.2 bohr~1. The colours in the
spin density plots do not relate to those in the parts (a-c).
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Figure 4.16: Calculated (sticks) vs. experimental Vis-NIR spectra for I-P2+* (red), I-P4** (gold) and
I-P6%* (blue). Level of theory: LC-wPBE/6-31G* with a CH,Cl, PCM solvent model.
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Figure 4.17: Calculated and experimental IR and Raman spectra for I-P2%®, I-P4%* and I-P61*. The level
of theory for the IR spectra was LC-wPBE/6-31G*; for the Raman it was wB97X-D//LC-wPBE/6-31G*.
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Figure 4.18: (a) Spin density in c-P6%*, the isovalue is 0.001 a.u.; (b) the change in bond lengths between
c-P6™* and its neutral analogue, Ar = reation — Meutral- Level of theory: LC-wPBE/6-31G*.
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4.4.3 EPR spectroscopy of radical cations

The experimental results in the section were acquired by Dr C. E. Tait, Dr

P. Neuhaus and me.

4.4.3.1 Continuous wave EPR

CW EPR spectra recorded at room temperature at X-band are shown in [Figure 4.1%.
The spectrum for I-P1%* shows nine hyperfine coupling lines arising from coupling to
four nitrogen nuclei. Superimposed are smaller proton hyperfine couplings, which can be
assigned to the meso-aryl ortho protons. The hyperfine coupling becomes less resolved
for longer oligomers. The spectrum of c-P6%* is almost identical to that of I-P6%*, but
c-P6eT6™* is slightly broader, presumably due to an additional hyperfine interaction
with the axial ligand nitrogen.

Norris" equation relates the derivative peak-to-peak EPR linewidth AB,, to the number
of equivalent units over which the electron spin is delocalised (or quickly hopping) and

the peak-to-peak linewidth of the monomer (AB,,(N = 1))=*

1
VN

The experimental AB,, fit well to |[Equation 4.11| (Figure 4.19p), suggesting complete

AB,, = ——ABy,(N = 1) (4.11)

delocalisation or rapid hopping of the radical cation at room temperature, across the series
of oligomers considered. c-P6eT6"* and t-P12eT6,™* show some deviation from the fit,
presumably owing to the additional ligand nitrogen hyperfine coupling.

The cw spectra at low temperature (100 K) are much broader than the corresponding
room temperature spectra (for example, [Figure 4.19c), and are approximately identical,
within signal to noise, for I-P2%* to I-P6%*. Electron nuclear double resonance (ENDOR)

experiments were used to probe the hyperfine coupling in frozen solution directly.
4.43.2 'H ENDOR

The hyperfine coupling (A, [Equation 4.12)) gives a sensitive measurement of the extent

of spin delocalisation, since it depends on the magnitude of spin density on the nucleus
(|w(0)]?).**Y For a widely delocalised spin, each nucleus experiences a low spin density;

conversely, a localised spin has high coefficients on each nucleus.
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1-P2~
c-P6-T6"
(=]

t-P12+(T6),"
(-]

1 2 3 4 5 6 7 8 9 10 11 12

(c) /‘

I-P6* 100 K
1P6* 298 K

— c-P6*

— ¢-P6-T6" /

— t-P12+(T6),* J

‘ : ‘ : ‘ : ‘ : 1 \ ‘ \ \ ‘ \ \
334.5 335.0 3355 336.0 3365 3345 335.0 335.5 336.0 336.5
B [mT] B [mT]

Figure 4.19: (a) CW (X-band, 298 K) EPR of porphyrin oligomer radical cations generated by chemical

oxidation. (b) A fit of the peak to peak linewidths (AB,,) to the Norris equation (Equation 4.11]), showing
complete radical cation delocalisation or fast hopping. (c) A comparison of cw EPR spectra of I-P6™* at

298 K (dark blue) and 100K (light blue). These data were collected and analysed by Dr C. E. Tait.

Aso = 205,65, W(0)F (+12)
where 1 is the vacuum permittivity (1.257 x 107° T2 J= m3), f3. is the Bohr magneton
(9.27 x 1072*JT~1) and f3, is the nuclear magneton (5.05 x 10727 JT1).

The ENDOR technique measures the electron-nuclear hyperfine coupling by employing
radio-frequency (RF) irradiation at a suitable frequency to perturb the coupled nuclear
spins**% In this study, we used pulsed ENDOR and applied a 7 RF pulse at varying fields,
in a range £2 MHz about the H Larmor frequency, to selectively flip nuclear spins. The
ENDOR response is strongest when the RF offset is on-resonance with the hyperfine coupled
proton. These measurements were performed between 6-100 K at W-band, using the Mims
ENDOR pulse sequence. There was no difference in the spectra over this range.

The ENDOR results reveal a large hyperfine coupling (~1 MHz) for I-P1%**, decreasing
to ~0.5 MHz for I-P2**. For linear oligomers longer than I-P2 there is no further significant
reduction in *H hyperfine coupling .

For c-P6%* and c-P6eT6™* the hyperfine coupling reduces further, consistent with

delocalisation over three to four porphyrin units. The difference in ENDOR line shape
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Figure 4.20: 'H ENDOR (W-band, 100 K) of porphyrin oligomer radical cations generated by chemical
oxidation. These data were collected by Dr C. E. Tait.

between c-P6** and c-P6eT6%°* may arise from the increased shape-persistence of the
templated nanoring, or the additional hyperfine interaction with the template nitrogen. The
ENDOR for the tube, t-P12eT6,%*, is narrower still, suggesting increased delocalisation
in this 2D analogue of c-P6eT6.

Fitting the ENDOR data to simulated spectra shows that, for I-P3%* and longer,
the extent of radical cation spin delocalisation is much smaller than the whole oligomer

length, and for the series I-P1%* to I-P6™* is consistent with spin delocalisation over

2-3 porphyrin units (Figure 4.21J).
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Figure 4.21: Comparison of oligomer length (N) vs. radical cation delocalisation extent, from fitting
the ENDOR data. The error bars correspond to the variation in the fits. The diagonal line indicates the
expected trend for complete radical cation delocalisation. This analysis was performed by Dr C. E. Tait.

4.5 Conclusions

The charge and spin delocalisation in porphyrin oligomer radical cations has been explored
by optical spectroscopies and by EPR. The results indicate that the radical cation extends
over 2-3 porphyrin subunits in linear oligomers. This conclusion is supported by the ratio of
‘neutral’ and ‘cation’ band (P,) intensities for longer oligomers (/-P3 and longer), assuming
a Robin-Day Class Il model. ENDOR results further support the conclusion of delocalisation
over 2-3 porphyrin units, on the EPR timescale at 100 K.

Our results must be compared to those reported by Therien and coworkers for mono-

alkyne linked oligomers 138:139:287

They concluded that the polaron delocalisation lengths are
‘extreme’, up to 7 porphyrin units. However, their measurements were performed with cw
EPR, and we believe that the use of ENDOR and careful analysis of Vis-NIR-IR spectroscopies
is necessary to distinguish between charge delocalisation and rapid hopping. Indeed, our cw
results (both at room temperature and at 60 K), taken in isolation, would also be consistent
with complete delocalisation. It is only when we employ low-temperature ENDOR and

optical spectroscopies, that it becomes clear that rapid hopping is responsible for the cw

results, perhaps with other line-broadening mechanisms at 60 K.
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From Vis-NIR spectroscopy, the maximum conductive chain length (Nycc) is 3—4
units. This result indicates that the excited state resulting from each transition is more
delocalised than its ground state, as would be expected from the long-range delocalisation
of excitation in neutral porphyrin oligomers®3® The Nycc is not expected to be the same
as the radical cation charge delocalisation length, since the Nycc reports on the electronic
transition between states, not just the ground state delocalisation. In other words, the
extent of delocalisation in both the final state, following the electronic transition, and
in the ground state, are important to the Nycc.

The presence of IRAVs for I-P2™* complicates its assignment to Class Il or Ill. If
the IRAVs arise from vibronic coupling to the low lying P; electronic transition, or from
cumulenic character, then I-P2%* can be considered a Class Ill (fully delocalised) mixed-
valence molecule. If, on the other hand, the IRAVs gain intensity from charge asymmetry,
then the two monomer units of the dimer must not be charge-equivalent and the molecule is
at the Class II/1ll borderline. The absence of solvatochromism suggests Class Il character,
which is supported by the absence of neutral-like absorbance in the Q-band. Although
on a slower spectroscopic timescale, the ENDOR data are unequivocal in reporting the
appearance of (perhaps averaged) Class Ill character.

According to EPR, spin delocalisation in the cyclic systems, c-P6%*, c-P6e¢T6%* and
t-P12eT6,7%°, is greater than in the linear oligomers. The delocalisation is greater in
the templated systems, c-P6eT6"* and t-P12eT6,™*, for which the conformational lock
provided by the template suppresses local disorder and thus encourages polaron delocalisation
or hopping. In contrast, the DFT results suggest that spin delocalisation is similar in the
cyclic and linear oligomers. The EPR and DFT results can be reconciled by recognising
that the timescale of EPR is relatively slow (1077 s), thus fast hopping could manifest
as increased delocalisation. Hopping may be quicker in the cyclic systems due to the
absence of end-group trapping effects.

The ENDOR data show that the charge in t-P12eT6,™* is significantly more delocalised
than in c-P6eT6%*, consistent with the hole additionally exploring the axial dimension
of the tube. We plan to measure the delocalisation length in this axial dimension by
preparing longer porphyrin nanotubes.

The appearance of a Fano-like AR for the C=C stretch in c-P6eT6%* and t-P12eT6,™*

(and to a lesser extent in c-P6%1*) seems to be a feature common to systems with overlapping
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4. Charge and spin delocalisation in butadiyne-linked porphyrin oligomers

coupled electronic and vibrational modes. The doped nanoring approximates a loop of
semiconductor; it would be interesting to explore the effect of magnetic fields on the AR. A
magnetic flux dependent frequency shift or intensity change of the AR could be evident
as a result of the Aharonov-Bohm (A-B) effect. The A-B effect induces a phase shift in a
circulating charge in the presence of a magnetic field,**% and this phase could introduce a
further interference into the AR, possibly affecting its intensity. The interaction of A-B and
Fano effects in quantum dots has shown effects on conductance, with changing asymmetry
of the transmission Fano interference as a function of magnetic field 3417343

The charge localisation in these systems appears to be an inner-sphere effect, as indicated
by the absence of solvatochromism. Experiments with different counterions (SbClg™ vs.
BF,™), or the addition of supporting electrolyte (TBAP), showed no change in delocalisation
length by ENDOR. In summary, it appears that internal reorganisation favours charge
localisation in linear porphyrin oligomers of length greater than 3, and in all cyclic porphyrin
oligomers studied here. End-group effects, resulting in different energetic properties at the
termini of the oligomers, may also account for charge localisation in the linear systems.

We are presently exploring the charge delocalisation in anion radicals of these porphyrin

oligomers.
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Mathematics is of two kinds, Rigorous and Physical.
The former is Narrow: the latter Bold and Broad.
To have to stop to formulate rigorous demonstrations
would put a stop to most physico-mathematical in-
quiries. Am | to refuse to eat because | do not fully
understand the mechanism of digestion?

— Oliver Heaviside, as quoted in D. A. Edge, 'Oliver

Heaviside (1850-1927) — Physical mathematician’,

Teaching mathematics and its applications, 1982, 2,
55—61.
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5.1 Abstract

According to Baird's rule, Hiickel's aromaticity mnemonic is reversed for the triplet state of
a molecule: i.e., [4n]-m becomes aromatic. This excited state (anti)aromaticity (ES(A)A)
has been used to explain photophysical phenomena and may prove useful for the rational
design of molecular photonic devices. As we have previously shown ([Chapter 3|), por-
phyrin nanorings are non-aromatic in their electronically neutral Sq ground states. In this
chapter, we begin to explore the prospect of porphyrin nanoring ES(A)A using DFT and
ultrafast photophysical measurements. NICS indicates the presence of ES(A)A. However,

photophysical measurements show no statistically significant difference in lifetimes or
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radiative rates between nanorings predicted to exhibit excited state antiaromaticity (odd

rings) and aromaticity (even rings).

5.2 Introduction

Hiickel's rule famously predicts that carbocyclic w-systems with [4n+2] and [4n] 7-electrons
are aromatic and antiaromatic, respectively. This rule depends upon topology: introduction of
a Mébius twist into the 7-system reverses the mnemonic and [4n]-7 becomes aromatic 117344
In 1972, Baird predicted a further case in which Hiickel's rule is reversed: in the lowest triplet
state (Ty) of a molecule.*?!' Several experimental examples of T; aromaticity have since been
presented, and the predictive power of Baird's rule has been extended to the S; state 342346

The primary computational methods for investigating ES(A)A are analyses of bond
length alternation (BLA) using the harmonic oscillator model (HOMA)*** and calculations
of aromatic stabilisation energy (ASEY% and nucleus independent chemical shift (NICS).%?
Experimentally, ES(A)A is difficult to unambiguously assign. With ground state aromaticity,
NMR is the technique of choice for measuring magnetic shielding, but this technique is
not practical for the S; or T; excited states. EPR of the T; state can help to assign the
presence of a triplet ground state, as in the antiaromatic (4 m-electron) cyclopentadienyl
cation,**’ but it has not been used to detect (anti)aromatic ring current effects.

Many assignments of ES(A)A employ photophysical methods. The HOMO-LUMO
gap (HLG) for aromatic molecules is larger than that for antiaromatic molecules, and
consequently the Sy — S; transitions are higher energy in aromatic molecules22? This effect
arises from combination of an aromatic stabilisation of Sy and antiaromatic destabilisation
of S; for the [4n + 2]-7 case, and the reverse for the [4n]-7 case. The low energy of the
S; state can result in an avoided crossing to Sg and thus low emission quantum yields
(due to decay by an internal conversion process), as observed for highly symmetric [4n]-

8 and expanded porphyrins ¥ In general, it is difficult to disentangle

7 hydrocarbons,**
the effects of ground state (anti)aromaticity from ES(A)A in photophysical properties.
More broadly, ES(A)A has been widely invoked to explain the photochemical reactions
of [4n]-m and [4n + 2]-7 carbocycles,**? with the classical example given by benzene's

excited state propensity towards rearrangements 22951
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5. Excited state aromaticity in porphyrin nanorings

Kim and coworkers have assigned ES(A)A on the basis of the shape of the excited state
absorption spectrum 223249 |n their studies, the antiaromatic excited states of hexaphyrins
exhibit broad, featureless absorption spectra, whereas the aromatic excited states are
much more structured, qualitatively resembling the ground state absorption spectra of
aromatic hexaphyrins.

The most convincing assignments of ES(A)A, and confirmation of Baird's rule, would
come from measurements on a series of compounds which differ mainly in their 7 electron
count. [N]-Porphyrin nanorings (c-PN) have conjugated circuits of 14N 7-electrons. Thus,
a [5]-porphyrin nanoring has [4n + 2] m-electrons, and a [6]-porphyrin nanoring [4n] 7-
electrons. The series continues: odd-N rings have [4n + 2] m-electrons; even-N [4n]-7.
However, in apparent opposition to Hiickel's rule, the Sq ground states of all of these species
are non-aromatic, as evidenced by the similarity of their 'H NMR spectra. Only aromaticity
local to each porphyrin monomer is observed: there is no global macrocyclic ring current.
However, as we have shown for c-P6 in [Chapter 3| oxidation disrupts the local porphyrin

aromaticity and leads to the emergence of macrocyclic ring currents 2

The Anderson, Herz, and Timmel groups have thoroughly investigated the delocalisation
of singlet and triplet states of linear butadiyne-linked porphyrin oligomers, c-P6, and, for
photophysical measurements (Herz), larger rings 220180335535521356I The photophysical results
show rapid singlet state delocalisation over the entire nanoring within 200 fs for nanorings
up to c-P24. c-P6 emits from a delocalised state, whereas partial localisation occurs prior
to emission in c-P8 and larger3® EPR measurements of triplet states show complete
triplet delocalisation at 20K for ¢-P6,18% but show localisation over 2-3 units for linear

186 even when planarity is enforced by coordination %4

oligomers,

In the remainder of this chapter we present DFT results which suggest excited state
(T1) aromaticity for even rings and antiaromaticity for odd rings, consistent with Baird's
rule. We then present experimental measurements of the TA and fluorescence lifetimes,

which are unable to offer support to the prediction of ES(A)A. Future work on this

project is then outlined.
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5.3 Methods

DFT calculations were carried out using the B3LYP functional and the 6-31G* all-electron

t,189192 35 implemented in Gaussian09/D.01.%%" The meso-aryl groups on the

basis se
nanorings were truncated to —H. Nanorings c-P5, c-P6, c-P7 and c-P8 were optimised
in their Sq state with the highest possible symmetry (Dnp). The geometries converged as
follows: ¢-P5 (Dsy,), €-P6 (Dgn), c-P7 (C7,) and c-P8 (Cgh). Triplet states were then
optimised and converged to non-symmetric (C;) geometries. The stability of the triplet
wavefunctions was checked. NICS shieldings® were calculated using the GIAO method.

We measured overall lifetimes (7, defined below) by two methods: transient absorption
(TA) spectroscopy and time correlated single-photon counting (TCSPC) fluorescence
spectroscopy. The radiative rate (kr) was determined from TCSPC by measurement
of emission quantum yields (QY) in the same conditions. The TA measurements were
performed in CH,Cl,, while the TCSPC used toluene + 1% pyridine as solvent. The sample
concentrations were similar (~1pM) in both cases. The TCSPC and QY measurements

were performed by Ms. J. Q. Gong (Herz group, Oxford Physics). Ms. R. Haver and Mr.
T. Kobatake are thanked for gifts of c-P5 and c-P7.

1
ktOt ( )
kiot = kr + KnR (5.2)

5.4 Results and discussion
5.4.1 Computational chemistry

The HLG of porphyrin nanorings in their neutral ground states show a distinct odd-even
effect: the [4n]-m (even) rings have a smaller HLG than the [4n + 2]-7 (odd) rings.
Consistent with a simple Hiickel MO picture, the odd rings have degenerate HOMO/HOMO-
1 and LUMO/LUMO+1 pairs, whereas the degeneracy is lifted for the [4n]-7m even rings,
despite the retention of symmetry for both geometry and wavefunction. Aside from the
retention of (for c-P6) full Dg, symmetry, the loss of frontier orbital degeneracy is similar

to that which occurs for a pseudo-Jahn-Teller (PJT) distortion, as in cyclobutadiene (see
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5. Excited state aromaticity in porphyrin nanorings

Chapter 1))%>” Similar results have been found in a computational study on porphyrin

nanotubes of different diameters.328
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Figure 5.1: (a) Frontier molecular orbital energies for c-P5—c-P8 (B3LYP/6-31G*) in the Sy state. (b)
HLG for c-P5-c-P8 in the Sy state.

The NICS(0) results at the centres of the rings show that, although every Sy state is
non-aromatic, the T; states of c-P5 and c-P6 are antiaromatic and aromatic, respectively
(Table 5.1)). For c-P7 and c-P8, the T; states remain non-aromatic, as assessed by NICS(0)
at the centres of the rings (Table 5.1)). However, when NICS(0) is calculated on a grid of
points through the ring plane, a difference in shielding between the inside and outside of the
nanorings, consistent with global (anti)aromaticity, is present for the T; states of all rings
(Figure 5.2). The effect is minuscule for c-P7 and c-P8; the (anti)aromaticity apparent in

the c-P7 and c-P8 T, states is probably so small as to be experimentally inconsequential.

Table 5.1: NICS(0)iso and NICS(0),, (all units ppm) at the centres of porphyrin nanorings in their Sg and
T states. Level of theory: B3LYP/6-31G*.

So T
NICS(0)isoc NICS(0),, NICS(0)iso NICS(0),,
c-P5 -3 0 2 10
c-P6 -1 1 -5 —12
c-P7 -1 0 0 2
c-P8 -1 0 -1 -1

shows that the triplet spin is delocalised over about five porphyrin units.
The porphyrin monomer subunit which sustains most triplet spin density exhibits NICS

characteristic of antiaromaticity (deshielding above and below the porphyrin plane), which
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5.4. Results and discussion

can be rationalised using valence bond theory by imagining that the two triplet electrons
are significantly localised on this porphyrin moiety, giving an effective 2— charge, and
thus a 20-7 antiaromatic ring system 122359

The absence of significant ES(A)A in c-P7 and c-P8 may arise from triplet localisation:
for c-P5 and c-P6 the triplet is almost entirely delocalised around the ring, perhaps
encouraging coherent effects like aromaticity, whereas reduced delocalisation diminishes
the ES(A)A for the larger rings.

The triplet state ENDOR spectra of linear oligomers, c-P6, and c-P6eT6 have revealed
that the triplet is localised over roughly two porphyrin units in the linear oligomers, and over
the whole nanoring in ¢-P6 and c-P6eT6.1%° Our computational results are consistent with
these experimental conclusions, since the experimental uncertainty would encompass an error
of at least one porphyrin unit, or the triplet state could be ‘fast hopping' on the ENDOR
timescale. The ENDOR measurements were conducted at 20 K: a barrier as high as 1 kJ mol !
would still allow fast hopping at this temperature and could appear as the averaged, fully
delocalised structure. Variable temperature ENDOR, down to a temperature of 5 K, could help
to elucidate the threshold between fast hopping and localisation in a larger ring, such as c-P8.

These computational results suggest that c-P5 and c-P6 are antiaromatic and aromatic
in their T; excited states, in accordance with Baird's rule. It appears that c-P7 and
c-P8 are practically non-aromatic, perhaps as a consequence of the poor degree of triplet
delocalisation. Experiment has shown that the S; states of porphyrin nanorings delocalise
extremely rapidly,*>® to a greater extent than the triplet states. Thus it could be speculated

that ES(A)A would persist for larger rings in their S; states.
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5.4. Results and discussion

5.4.2 Photophysics

The overall excited state lifetimes increase as a function of ring size ([Figure 5.3)), consistent
with the trend previously observed on a different series of ring sizes*> The data from
TCSPC show that the lifetime for c-P5 is higher than those for c-P6-c-P8, but this

effect is not reproduced in the lifetimes determined by TA.

700 7
600 A

500 A

Lifetime [ps]

400 A

300 - : - : : ; .
4 6 8 10 12 14 16 18

Ring size c-PN
Figure 5.3: Excited state lifetimes determined by TCSPC (top, by Ms. J. Q. Gong, in toluene + 1%
pyridine) and by transient absorption decay fitting (bottom, data collected and analysed by me, in CHyCly).
Error bars in the TCSPC are standard errors between multiple replicates (n = 3—4); there are no error bars
in the TA data because these come from a single measurement.

Table 5.2: Photophysical data for porphyrin nanorings from TCSPC and TA.

TCSPC TA
O (%)Jr Ttot (pS)T kR (r1571)Jf T1,tot (PS):E T2, tot (PS)i
c-P5 203+040 580+5 0.035+0.007 2.3(0.5) 331 (4)
c-P6 1.37+033 445+6 0.031+0.007 29.4 (4.0) 346 (5)
c-P7 394+020 537+3 0.073+0.004 9.7 (2.1) 382 (3)
c-P8 274+037 550+2 0.050+0.007 18.9 (2.9) 312 (6)
c-P9 827+0.73 632+3 0.131+0.011 3.6 (1.0) 470 (2)
c-P10 1258+1.38 652+3 0.1934+0.020 6.2 (0.31) 432 (4)

c-P11 1297+162 661+3 0.196+0.024 — —
c-P12 11.23+269 636+16 0.173+0.035 — —
c-P13 1444+230 670+3 0.216+0.035 — —
c-P16 22.37+3.43 627+3 0.356+0.054 — —

T Data recorded by Ms. J. Q. Gong. Variances are the standard error in the mean (n =3
for c-P5; n = 4 otherwise); 1 Data recorded by me. Parenthetical values are the standard

errors in the fit, for a single experiment (n = 1)
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5. Excited state aromaticity in porphyrin nanorings

By measuring the fluorescence QY (®g), the radiative rate (kgr) can be calculated

according to |[Equation 5.3|

kR - detOt (53)

The QY of ¢-P5 is much higher (about 3%) than that for c-P6 (about 1%), as
previously reported 235238 When kg is plotted alongside oligomer length (Figure 5.4), using
only the TCSPC data, there appears to be a subtle odd-even effect for c-P5—-c-P8, where
the radiative rate for even rings is lower than that for odd rings. However, the odd-even
effect does not reach the threshold of statistical significance, as indicated by the 95%
confidence interval error bars in [Figure 5.4

The low fluorescence QY of nanorings has previously been attributed to the dipole for-
bidden nature of the Sy — S; transition#3 In the point-dipole approximation, the transition
dipoles of the six porphyrin monomers around the c-P6 ring (directed along the butadiyne
axis of each monomer) cancel, leading to no net transition dipole moment.?3® Similar
forbiddenness of the Sy — S; transition has been reported in small cycloparaphenylenes 3%
When porphyrin nanorings are fixed into rigid cyclic conformations by introduction of a
central template, QY reduces further due to the restriction of the Herzberg-Teller coupled
symmetry breaking vibrations necessary for emission.#*® The increased QY for ¢-P5 could
arise from structural distortion in this, the smallest ring of the series, resulting in incomplete
cancellation of transition dipole moments, or from ES(A)A. We might expect that a PJT
distortion of the antiaromatic S; states of ¢-P5 and c-P7 would contribute to an increased
QY since the strict molecular symmetry is broken. In contrast, aromatic stabilisation in

104 will favour the symmetric conformer from

c-P6 and c-P8, though presumably weak,
which S; — Sy emission is strongly dipole forbidden.

Kim and coworkers have used the structure of TA spectra for the assignment of ES(A)A,
supported by their observation that aromatic excited states resemble aromatic ground
states, with sharp spectra and porphyrinoid Q- and Soret-bands. In our case, all of the
TA spectra are very similar and uniformly broad and unresolved. However, this fact is

relatively inconsequential for an assignment of ES(A)A, since Kim's reasoning does not

apply for our molecules: the ground state, with a resolved spectrum, is non-aromatic. The

cationic (anti)aromatic states for c-P6, as resolved by spectroelectrochemistry (Chapter 4|
Figure 4.7)), are all broad and unresolved.

127



5.5. Conclusions
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Figure 5.4: Radiative rate determined by TCSPC, in toluene + 1% pyridine. These data were collected by

Ms. J. Q. Gong. The statistical analysis is my own. The error bars depict the 95% confidence interval in
the mean.

5.5 Conclusions

DFT calculations demonstrate that porphyrin nanorings consisting of up to eight porphyrin
units exhibit ES(A)A in their T; states. The triplet is delocalised over about five porphyrin
subunits. The aromatic/antiaromatic character switches as a function of ring size: odd rings
are antiaromatic in their excited states, and even rings are aromatic.

Notably, the electronic ground states of these nanorings are non-aromatic. This fact
differentiates this work from other published examples, where ES(A)A exists as a reversal
of ground state (anti)aromaticity. The ground state aromatic character is likely to affect
the excited state properties. For example, antiaromatic compounds have a smaller HOMO-
LUMO gap than aromatic compounds, and so may exhibit faster non-radiative decay
via internal conversion %!

Photophysical measurements of singlet excited state lifetimes shows no significant odd-
even effect. This result suggests that ES(A)A, if it is present, is beyond the capabilities of our
current measurements to detect. One might expect ES(A)A to be more prominent in singlet
than triplet excited states, owing to the greater inherent delocalisation of singlet states 3¢

This offers prospects for future experiments. It will be interesting to explore whether
ES(A)A is apparent in the ultrafast anisotropy decay of the singlet states. The triplet state
can be probed directly by transient EPR, in a continuation of previously published studies
on linear oligomers and c-P6.1%% Such experiments will permit us to test the prediction

of triplet state localisation over five porphyrin units by measurements on larger rings. It
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5. Excited state aromaticity in porphyrin nanorings

may also be possible to interrogate the rate of triplet hopping by variable temperature
transient-EPR and ENDOR. Further careful replication of the TCSPC and TA measurements

may help to evaluate the significance of the trends observed so far.
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It’s still magic even if you know how it’s done.

— Terry Pratchett (2004), A Hat Full of Sky

Aromaticity in a truncated porphyrin
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6.1 Abstract

Current flowing through two equivalent paths in a molecular junction (e.g. through two
halves of a cyclophane sandwiched between gold electrodes) can experience constructive
interference, manifesting as a non-classical fourfold increase of the current flow compared
to the singly connected mutant, whereas a phase difference between non-identical paths
can reduce conductance to zero, blocking transmission. This effect is analogous to a Mach-
Zehnder interferometer’s effect on light. Aromaticity and antiaromaticity may offer improved
and non-classical properties for molecules in molecular junctions. In this computational work
we explore the effect of de-symmetrising a butadiyne [6]-porphyrin nanoring by removing a C,
unit, truncating one butadiyne link to a monoalkyne. We show that the truncated nanoring

obeys Hiickel's law in a fashion entirely analogous to Dg, symmetric c-P6: the tetracation
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is aromatic and the hexacation is antiaromatic. The hexacation exhibits a significant

pseudo-Jahn-Teller distortion, which reduces the bond length alternation in the C; link.

6.2 Introduction

If a beam of light is split into two, and these two beams pass through different media (with
different refractive indices, or path lengths), the recombined beam exhibits a phase shift
as a result of interference. This principle is the basis of the Mach-Zehnder interferometer,
used in light modulation and in quantum physics experiments.

There has recently been great interest in exploring the analogous effect on molecular
conductance, when a molecule has two paths through which electrons can flow. Vazquez et
al. provided the seminal example: a molecular junction with two equivalent paths exhibits a
conductance more than twice that of one with a single path: Gy > 2G; 2% In contrast, a
classical circuit with two parallel paths of equal resistance obeys Kirchoff's law: Gy, = 2G;.
The greater electrical conductance in parallel molecular circuits is attributed to quantum
interference effects, with a theoretical maximum Gy, = 4G; .2

There are currently efforts under way in the Anderson group to determine whether
constructive quantum interference is manifest in porphyrin nanorings, for example in their
conductance when they are placed between two metal junctions, or in the exchange coupling
between paramagnetic centres in isolated molecules. Recent results have shown that a
[6]-porphyrin nanoring with copper atoms at its para positions (Cuy-c-P6eT6,

exhibits a fourfold enhanced exchange coupling compared to the single mutant analogue,

in which one butadiyne link is broken (Cuy-/-P6eT®6, .364 There is interest in
exploring the effects of ring size and external perturbations, such as magnetic fields 232133
on the conductivity in a molecular junction. The effect of two different electron path lengths
in a nanoring junction will also be explored, such as by using a porphyrin nanoring with two
inequivalent paths: C,-c-P6 ([Figure 6.1)). This molecule is the focus of this chapter.

In general, aromatic molecules have lower conductivity than non-aromatic molecules,
and it is expected that anti-aromatic molecules will have higher conductances owing to their

small HOMO-LUMO gap and large polarizability.*°>"3°” However, the drop in conductance

in aromatic molecules is related to the resonance stabilisation energy, which is relatively
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6. Aromaticity in a truncated porphyrin nanoring

Cu,-c-P6 Cuo-I-P6 Co-c-P6

Figure 6.1: Left, centre: para-Cu, molecules for quantum interference. The exchange coupling between
the Cu atoms in the doubly connected structure (left) is four times that in the singly connected structure
(centre). Right: C; truncated c-P6.

0% 5o the aromatic state of a [6]-porphyrin nanoring may

small for large aromatic systems,*
not have an appreciably reduced conductance compared to the non-aromatic neutral ring.

Aromaticity may be important for quantum interference effects: the conceptual link
to benzene substitution patterns, where para and meta substitution induce constructive
and destructive interferences, respectively, is used to describe linker geometry effects
on conductance®%® |t is therefore interesting to explore the effect of aromaticity and
antiaromaticity on quantum interference in molecules with different substitution patterns.
The results in demonstrated the utility of oxidation chemistry to affect changes in
nanoring aromaticity. In this chapter, we combine that principle with an asymmetric nanoring.

We wanted to test whether Hiickel's law is still applicable for a nanoring with two
inequivalent conjugation paths, in which we have removed 2-7 electrons by truncating just
one butadiyne linker to an alkyne. The computational results presented here show that

this truncated nanoring, C,-c-P6, does follow Hiickel’s rule, and is aromatic in its 78-7

tetracationic oxidation state, and antiaromatic in its 76-m hexacationic state.

6.3 Methods

DFT calculations were all performed using a model of C,-c-P6 in which solubilising aryl
groups had been truncated to —H. Geometries were optimised using Gaussian09/D.01*%% and
the B3LYP/6-31G* functional/basis set combination. 8192 The neutral state converged

to C, symmetry whilst the 4+ and 6+ states had no symmetry (C;). NICS calculations
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6.4. Results and discussion

were conducted using the GIAO method, as implemented in Gaussian09/D.01. NICS grids
were calculated with 1 A resolution on a 40 x 40 A grid.

Our earlier studies on ¢-P6 (Chapter 3)) revealed that B3LYP/6-31G* was a sufficient

230

and so we

level of theory with which to describe porphyrin nanoring (anti)aromaticity,

did not attempt different levels of theory here.

6.4 Results and discussion

=t == 4

Neutral

Figure 6.2: Optimised geometries (B3LYP/6-31G*) of Cz-c-P6 in its neutral, tetracationic (aromatic)
and hexacationic (antiaromatic) oxidation states. Any_yy refers to the distance between 3 protons across
the Cy link (see text).

The geometry optimised structures of C,-c-P6 in its neutral, 44+ and 6+ oxidation
states are shown in [Figure 6.2] In the neutral state, there is a clear torsion between the C,
linked porphyrins, amounting to around 23°. This torsion reduces for the tetracation (9°) and
further to zero for the hexacation. This huge reduction in torsion angle is surprising: in a linear

monoalkyne-linked porphyrin dimer C,-P2 the barrier to planarity is around 6.5 kJ mol~1

(Chapter 2| [Figure 2.2)) 2% Whilst one might invoke marginal aromatic stabilisation energy*®*

to explain the increased planarity in the aromatic tetracation, it is difficult to imagine why
the antiaromatic hexacation does not distort away from planarity, permitting it to avoid
both the high torsion barrier and antiaromaticity.

The barrier to planarity in C,-P2 arises from steric repulsion between the [3-protons.
Despite the reduction in torsion angle in Cp-c-P6°*, the inter-proton distance is greater
than that for the 44 oxidation state (2.32 A vs. 2.28 A), due to a distortion of the porphyrin

rings. The inter-proton distance in the neutral nanoring is 2.43 A.
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6. Aromaticity in a truncated porphyrin nanoring

A popular geometric criterion for aromaticity is the reduction in bond-length alternation
(BLA) 221093 Consider the equal bond lengths in benzene, compared to the localised single
and double bonds of hypothetical cyclohexatriene. It is widely accepted that, for large
aromatic [n]-annulenes (n > 14), there is a return of BLA even in the presence of
aromaticity.°83%9 |f we calculate BLA for the C, fragment as BLA = rc_c — rc—c, then the
BLA shows the surprising trend 6+ < 4+ < neutral (Table 6.1))! To understand this result
further we plotted the bond length difference Ar = r, — reytral for each bond ([Figure 6.3)).
The results reveal that the decreased BLA for the C, link in Cy-c-P6%t arises from a
pseudo-Jahn-Teller (PJT) distortion: the majority of the bond-length equalisation in the 6+
state is found in three of the linker (alkyne and butadiyne) units. In contrast, all of the linker
units in the aromatic Cy-c-P6** are bond-length equalised by roughly the same amount.

This PJT distortion is analogous to that observed in antiaromatic cyclobutadiene: that

molecule distorts from a Dy, square to a Dy, rectangle, with increased BLA ((Chapter 1J).

Our results reveal that, although BLA is known to be significant for large annulenes ©836°

it retains utility in describing bonding changes between aromatic and antiaromatic ox-
idation states of a molecule, and vividly illustrates the PJT distortion in the antiaro-
matic oxidation state.

We next turned to the calculation of nucleus independent chemical shifts (NICS), to

assign aromaticity based on magnetic properties. The results are entirely consistent with

expectations (Table 6.1)and |Figure 6.4): much like we saw for c-P6 in|Chapter 3| the neutral

oxidation state exhibits no NICS in the zz component of the chemical shielding tensor,
and the isotropic component reveals the local aromatic ring currents of each component
porphyrin monomer ([Figure 6.4d and a, respectively). In contrast, the 4+ and 6+ oxidation
states exhibit a dramatic difference in NICS between the inside and outside of the nanoring.
The (anti)aromaticity apparent in the zz tensor component clearly dominates the isotropic
NICS (Figure 6.4b—f). The internal shielding (negative NICS) and external deshielding
(positive NICS) of the 4+ oxidation state is diagnostic for aromaticity, and the reverse

for the 64 state is diagnostic of antiaromaticity.
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6.4. Results and discussion
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Figure 6.3: Bond length differences Ar between the neutral state and (a) the aromatic tetracation and
(b) the antiaromatic hexacation of Cy-c-P6. The C, fragment is on the left in the upper two subplots,
and at the centre-foreground in the lower two.
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Figure 6.4: NICS grids (B3LYP/6-31G*) for Cy-c-P6 showing (a-c) NICS(0)is, and (d-f) NICS(0),,.
The neutral (a and d) state shows no macrocyclic aromaticity, the 4+ state (b and e) shows macrocyclic
aromaticity, and the 6+ state (c and f) shows macrocyclic antiaromaticity.
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6. Aromaticity in a truncated porphyrin nanoring

Table 6.1: Theoretical aromaticity criteria for Ca-c-P6. NICS and BLA were calculated at the B3LYP/6-
31G* level of theory.

0+ 4+ 6+
nme” 82 78 76
Hiickel classification 4n4+2 7w 4n+27m 4dnrm
NICS(0)., (ppm) 0 —37 32
NICS(0)iso (ppm) -2 —-13 11
BLA (C,) (A) 0.2 0.17 0.14

6.5 Conclusions

We have shown that a truncated [6]-porphyrin nanoring, C-c-P6, in which one butadiyne
linker is replaced with a monoalkyne linker, exhibits aromaticity and antiaromaticity upon
oxidation, consistent with Hiickel's rule and with the results presented in [Chapter 3|
Efforts are currently under way to synthesise this nanoring. The experimental meas-
urement of aromaticity is likely to be more challenging than in the case of ‘normal’ c-P6.
The reduction in symmetry from Dg, to Co, will result in a more complex NMR spectrum.
It may also be more difficult to directly access the aromatic oxidation state of C,-c-P6

(44) than it was for c-P6 (6+), since in the latter case there was a large electrochemical

gap between the 6+ and 12+ oxidation states (Chapter 3| [Figure 3.7)), and there was

thus negligible disproportionation to nearby oxidation states.
We also plan to use C-c-P6 in molecular junctions, to explore the impact of unequal

path lengths on quantum interference effects in conductances, by comparison to c-P6.
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Experimental supplement

A.1 Notes

Unless stated otherwise, all reagents were obtained from commercial sources and used
as received without further purification. Diethyl ether (Et,0), chloroform (CHCl3) and
toluene were dried by passing through activated alumina columns using a positive pressure
of dry N,. Diisopropylamine (DIPA) was dried by distillation from CaH,. Analytical gel
permeation chromatography (GPC) was performed on a JAIGEL H-P precolumn, a JAIGEL
3H-A (8mm x 500 mm) and a JAIGEL 4H-A column (8 mm x 500 mm) in series with
THF:pyridine 100:1 as eluent. Preparative recycling gel permeation chromatography was
performed on a JAIGEL H-P precolumn, a JAIGEL 3H (20 mm x 600 mm) and a JAIGEL
4H column (20 mm x 600 mm) in series with toluene:pyridine 100:1 as eluent. Flash column
chromatography was performed on Merck silica gel 60 (40-63 pm). Alumina columns were
performed using aluminium oxide (activated, basic, Brockmann |, standard grade, ~150
mesh, 58 A) from Sigma Aldrich. For TLC, Merck silica gel 60 F254 aluminium-backed
sheets were used. Size exclusion chromatography (SEC) was carried out using Bio-Beads

SX-1, 200-400 mesh (Bio Rad).

All synthetic procedures are found in [Chapter 3| [subsection 3.3.1|

NMR spectra were recorded on Bruker AVII400, Bruker AVIII400, Bruker AVII500 and
Bruker AVIII500 spectrometers. The residual solvent peak was used as internal reference.

Multiplicities (s = singlet, d = doublet, t = triplet, ¢ = quartet, and m = multiplet)
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A.2. Extinction coefficients of oligomers

and coupling constant(s) are reported wherever possible. MALDI-TOF-MS spectra were
measured using a Waters MALDI Micro MX or at the EPSRC National Mass Spectrometry
service (Swansea, Wales, UK) using the Applied Biosystems Voyager DE-STR. UV-vis
absorption spectra were recorded at ambient temperature with a Perkin-Elmer Lambda

20 using quartz 1cm cuvettes.

A.2 Extinction coefficients of oligomers
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Table A.1: Collated extinction coefficients for selected non-porphyrin compounds.

Compound Solvent  Apnax / nm (loge) Ref.

T6 CHCl; 278 (5.04) [24]
T8 CH,Cl, 644 (3.96), 590 (4.25), 563 (4.39), 525 (4.55), 440 (5.62), 317 (5.17) [169)

Table A.2: Collated extinction coefficients for porphyrin oligomers with 3,5-di(tert-butyl)phenyl sidegroups in the meso positions.

Oligomer Solvent Amax / nm (loge) Ref.
P1 CHoCly 1% pyr 646 (4.75), 594 (4.00), 454 (5.42), 441 (5.59) 23]
I-P2  CH,Cl, 1% pyr 741 (5.11), 675 (4.91), 494 (5.34), 458 (5.62) [23]
-3 CH,Cl, 1% pyr 763 (5.25), 498 (5.32), 460 (5.64) [23]
I-P4  CH.Cl, 1% pyr 799 (5.23), 460 (5.61) 23]
I-P5 CH,Cl, 1% pyr 706 (5.43), 460 (5.72) [23]
I-P6  CH.Cl, 1% pyr 814 (5.53), 462 (5.80) 23]
c-P5 Toluene 747 (5.23), 719 (5.20), 489 (5.60), 430 (5.38) [235]
c-P5T5.,  Toluene 832 (5.28), 789 (5.34), 752 (5.36), 493 (5.63), 428 (5.45) [235]
c-P5T5:.  Toluene 837 (5.26), 794 (5.34), 756 (5.34), 494 (5.60), 431 (5.40) [235]
c-P6 CHCl5 788 (5.36), 475 (5.63) [24]
c-P6eT6 CHCl; 852 (5.52), 810 (5.61), 774 (5.51), 483 (5.68) [24]
c-P8  CHCl; 1% pyr 817 (5.72), 492 (5.94), 466 (5.92) [237]
c-P10  CHCl; 1% pyr 822 (5.71), 596 (4.76), 468 (5.89) [237]
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Table A.3: Collated extinction coefficients for porphyrin oligomers with 3,5-bis(octyloxy)phenyl sidegroups in the meso positions.

Oligomer Solvent Amax / nm (log €) Ref.
P1 CH,Cl, 1% pyr 639 (4.77), 588 (4.13), 454 (5.45), 443 (5.64) [370]
I-P2 CH,Cl, 1% pyr 735 (5.06), 669 (4.77), 586 (4.35), 494 (5.32), 460 (5.61) [370]
I-P3 CHCl; 1% pyr 755 (5.28), 590 (5.52), 500 (5.40), 462 (5.72) [24]
I-P4 CH,Cl, 1% pyr 772 (5.54), 588 (4.86), 496 (5.79), 462 (5.91) [371]
I-P6 Toluene 1% pyr 804 (5.64), 466 (5.76) [24]
I-P6 CHCl; 813 (5.56), 519 (5.56), 439 (5.34) [24]
I-P8 CH,Cl, 1% pyr 812 (5.72), 591 (4.83), 496 (5.88), 465 (5.92) [370]
c-P5T5¢, Toluene 825 (5.30), 783 (5.34), 746 (5.34), 494 (5.62), 428 (5.36) [235]
c-P5T5¢, Toluene 828 (5.28), 785 (5.34), 749 (5.34), 494 (5.60), 431 (5.38) [235]
c-P6 CHCl; 783 (5.36), 473 (5.63) [24]
c-P6eT6 CHCl5 841 (5.45), 800 (5.51), 765 (5.40), 486 (5.60) [24]
c-P8 CHCl3 1% pyr 802 (5.26), 490 (5.59), 464 (5.64) [169]
c-P8eT8 CHCl3 848 (5.53), 798 (5.18), 757 (5.04), 498 (5.53), 441 (5.49) [169]
c-P10  Toluene 1% pyr 806 (5.87), 491 (6.06), 471 (6.08) [237]
c-P12 Toluene 1% pyr 810 (5.85), 491 (6.02), 473 (6.02) [25]
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Table A.4: Collated extinction coefficients for porphyrin oligomers with 3,5-bis(trihexylsilyl)phenyl (THS) sidegroups in the meso positions.

Oligomer Solvent Amax / nm (log €) Ref.
P1 CH,Cl, 625 (4.64), 578 (4.26), 446 (5.51), 4.37 (5.69) [186]
1-P2 CH,Cl, 708 (5.06), 652 (4.81), 576 (4.36), 488 (5.34), 454 (5.58)  [186]
1-P2 CHoCly: THF:pyr (10:10:1) 741 (5.07), 674 (4.89), 588 (4.34), 495 (5.29), 459 (5.59)  [31]
1-P3 CH,Cl 738 (5.24), 501 (4.49), 492 (5.41), 453 (5.64) [186)
I-P4 CH,Cl, 761 (5.38), 747 (5.38), 581 (4.64), 491 (5.61), 452 (5.72)  |186]
I-P5 CH,Cl, 769 (5.51), 581 (4.69), 491 (5.70), 452 (5.76) [186]
1-P6 CH,Cl, 776 (5.61), 582 (4.79), 491 (5.80), 453 (5.84) [186]
c-P6eT6 CH,Cl, 850 (5.61), 808 (5.70), 772 (5.57), 612 (4.59), 482 (5.76)  [186]
c-P6 CH,Cl, 772 (5.45), 748 (5.49), 593 (4.62), 473 (5.71) [186]
Free base c-P6 CH,Cl, 791 (5.47), 771 (5.49), 659 (5.30), 449 (5.72) [186]
Polymer CH,Cl;, 780 (4.83), 468 (5.01) [183]
c-P8 Toluene + 1% pyr. 818 (5.54), 597 (4.62), 495 (5.74), 469 (5.68) This work
c-P9 Toluene + 1% pyr. 821 (5.60), 600 (4.66), 487 (5.78), 472 (5.77) This work
c-P10 Toluene + 1% pyr. 821 (5.73), 598 (4.81), 495 (5.89, sh.), 471 (5.92) This work
c-P11 Toluene + 1% pyr. 820 (5.70), 596 (4.79), 493 (5.88), 471 (5.89) This work
c-P12 Toluene + 1% pyr. 821 (5.88), 596 (4.88), 488 (6.06), 472 (6.07) This work
c-P13 Toluene + 1% pyr. 821 (5.75), 595 (4.83), 490 (5.91), 472 (5.93) This work
c-P16 Toluene + 1% pyr. 829 (5.89), 594 (4.97), 491 (6.03), 473 (6.05) This work
t-P12eT6, CHCl; 873 (5.71), 831 (5.72), 791 (5.6), 528 (5.89) [27]
t-P12T6, CH,Cl, 867 (5.61), 828 (5.63), 786 (5.55), 529 (5.89) This work
t-P12eT6, CH,Cl, 10% THF 867 (5.61), 828 (5.63), 786 (5.55), 529 (5.89) This work
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A.3. GPC retention times of THS porphyrin oligomers

A.3 GPC retention times of THS porphyrin oligomers
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Figure A.1: Analytical GPC retention times for THS porphyrin oligomers. Using two JIAGEL-H columns
in series (3H-A then 4H-A), with THF:1% pyridine eluent and a 1 mLmin~! flow rate. The lines show
linear regression fits: RT = m- N + ¢ where RT is retention time and N is oligomer length. For cyclic
oligomers, m = —0.373 min and ¢ = 34.54 min. For linear oligomers, m = —0.625 min and ¢ = 34.37 min.
For both fits, R* = 0.989.
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Cover designs

This appendix presents cover picture designs proposed for the publication M. D. Peeks,
T. D. W. Claridge and H. L. Anderson, ‘Aromatic and antiaromatic ring currents in a

molecular nanoring’, Nature, 2017, 541, 200-203.

(a) (b)

Figure B.1: These designs show the c-P6 nanoring surrounded by an ACID isosurface for the 6+ oxidation
state. The figure was generated in Chimera.
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B. Cover designs

(a) Side view (b) Top view

Figure B.2: These designs show the c-P6 nanoring on a NICS(0),, plane, for the 64 oxidation state. The
figure was generated using Blender.
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