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The work described in this thesis demonstrates the use of supramolecular chemistry in the
template-directed synthesis of porphyrin nanorings and as a tool to control conformation and
topology of m-conjugated porphyrin oligomers. Particular emphasis is placed on changes to the

electronic structure of these oligomers depending on their conformation.

Chapter 1 gives an overview of m-conjugated porphyrin oligomers and conjugated macrocycles
in general, followed by an introduction into supramolecular cooperativity and small angle X-ray

scattering in solution.

Chapter 2 describes advances in the synthesis, solution structure elucidation and optoelectronic
properties of a fully conjugated cyclic porphyrin hexamer. The high rigidity and symmetry of
this nanoring as well as its bent n-system lead to a significant decrease in its HOMO-LUMO
gap. The resulting near-infrared emission was exploited in the fabrication of light emitting

diodes, demonstrating the use of a bent topology for minimizing aggregation in thin films.

The synthesis of a [12]porphyrin nanoring using a hexadentate template is presented in Chapter
3. The concept of Vernier templating is introduced as a general strategy for the synthesis of
large monodisperse macrocycles. The nanoring is characterized and its cooperative binding to
two template molecules is studied. In Chapter 4 a bidentate ligand is used in the cooperative

formation of a sandwich complex beween two nanorings.

Chapter 5 provides an analysis of the rigidity of the butadiyne linked porphyrin oligomers used
throughout this thesis. A linear chain is significantly more flexible in solution than on a surface
where it is confined within two dimensions. Analysis of the persistence length indicates that a

porphyrin nanoring with more than around 20 units would not be significantly strained.

The supramolecular binding of linear porphyrin oligomers to carbon nanotubes is analyzed in
Chapter 6. The binding strength increases sharply with oligomer length and binding is strongest
with (8,6) and (7,5) tubes. The energy level alignment in these porphyrin CNT complexes

appears to be favorable for an application in photovoltaics.

In Chapter 7 bisamidine-carboxylate salt bridges together with zinc-nitrogen coordination
chemistry are used to access a variety of topologies in assemblies based on carboxylic acid

functionalized porphyrin dimers.
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Chapter 1
Introduction

This chapter begins with a brief introduction on porphyrins as nature’s colorants and their crucial
role in natural light harvesting systems. Different ways of linking porphyrin macrocycles with
conjugated bridges are introduced, followed by a deeper discussion on the electronic structure and
synthesis of butadiyne-linked porphyrin oligomers. In the next section, concepts for the synthesis of
fully 7m-conjugated nanorings are introduced and illustrated by examples. These examples also
highlight the unique properties of conjugated nanorings. The supramolecular chemistry and
multicomponent assemblies of porphyrin oligomers are a central theme in this thesis and a short
introduction to this topic and the important concept of cooperativity in self-assembly is given. The
chapter closes with an introduction into small angle X-ray scattering as a technique for the structural
characterization of nanoscale assemblies in solution.



1.1 Porphyrins and Their Role in Natural Light Harvesting Systems

Porphyrins are aromatic tetrapyrrolic macrocycles with methine bridges linking the pyrrole units at
their a-positions. The eight B-pyrrole carbon atoms and the four methine bridges, termed meso
carbons, allow structural modification of the porphyrin core by substitution of the hydrogens present
in porphin, the simplest porphyrin (Figure 1.1a). In neutral free-base porphyrins two of the inner
nitrogens bear hydrogen atoms that can be displaced by a metal cation: the rigid scaffold and the four
inward-pointing nitrogen donors make the dianionic porphyrins excellent chelating ligands for a
variety of metals, thereby providing further structural diversity (Figure 1.1b). Porphyrins are Hiickel
aromatics as 18 out of the 26 m-electrons provide a cyclic conjugation path. The aromatic ring current
causes de-shielding of the outer protons and strong shielding of the NH-protons manifested in unusual

chemical shifts observed by "H NMR (Figure 1.1c).

a 10 y b c
/[
- meso dy =9-11 ppm
15 5 H)
20 Sy = -2 - -4 ppm

Figure 1.1. (a) Structure of free base porphin illustrating the numbering system for carbon atoms and arrows
indicating meso and p-positions; (b) metalloporphyrin; (c) aromaticity in porphyrins: the bonds in bold mark the 18
n-electron pathway and the resulting chemical shifts of inner (red) and outer (blue) protons.

Porphyrin derivatives can be found in many biological systems performing various functions.
Hemes are iron porphyrins that are important co-factors for enzymes (for example in cytochrome
P450) and oxygen transporters (in hemoglobin). Vitamin B12 is a cobalt porphyrinoid that plays a
critical role in the nervous system and magnesium porphyrins (chlorophylls) are important pigments in
light harvesting. A common property of all naturally occurring and synthetic porphyrins is their strong
color, resulting from their extended m-systems. The two lowest electronic transitions of simple
porphyrins are both in the visible region with the intense Soret (or B) band between 400 and 450 nm
and the weaker Q band around 550 nm. The four orbital model proposed by Gouterman explains the
origin of these two transitions using the frontier orbitals (Figure 1.2)."*! The two lowest unoccupied
molecular orbitals in D4, symmetric porphyrins are degenerate (e, and e, , symmetry), whereas the
two highest occupied molecular orbitals, with a,, (HOMO-1) and a;, (HOMO) symmetry, have
different energies. Transitions from HOMO and HOMO-1 to the degenerate LUMOs results in two
excited states, but through configuration interaction these two states split resulting in a higher energy
transition (Soret or B band, S¢-S,) with large oscillator strength, and a lower energy transition (Q band,

So-S;) with smaller oscillator strength.



Soret or B band
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LUMO 1 egxy
(doubly degenerate) Bl —x— S
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Figure 1.2. Explanation of the absorption spectra of porphyrins using the Gouterman four orbital model. Figure
adapted from ref. 3.

Structural modification of the porphyrin core or exchange of the coordinated metal can significantly
influence the optical properties of porphyrins due to electronic coupling, deformation of the
macrocycle or changes in symmetry. Besides the effect of macrocycle structure, the optical properties
of porphyrins also strongly depend on their environment because through-space electronic coupling
can severely influence transition energies, for example in aggregates.*! This factor is of major
importance in biological light harvesting systems such as the well studied photosystem of purple
bacteria.”® The photosystem is a gigantic trans-membrane complex consisting of the two circular
light harvesting (LH) complexes LH1 and LH2 and the reaction center (RC) which is bound inside
LH2 (Figure 1.3e). Bacteriochlophyll a (BChl «, Figure 1.3a) molecules, which are magnesium
porphyrins, serve as the predominant light absorbing pigments in LH1 and LH2. A protein matrix
holds the BChl a units precisely in three different environments: the B875 ring that is integrated in
LH1 and the B850 and B800 rings, both in LH2 (Figure 1.3¢). The distances and orientations between
the porphyrin units are specific to each ring, resulting in different degrees of electronic coupling. In
B800 (absorption maximum around 800 nm) the distance between two porphyrin units is large (21 A)
and thus there is little electronic coupling. In B850 the distance is significantly smaller (9 A) and
strong J-type coupling'® exists between the porphyrins. The absorption maximum is therefore red-
shifted to 850 nm and if a photon is absorbed by one of the 16 BChl a units the exciton delocalizes
over the whole ring within 100 fs. In B80O the exciton remains localized but after 1-2 ps the excited
state energy is transferred ‘downhill” to B850 which serves as a ‘storage ring’ due to its long excited
state lifetime of about 1 ns. The electronic coupling is greatest in the B875 ring of LH1 which absorbs
at around 875 nm. This low lying excited state funnels excitation energy from the surrounding LH2
complexes to LH1 from where it is transferred to the reaction center. Here charge separation occurs

and, over several redox steps, the energy is finally stored as chemical energy in the form of ATP.
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Figure 1.3. Light harvesting systems of purple bacteria. (a) Structure of Bacteriochlorophyll a; (b) low temperature
(10 K) absorption spectrum of membrane fragments of Rhodopseudomanas (Rs.) acidophilia;m (c) crystal
structure of LH2 from Rs. molischianum, reprinted from ref. 6; (d) fitted AFM image of a native membrane of Rs.
photometricum (scale bar = 5 nm), adapted from ref. 8; (e) photosystem of the Rhodobacter sphaeroides with
black arrows indicating the flow of energy from 1) absorption, 2) transfer, 3) charge separation and 4) redox
processes, reprinted from ref. 7.

The natural light harvesting complexes are a fascinating example of how supramolecular
organization can influence the electronic structure of chromophores. It is the great structural control
exerted by the protein matrix that keeps each chromophore at exactly the right position in order to
optimize light absorption and energy flow. The complexity and elegance of the natural photosystems
serve as a great motivation for the creation of increasingly sophisticated artificial light harvesting

arrays.”'"!

1.2 Conjugated Porphyrin Oligomers

Models for natural light harvesting systems can be seen in the broader context of organic electronic
materials. In order to achieve structural definition and strong electronic coupling similar to that in the
natural light harvesting complexes, synthetic chemists can link chromophores covalently, either

[11,12]

directly or by conjugated bridges, leading to the concept of m-conjugated oligomers and

polymers."*! In these compounds, excited states are delocalized'* and charges are transported

4



15,16

efficiently along the molecular backbone or through molecular crystals.!'>'®! These properties have

raised significant academic and commercial interest and led to the development of the field of organic

17,18 I

(or plastic) electronics with applications in light emitting diodes,"'”"®! field effect transistors,!"’

[20 [21,22]

sensors*” and photovoltaics.

1.2.1 Electronic Structure

Porphyrins can be linked covalently either at the meso or B-positions. It has been shown that electronic
coupling through B-f and B-meso linkages is much less efficient than through meso-meso connections,

probably because of the relatively small frontier orbital coefficients at the p-positions.”*! The electronic

24.25]

coupling through direct meso-meso bonds'**! or para-phenylene bridges! is weak because the steric

interactions between the aryl ortho-hydrogens and the porphyrin B-hydrogens result in large dihedral

angles and thus minimal m-overlap. The use of sterically less demanding linkers such as ethyne or

[27]

butadiyne, as introduced by Arnold,”*" Anderson*"! and Therien,"**! leads to strong electronic coupling

as indicated by the red-shift of the longest wavelength absorption maxima A..x (Figure 1.4). Even
stronger red-shifts were achieved by Anderson and Therien by applying strategies that are known to

result in strong electronic delocalization, i.e. the use of linkers incorporating groups that stabilize

[30

quinoidal resonance structures, such as anthracene,”” pentacene®™ or benzo-bis(thiadiazoles)"*”

(Figure 1.4), as well as the formation of a cyanine-like structure by incorporating a cationic linker.”'**!

A highly efficient way of linking porphyrins has also been developed by Osuka, by doubly or triply

fusing the macrocycles, resulting in the formation of a highly delocalized n-system (Figure 1.4).1%*%

Ar Ar Ar Ar
) ) ) @;.w )
Ar Ar Ar Ar
.S,
— N IN Ar
—@— %Q% A €} N
—_—— NN
S
aryl or o
directly meso-meso ethyne, butadiyne quinoidal cyanine-like fused
Knax = 550 - 600 nm 680 - 750 nm 700 - 1040 nm 1100 - 1340 nm 900 - 1000 nm

Figure 1.4. Selected porphyrin dimer linkers and their influence on the energy gap expressed as the longest
wavelength transition in the absorption spectra Amax.

The increased electronic coupling (by choice of a suitable linker unit) suggested by the absorption

30,35,36

spectra was confirmed by several computational studies on semi-empirical' I and density

functional theory (DFT)**7** levels of theory. As shown in Figure 1.5 for the HOMO and LUMO of



a butadiyne-linked porphyrin dimer,”**! the frontier orbitals tend to extend over the whole molecule

and the calculated energy gaps are significantly reduced compared to the monomer.
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Figure 1.5. HOMO and LUMO of a butadiyne-linked porphyrin dimer calculated by time-dependent DFT.B8

The Soret absorption band of a butadiyne-linked porphyrin dimer is split into two components,
whilst there is only one band in the spectrum of a D4, symmetric monomer. This splitting results from
the reduced symmetry of the porphyrins and the coupling between the two porphyrin units.””) The
Soret band consists of a By and a By component that are degenerate in a Dy, monomer, but this
degeneracy is lifted the for porphyrin dimer due to its lower D,, symmetry (Figure 1.6a,b). The
transition dipoles of the By, components (along the linker axis) are arranged in a head-to-tail fashion,
whereas the By components are parallel. Therefore the excited state splits when each of the two pairs
couple, resulting in a red-shifted B, component and a blue-shifted By, component as confirmed by
polarized spectroscopy.”” For the Q band, theory predicts only a vanishingly small contribution from
the Q, component and most of the absorption is polarized along the linker axis."*** Thus the Q band
is dominated by the electronic coupling through the bridge (along the x-axis) which is the reason for
the strong red-shifts observed in the Q bands of dimers compared to analogous monomers.

A second effect that has to be taken into account when explaining the absorption spectrum of a
butadiyne-linked porphyrin dimer is the influence of the dihedral angle between the two
chromophores. Figure 1.6c shows calculated absorption spectra for a co-planar (in blue) and a
perpendicular conformation (in red). Whilst the spectrum of the perpendicular conformation resembles
that of a simple monomer with only one Soret and one Q band, the spectrum of the co-planar dimer
has a split Soret band and a single Q band that is red-shifted by about 100 nm compared to the
perpendicular conformation. The Q band of the experimental absorption spectrum contains
contributions from both conformations suggesting a wide distribution of dihedral angles at room
temperature (Figure 1.6b). According to DFT calculations, the co-planar conformation is lowest in
energy due to efficient interporphyrin conjugation, but the rotational barrier around the bridge is low
(0.67 kcal/mol) explaining the variety of conformations in the experimental spectrum at room

temperature (RT = 0.59 kcal/mol).**!
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Figure 1.6. Absorption spectrum of a butadiyne-linked porphyrin dimer. (a) Transition dipole moments of Soret
band transitions that are exciton coupled; (b) absorption spectrum of porphyrin dimer in CHCIs /1%pyridine with
contributions from different conformations and exciton coupling; (c) Gaussian broadened calculated absorption
spectra of co-planar conformation (blue), perpendicular conformation (red) and Boltzmann weighted spectrum
over all dihedral angles (black), spectra from ref. 38.

In contrast to the wide distribution of dihedral angles in the dimer ground state structure, the
rotational barrier in the first excited state S; was calculated to be significantly higher (3.9 kcal/mol)
suggesting a predominantly planar conformation. Fluorescence excitation experiments support this
prediction since emission was found to come mostly from a planarized first excited state.”™ Ultrafast
polarized pump-probe spectroscopy*” and fluorescence anisotropy!*" studies of ethyne and butadiyne-
linked porphyrin oligomers produced a more detailed picture of the excited state dynamics. After
excitation of the Soret band internal conversion from S, to S; occurs on the time scale of one
picosecond*” and within further 100 ps the first excited state relaxes into the planar emissive state,
which decays to the ground state Sy in about one nanosecond.**4%4!]

In summary, the absorption spectrum of butadiyne-linked porphyrin dimers consist of transitions
from Sy to both S; (Q band) and S, (Soret band) within a wide range of dihedral conformations,
whereas (in low viscosity solvents) the emission spectrum is dominated by the S;-S, transition from a
single, planar conformation.

While the coupling of porphyrins using quinoidal and cationic bridges has so far been limited to

I and

dimers, probably because of synthetic difficulties, less complex linkers such as ethyne!*
butadiyne,** but also fused porphyrins,”*! have been extended to longer oligomers and even
polymers. Figure 1.7b shows the absorption spectra of a series of butadiyne-linked porphyrin
oligomers |-PN¢g up to the octamer (N = 8). The Soret bands do not change significantly with
increasing oligomer length, but the low energy Q bands are progessively intensified and red-shifted,
indicating efficient electronic coupling along the backbone. The decrease in HOMO-LUMO gap has

been confirmed by electrochemically determined HOMO and LUMO energies (Figure 1.7¢).1*>*
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Figure 1.7. Energy gap of butadiyne-linked porphyrin oligomers. (a) General structure of the series |-PNcs; (b)
absorption spectra in CHCIs /1% pyridine normalized at the Soret band; (c) electrochemically determined HOMO
and LUMO energies for N= 1, 2 and 4, with the black lines linearly extrapolating to the polymer limit.

The highly delocalized m-system and the rigid shape with lengths up to 10 nm (I-P8¢g) make
butadiyne-linked porphyrin oligomers promising candidates for long range charge transport. The
excellent conductance through these molecular wires has been demonstrated using various approaches
such as charge recombination rates in donor-acceptor systems,!”) STM single molecule break

junctions*”! and microwave conductivity.[**

1.2.2 Synthesis of Butadiyne-linked Porphyrin Oligomers

Besides modification of the electronic properties, the main reason to synthesize a wide variety of
butadiyne-linked porphyrin oligomers has been to gain control over their solubility and self-assembly
or aggregation behavior. The first butadiyne-linked porphyrin dimers synthesized by Arnold”® and

Anderson!*”

were substituted with B-alkyl solubilizing groups in order to achieve good solubility.
However, strongly bound dimeric aggregates formed in the absence of an axially coordinating ligand
such as pyridine. In the next generation of these dimers, Anderson introduced meso-aryl side groups
that lie nearly perpendicular to the porphyrin plane and significantly reduce aggregation. The complete
series from monomer I-P1 to hexamer I-P6 was synthesized using 3,5-bis-tert-butyl phenyl side
groups,*! but longer oligomers were too insoluble to extend this series further. Improved solubility
was attained by replacing the rigid tert-butyl groups with various long and flexible alkyl chains,
enabling the synthesis of a range of oligomers'*’ and polymers.[****

The synthetic approach to a series of these porphyrin oligomers usually consists of a sequence of
deprotection and acetylene homo-coupling steps, irrespective of the aryl substituents.**"") The
synthesis of oligomer series with 3,5-bis-fert-butyl phenyl side groups [-PN and with
3,5-bis-octyloxy phenyl side groups I-PNcg is detailed here as these derivatives were used throughout
this thesis.

A convenient synthesis of porphyrins with identical substituents on opposite meso positions was
introduced by Lindsey, and is based on the condensation of an aldehyde with dipyrromethane 1 to
initially form a porphyrinogen that is subsequently oxidized to a porphyrin (Scheme 1.1).°"

Dipyrromethane 1°% and benzaldehyde derivatives 2a*”! and 2b™*! are accessible on a multigram scale



and porphyrin synthesis proceeds in both cases in nearly 50% yield. Free base porphyrins 3a/b are
quantitatively converted to zinc porphyrins 4a/b using Zn(OAc),. The significantly larger HOMO
coefficients at the meso compared to the P-positions (Section 1.2.1 and ref. 3) allows selective
electrophilic  meso-bromination with  N-bromosuccinimide (NBS) in excellent yields.
Dibromoporphyrins Sa/b can then undergo Sonogashira coupling with trihexylsilyl-protected
acetylene™ to give porphyrin monomers I-P1/I-P1¢s. Besides protection of the terminal acetylene, the
trihexylsilyl (THS) group also serves as an additional solubilizing group and can ease separation in the

subsequent statistical deprotection steps.
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Scheme 1.1. Synthesis of butadiyne-linked porphyrin oligomers. THS stands for trihexylsilyl. Reagents and
conditions: a) TFA; b) DDQ; ¢) Zn(OAc)2; d) NBS; e) (trihexylsilyl)acetylene,[54] Pd(OAc),, PPhs, Cul, NEts; f)
TBAF; g) CuCl, TMEDA.
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The conversion of monomers |-P1/I-Plcg to dimers |-P2/I-P2¢g requires a statistical deprotection
step to break the symmetry of I-P1/I-P1¢s. Silyl deprotection with tetra n-butylammonium fluoride
(TBAF) produces a statistical mixture of fully deprotected monomers |-dP1/I-dP1cs, the desired
mono-deprotected products 6a/b and remaining starting material. Glaser coupling of monomers 6a/b
gives dimers |-P2/I-P2¢g in good yields. Tetramers |-P4/1-P4cg and octamer |-P8¢g are synthesized
iteratively by the same mono-deprotection acetylene homo-coupling steps. At the level of octamer
I-P8¢s it is not possible to separate fully and mono-deprotected porphyrins, thus preventing controlled
synthesis of a 16-mer.[*”!

The syntheses of oligomers that cannot be reached simply by doubling the number of porphyrin
units require an additional low yielding statistical step (Scheme 1.2a). Trimers |-P3/I-P3¢s can be
synthesized by Glaser coupling of mono-deprotected monomers 6a/b with mono-deprotected dimers
7a/b. The resulting mixture of dimer, trimer and tetramer can be separated by size-exclusion
chromatography (SEC) to give |-P3/I-P3cs in 40% yield. In order to obtain hexamers |-P6/I-P6cs the
trimer can be statistically deprotected and coupled. In a similar way to trimer, the pentamer has been
synthesized from mono-deprotected dimer and mono-deprotected trimer with separation of the

oligomeric by-products.””
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Scheme 1.2. Synthesis of (a) porphyrin trimer and hexamer and (b) a porphyrin polymer; THS stands for
trinexylsilyl. Reagents and conditions: i) CuCl, TMEDA; iii) TBAF; iii) PdClx(PPhs),, Cul, 1,4-benzoquinone, i-
ProNH.

AT 1-dP1g, A" 1Pncg

The synthesis of porphyrin polymers from fully deprotected monomers using Glaser coupling

conditions produced polymers with low molecular weights and about 10—15 repeat units.**>*! For the
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synthesis of polymer I-Pncg from fully deprotected monomer |-dP1cs, palladium catalyzed oxidative
acetylene homo-coupling was used to give significantly longer polymers that were only limited by
their solubility (Scheme 1.2b). Some of the properties of polymer I-Pncg (n = 30-50) will be described

in the following chapters.

1.3 Synthesis of Conjugated Nanorings

The conversion of linear mw-conjugated oligomers into their cyclic analogues is not only a synthetic
challenge. The study of these cyclic oligomers is expected to provide new insights into electronic
delocalization. For example, the highly efficient energy transfer in natural light harvesting complexes
is, at least in part, due to the highly symmetric circular arrangement of chromophores.” Fully -
conjugated nanorings are also intriguing compounds because they combine an “end-free” m-electron
system with well defined size and shape. The lack of end-group effects, change in symmetry and in
some cases the presence of ring strain, often result in surprisingly different linear as well as non-linear
optical properties compared to their acyclic analogues. Furthermore, the rigidity of conjugated
macrocycles has been exploited in host-guest systems in solution and on surfaces. Despite these
promising properties, the synthesis of such nanorings remains challenging: many approaches either
rely on statistical oligomerizations that lead to a mixture of ring sizes or apply a lengthy stepwise
synthesis. The synthesis of belt-like conjugated macrocycles with radially aligned p-orbitals (as in

carbon nanotubes) is particularly difficult because these compounds are often strained.

1.3.1 Synthesis of Unstrained Nanorings

Three general strategies exist for the synthesis of large n-conjugated nanorings: 1) intramolecular ring-
closure of either a flexible or already bent linear precursor, 2) cyclo-oligomerization of small bent
building blocks, which usually results in a mixture of different ring sizes and 3) covalent or non-
covalent template-directed cyclization. While linear polymers are the major by-products in all these
strategies, it is particularly important to perform intramolecular cyclizations under high-dilution
conditions to avoid intermolecular coupling. An impressive example of this strategy is Mayor’s
synthesis of the giant molecular ring 10 with a diameter of 12 nm (Scheme 1.3).”% The ring consists of
linear para-phenylethynylenes with thiophene corner units in order to allow cyclization without
inducing strain. The linear hexadecamer I-10 synthesized in a stepwise procedure was cyclized under
high dilution conditions (8 x 10 M) using copper(II) acetate mediated oxidative acetylene coupling to

give the nanoring in 38% yield.
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Scheme 1.3. Mayor’s giant nanoring as an example of intramolecular cyclization. Reagents: a) Cu(OAc)».

A cyclo-oligomerization approach was chosen by Iyoda for the synthesis of a series of
oligothiophene ethynylene macrocycles 12—16 (Scheme 1.4).°” The pentathiophene precursor 11 with
terminal aldehyde groups was cyclized using McMurry coupling to give a statistical mixture of various
ring-sizes with 10, 15, 20, 25 or 30 thiophene units, which could be separated using gel permeation
chromatography. The two-photon absorption in the macrocycles is almost one order of magnitude
higher than in linear oligo or polythiophene derivatives, which the authors attribute to efficient
electronic delocalization in the nanorings.”™ It was found that the electronic delocalization reaches a
limit at 18 thiophene units: the excited state is delocalized over this length and the two-photon cross-

section per thiophene unit does not increase above this ring size."””!

12(N=1) 32%
13(N=2) 9%
14 (N = 3) 6%
15 (N = 4) 4%
16 (N =5) 2%

— —N

Scheme 1.4. Cyclo-oligomerization approach for the synthesis of thiophene ethynylene macrocycles by lyoda.
Reagents: a) TiCls, Zn, pyridine.

The group of Béuerle has developed a number of routes to different cyclic oligothiophenes.!****
Their elegant cyclo-oligomerization route is shown in Scheme 1.5 and involves the formation of a
statistical mixture of multinuclear dithienyl platinum complexes 18 that are converted into
oligothiophenes 19-24 by reductive elimination. The 57% overall yield of cyclic species demonstrates
the efficiency of this step-wise approach. The optical gap and the oxidation potential of these
nanorings is significantly reduced compared to their linear analogues, which has been attributed to a

more planar geometry in the rings.'*”
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18 (N =1-6) 80%

19 (N=1) 4%
20 (N=2) 25%
21 (N=3) 15%
22 (N=4) 9%
23 (N=5) 3%
24 (N=6) 2%

Scheme 1.5. Béuerle’s synthesis of a cyclic oligothiophene. Reagents: a) Pt(cod)Cl,; b) dppf, then 140 °C.
L, = cod = 1,5-cyclooctadiene; dppf = 1,1"-bis(diphenylphosphino)ferrocene.

An oligocyclization route has also been applied in the synthesis of fully conjugated porphyrin
macrocycles. Sugiura and Sakata reported a porphyrin square tetramer (in 22% yield)* and
dodecamer 25 (in 9% yield, Figure 1.8a)!*"! from Glaser coupling of four corner units consisting of one
and three porphyrin units, respectively. Besides simple NMR spectra due to the high symmetry of the
compounds, the formation of squares was also confirmed by scanning tunneling microscopy (Figure

1.8b,c).

Ar

Ar

Ar Ar Ar Ar

25

Figure 1.8. (a) Sugiura’s porphyrin dodecamer square 25; (b) UHV-STM image of 25 deposited on a Cu(111)
surface; (c) enlarged view of one macrocycle. STM images reprinted from ref. 64.
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A crucial improvement in the oligocyclization strategy was reported by Zhang and Moore.[*®"
Arylene ethynylene macrocycles such as 27 were synthesized in good yields (61-81%) using a highly
reactive alkyne metathesis catalyst'®” (Scheme 1.6). The reaction is driven by the appropriate choice of
R' groups: when R' is a methyl group the by-product (2-butyne) evaporates, while precipitation occurs
when choosing R' to result in a sufficiently insoluble by-product. The precipitation driven reaction
allows the large scale synthesis (~6 g) of macrocycle 27. The metathesis approach takes advantage of
the reversibility of the coupling reaction, resulting in formation of the thermodynamic product: a
cyclic product is preferred to a linear chain for entropic reasons and the hexagonal macrocycle 27 is
the enthalpically favored cyclic product due to its minimal strain. Although meta-phenylene based
macrocycles, such as 27, are cross-conjugated, this strategy appears to be highly promising for the

synthesis of fully conjugated macrocycles.

28 R'—=—R'

27 61-81%

Scheme 1.6. Precipitation-driven synthesis of arylene ethynylene macrocycles 27 by alkyne metathesis.
Reagents: a) EtC=Mo[NAr(tBu)]s; R = OTEG, CO.TEG; R' = Me, benzoylbiphenyl.

Template-directed approaches to the synthesis of unstrained conjugated macrocycles include
Hoger’s spoked wheels,® and the cyclic oligocarbazole 29 (Scheme 1.7)""! and oligofluorene!®®
synthesized by Miillen’s group. Four tricarbazole units, covalently linked to the meso-positions of a
porphyrin template, were coupled using Yamamoto conditions to afford the template bound
oligocarbazole macrocycle. The template was removed by hydrolysis of the esters linking the
porphyrin to the nanoring. Although the cyclization was carried out at low concentrations (8 x 10™ M)
to avoid intermolecular reactions, it proceeds in a significantly lower yield (9%) than in the case of
Hoger’s wheels (60%). The reason may be the high flexibility of the alkyl linkers between the
template and the carbazole units. In a later study, a closely related conjugated carbazole nanoring was

used to bind hexabenzocoronene on a highly oriented pyrolitic graphite (HOPG) surface.!®”!
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29 2% over two steps

Scheme 1.7. Synthesis of Miillen’s oligocarbazole macrocycle. Reagents and yields: a) Ni(cod),, 2,2"-bipyridine,
1,5-cyclooctadiene, 9%, b) KOH, 18%, R = 2-hexyldecyl.

1.3.2 Synthesis of Strained Nanorings

In general the synthesis of strained nanorings faces the same challenges as for unstrained rings and the
same strategies as described above can be applied. However the presence of strain in the target
nanorings provides an additional difficulty because formation of the cyclic product is enthalpically
disfavored compared to an unstrained linear product. A common strategy to mitigate this problem is
the synthesis of a partially unsaturated cyclic precursor followed by an efficient reaction that leads to
formation of the strained conjugated nanoring. Oda and Kawase have synthesized a series of cyclic

70711 The unstrained

para-phenylacetylenes (c-PPA) 34-37 following this approach (Scheme 1.8a).!
precursors 30-33 were made by an oligocyclization of 4,4'-diformyl-(2)-stilbene using McMurry
conditions. Bromination of the double bonds followed by elimination using potassium tert-butoxide
afforded c-PPAs 34-37 in varying yields. The high strain energy in the smallest nanoring 34 results in
its explosive decomposition upon heating to 80° C under air and a general sensitivity towards oxygen.
The larger, less strained rings are more stable but all ¢-PPAs have to be stored under an inert
atmosphere. The c-PPAs are classified as molecular belts'”*! because unlike the nanorings described so
far, their p-orbitals are radially oriented, with the lobes pointing towards the center of the ring. This
arrangement leads to the ability to bind other molecules that have a curved n-surface such as fullerenes
(K, = 10"-10° M),/ and also allows the formation of ‘onion complexes’ between larger and smaller
rings.[’+7]

Cycloparaphenylenes (c-PPs) were a long sought target for synthesis but only in the past few years
three goups independently achieved their synthesis (Scheme 1.8b). Yamago!’® used a protocol similar

to Béuerle’s cyclic oligothiophene synthesis, involving the formation of tetraplatinum square 38

followed by bromine induced reductive elimination giving [8]cycloparaphenylene 46 in 49% yield.
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(7879801 are both based on a final elimination step

The ¢-PP syntheses reported by Bertozzil’ ) and Itami
driven by aromatization in the formation of benzene. Bertozzi synthesized a statistical mixture of
precursors 39-41, containing angled 3,6-syn-dimethoxy-cyclohexa-1,4-diene units, by an
oligocyclization Suzuki reaction. Lithium naphthalenide was found to be an efficient one electron
donor to induce elimination of methoxy groups leading to the formation of [9]cycloparaphenylene 47,
[12]cycloparaphenylene 48 and [18]cycloparaphenylene 52. The precursor chosen by Itami is nearly
unstrained, allowing a controlled sequential synthesis without the need for a statistical oligomerization
step. Square 42 was synthesized by stepwise Suzuki couplings linking the cis-1,4-
diphenylcyclohexane corner groups. Insertion of additional phenyl units allows directed synthesis of

precursors 43—45. The unstrained precursors can then be converted to the corresponding

cycloparaphenylenes 48—51 by heating with either acid or base.

g

®

Q

30(N=1) 34 (N=1) 85%
Q 31 (N=2) 35 (N = 2) 20%
32(N=3) 36 (N = 3) 85%
33 (N=4) 37 (N=4) 4%
b
LgPtPtL2 MeO, ll OMe
@ O MeQ N p1<&_»~ OMe
M

Bertozzi =
e

41 (M=5
Yamago 38 iv) ( )

NA

42 (x=y
43 (x=y
44 (x=2
45 (x=y

46 (N=1) 49% 47 (N=2) 43% 48 (N=5) 65%
48 (N=5) 52% 49 (N=7) 37%

52 (N=11) 36% 50 (N =8) 43%

51 (N =9) 28%

Scheme 1.8. Synthesis of strained cyclic (a) para-phenylacetylenes and (b) para-phenylenes. Reagents: i) Bry; ii)
t-BuOK; iii) Bro; iv) lithium naphthalenide; v) N = 5: p-TsOH, microwaves; N = 7,8,9: NaHSO4+H->0. L, = dppf;
p-TsOH = para-toluenesulfonic acid; MOM = methoxymethyl.

It was found that the smallest c-PPs have extremely large Stokes-shifts, but apart from some

theoretical studies, no in-depth analysis has been carried out to investigate the electronic structure of
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these nanorings. An important motivation for the synthesis of c-PPs is their use as templates for the
controlled synthesis of carbon nanotubes with defined diameter, but to date no results have been
published on this aspect.

Templates have been used with great success in the synthesis of macrocycles and in particular for

8184 Through the synthesis of a cyclic porphyrin octamer, Anderson’s group

porphyrin based systems.!
demonstrated that by choice of an appropriate template, cyclization and induction of strain can be
achieved in a single reaction (Scheme 1.9)."! The crucial step was the design and synthesis of a
complementary template that would allow efficient cyclization of deprotected linear octamer |-dP8cs.
The template T8 forms a strong 1:1 complex with |-dP8¢s and subsequent Pd-catalyzed acetylene
homo-coupling affords the nanoring template complex C-P8¢s'T8 in 14% yield. In the final step the
template was removed by addition of an excess of the competing ligand pyridine. Ultrafast

fluorescence anisotropy measurements on the linear octamer template complex |-dP8cs-T8 showed

that the excited state is delocalized around the whole circle.®

c-PBcg T8 14%

c-P8cg 97%

Scheme 1.9. Template-directed synthesis of cyclic porphyrin octamer c-P8cs. Reagents: a) PdCl>(PPhs),, Cul, I,
i-ProNH; b) pyridine.

Following on from the synthesis of the cyclic octamer, Hoffmann and Anderson reported the
template-directed synthesis of the even more strained cyclic hexamers ¢-P6/c-P6¢s."*”! The cyclization
was developed from an intramolecular ring-closure to a cyclo-oligomerization of three porphyrin

dimers |-P2/I-P2¢s coordinating to hexadentate template T6 (Scheme 1.10). The synthesis of cyclic
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hexamer is significantly more convenient than that of cyclic octamer: porphyrin dimer is readily
available, the template T6 can be synthesized in two steps from commercial starting materials and the
cyclization step is significantly more efficient (33—44% yield). The affinity of the template T6 for the
nanoring c-P6 is extremely high (K, = 7 x 10** M™") due to the excellent geometric fit and the presence
of chelate cooperativity between the ‘arms’ of the template. From binding titrations the Gibbs free
energy required to bend the linear hexamer |-P6 into the cyclic conformation was determined to be
101 kJ mol™. Steady-state absorption and emission spectra in combination with basic DFT calculations
indicate a decrease of the HOMO-LUMO gap in the nanoring compared to the linear hexamer and was

interpreted as a sign of more efficient conjugation in the cyclic species.

c-P6-T6 44% c-P6cgT6 33%
T6 b) b)
c-P6 81% c-P6cg 89%
Scheme 1.10. Template-directed synthesis of cyclic porphyrin hexamers c-P6/c-P6¢cg. Reagents: a) PdCI>(PPhs),,
Cul, Iy, i-PraNH; b) DABCO. For PN, Ar = 3,5-bis-tert-butyl phenyl; for PNcs, Ar = 3,5-bis-octyloxy phenyl.

1.4 Cooperativity in Supramolecular Porphyrin Assemblies

In a zinc porphyrin the tetradentate porphyrin ligand and the Zn center form a square-planar complex.
In this complex the coordination sphere of Zn>" is not saturated and addition of a monovalent nitrogen
containing ligand results in formation of a pentacoordinated square-pyramidal complex. Binding of
this exocyclic axial ligand in solution is weak and reversible, and due to its directionality this binding
motif has been widely exploited in the formation of supramolecular porphyrin assemblies and in

88,89]

template-directed synthesis (as shown above).! Coordination of a sixth ligand to form an

octahedral complex is extremely weak but is often observed in the solid state.'”
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Scheme 1.11. Binding of quinuclidine (Q) to zinc porphyrin monomer (P1). For clarity nitrogen atoms and double
bonds are removed in the porphyrin structure.

Scheme 1.11 shows the equilibrium that governs the formation of the complex P1:Q from binding
of a quinuclidine ligand Q to a zinc porphyrin monomer P1. This equilibrium is described

quantitatively by the binding constant K, described by Equation (1.1).

x - [P1-Q] (1.1)

[P1][Q]

The binding constant depends on electronic and steric parameters of both binding partners as well as
the solvent and the temperature. Room temperature binding constants for the interaction of ligands
such as pyridine or quinuclidine with zinc porphyrins in non-competitive solvents (e.g. toluene,
CHCl;) are in the range of 10°~10° M™'. This binding strength implies that a 1:1 mixture of the two
components forms the complex nearly quantitatively at common NMR concentrations (~10~ M). At
concentrations typical for a UV/vis absorption or fluorescence experiments (~10° M), complex
formation is incomplete and an excess of ligand has to be added to saturate the zinc binding site. The
determination of binding constants by supramolecular titrations requires a quantifiable amount of all
species in solution. Thus the upper limit for direct measurement of binding constants is about 10* M™'
for NMR titrations, 10’ M for UV/vis absorption and 10° M for fluorescence titrations. Larger
binding constants can be determined by means of competitive “break-up” or “denaturation”
experiments where a weaker binding ligand, of known binding strength, is added in excess to a
complex until the original ligand is displaced.”™"

If more than two binding partners are involved in a supramolecular binding process, cooperativity
between the components has to be taken into account: binding of one ligand can influence the binding

PUIf the presence of the first ligand increases the binding strength of the

strength of another ligand.
second ligand the process shows positive cooperativity, if the second binding event is disfavored by
the first one, there is negative cooperativity. In the extreme case of positive cooperativity we observe
all-or-nothing behavior, where the only two species in significant concentrations are the free, unbound
receptor and the receptor with both ligands bound. Cooperative processes also tend to be “all-or-

nothing” in the macroscopic sense that the system moves from fully unbound to fully bound in

response to a small change in ligand concentration.
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1.4.1 Allosteric Cooperativity

Hemoglobin, the oxygen transporter in our blood, can bind four molecules of oxygen. Binding of
oxygen at one site increases the affinity of the other sites for oxygen which results in a very narrow
switching window from free to oxygen-saturated hemoglobin. This behavior is called positive
allosteric cooperativity: several molecules of a monodentate ligand bind to a receptor with multiple
binding sites that are covalently linked. Another potential example for allosteric cooperativity is the
binding of quinuclidine Q to a porphyrin dimer P2 (Scheme 1.12). The binding constants for this two-
step process are given by Equations (1.2) and (1.3).

K =2K (1.2)

K, =0.5aK (1.3)
The factors 2 and 0.5 are statistical factors”” that reflect the degeneracy of the intermediate complex
P2:Q and link the binding constants K; and K, to the microscopic binding constant K. In the first step
there are two possible ways to bind the ligand, but only one way to release it. In the second step there

is only one quinuclidine receptor but two sites from which it can be released.

@ @ ESU @ 6?

P2-Q P2-(Q),

Scheme 1.12. Binding of quinuclidine (Q) to porphyrin dimer (P2). For clarity nitrogen atoms and double bonds
are removed for in the porphyrin structure.

The allosteric cooperativity between the ligands is quantified by the interaction parameter «. In the
case of positive cooperativity, where the second molecule of quinuclidine binds stronger than the first
one, then « > 1. If the second molecule binds weaker, for example due to steric interactions with the
first ligand, then a < 1, and in the absence of cooperativity oo = 1. Experimentally it was found that
there is no cooperativity between the two molecules of quinuclidine binding a porphyrin dimer (o =
1.1 £ 0.4 in toluene).””

The determination of & can be difficult, particularly in larger, more complex systems. An alternative
way of describing allosteric cooperativity is the Hill coefficient #; that can be directly obtained from a
binding isotherm and does not even require knowledge of the stoichiometry of a complex.”*! In a Hill
plot log (8/(1-6)) is plotted against log [Q], where @ is the binding site-occupancy and [Q] is the
ligand concentration. The slope of this plot in the central region (€ = 0.5) is the Hill coefficient.
Positive cooperativity results in a slope greater than 1, negative cooperativity leads to a slope of less
than one. The steepness of the Hill plot is a measure of how quickly the system switches from an
unbound to a bound state upon increasing ligand concentration. A system with large positive allosteric

cooperativity will express all-or-nothing behavior and switch in a very narrow concentration window.

20



1.4.2 Chelate Cooperativity

Double-strand formation of DNA is a highly cooperative process where two strands, each with
multiple covalently linked binding sites, form a complex. Since the binding sites of both the host and
the guest are each covalently linked, the cooperativity is now intramolecular (compared to the
intermolecular allosteric cooperativity) and is termed chelate cooperativity.

The addition of a bidentate ligand such as 1,4-diazabicyclo[2.2.2]octane (DABCO) D to porphyrin
dimer P2 results in the formation of the double strand complex (P2),+(D),.*”*" Scheme 1.13 shows the
last two steps of double-strand formation. In the first step a molecule of DABCO binds to the outside
of the sandwich complex (P2),'D followed by the intramolecular ring-closure. The chelate effect,
which favors this cyclization event over the first intermolecular process, is quantified by the effective
molarity £M as defined by Equation (1.4).

K
EM — intra 1 4
K (14

inter

The effective molarity corresponds to the concentration threshold from which an intermolecular
binding process would be preferred over the intramolecular ring closing event. At high concentrations
this will eventually lead to the formation of a supramolecular polymer, explaining why many

multicomponent chelate complexes do not exist in the solid state.
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Scheme 1.13. Ladder formation between porphyrin dimer (P2) and DABCO (D). For clarity nitrogen atoms and
double bonds are removed for in the porphyrin structure. For simplicity statistical factors are not used here. As
described above and in ref. 50, the interaction parameters « in this process are all 1 and so they were not
considered for this equilibrium.
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For a double-strand complex from linear oligomers I-PN¢cg and DABCO, effective molarities
between 2 and 5 M have been measured (depending on oligomer length), indicating strong chelate
cooperativity in these complexes.'”"! Binding titrations also showed that double-strand formation is an
all-or-nothing process with negligible populations of intermediate structures.

In the double-strand complexes the porphyrin oligomers are held in a co-planar conformation,
resulting in increased intensity of the most red-shifted part of the Q absorption band*”! and more
efficient charge transport along the backbone.”® This example illustrates how Zn-N interactions can

be used to control the electronic structure of butadiyne-linked porphyrin oligomers.

1.5 Introduction to Small Angle X-ray Scattering (SAXS) in Solution

Some of the molecules or assemblies presented in this thesis reach molecular weights of more than
10 kDa and extend over nearly 10 nm. To obtain detailed structural information on such
macromolecules other techniques are required in addition to the classical methods used for small
molecules. Information on the three-dimensional structure of small molecules can be obtained from
crystallography or NMR techniques such as NOESY or DOSY. However, with increasing molecular
weight it becomes difficult to obtain crystals suitable for X-ray diffraction and NOE signals can
usually only be observed at distances smaller than 0.6 nm. DOSY is a useful technique to estimate
molecular volumes but does not allow more detailed structural information to be extracted. Synthetic
monodisperse macromolecules of comparable dimension to the porphyrin oligomers are rare, but
biological macromolecules such as proteins usually have similarly well-defined structures. The
molecular weights of proteins can be significantly higher than that of the porphyrin oligomers studied
here, but due to their tight folding they often have comparable volumes. The comparison between the
calculated structures of linear and cyclic porphyrin oligomers (MW = 6 kDa) with the crystal structure
of the green fluorescent protein” (MW = 30 kDa) demonstrates this tendency (Figure 1.9). Small
angle X-ray scattering (SAXS) in solution has emerged as an important technique to study proteins in
solution due to relatively simple sample preparation and its complementarity with

96-98

crystallography.”**® In recent years Tiede and Wasielewski pioneered the use of this technique in the

analysis of synthetic supramolecular assemblies and demonstrated its great potential in this area.l”**'")
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1 nm

Figure 1.9. Comparison of the dimensions of some molecules synthesized for this thesis (a) linear porphyrin
hexamer 1-P6 and (c) cyclic porphyrin hexamer c-P6-T6 with (b) the green fluorescent protein (GFP) viewed from
the side (left) and from top 7(righl‘). Structures of porphyrin oligomers were calculated using the MM+ force field

implemented in HyperChem', the coordinates of the crystal structure of GFP (resolution 1.9 A) are from ref. 95

and the image was prepared using the program Chimera.

1.5.1 Background on SAXS

In a SAXS experiment a sample (dissolved in water or an organic solvent) is irradiated with a
collimated beam of high intensity X-rays typically produced by a synchrotron. Most of the incident
X-rays (A = 0.8-1.5 A) pass through the sample but some of the light is elastically scattered by the
electrons in the sample at the angle 26. The origin of the scattering lies in oscillations of the electrons
under the influence of the electric field of the X-rays. This makes each electron the source of new
spherical waves with the same wavelength as the incident X-rays. The spherical waves from different
electrons in the molecule, at distance r, interfere and create a scattering pattern on the detector (Figure
1.10). The scattering angle 28 is typically expressed as the momentum transfer vector ¢ and the two
values are related by Equation (1.5) with A being the wavelength of the incident X-rays.""

47sin 6
== (1.5)
The momentum transfer vector ¢ (‘reciprocal space’, in A™") can be converted to the distance between
two electrons 7 (‘real space’, in A) by Equation (1.6).””
2

q

r

(1.6)

From this equation one can easily access the maximum resolution (defined as ry;,) of a SAXS
experiment, because it only depends on the maximum measured g-value (e.g. the widest angle) and is
in theory only limited by the X-ray wavelength 4. However, the fact that SAXS is a contrast technique
often further limits the maximum resolution: most of the scattering in a sample is not from the solute
but from solvent molecules, and the scattering spectrum is obtained by subtracting the solvent
background spectrum from the sample spectrum. Usually the solvent molecules are in the size range of
several angstroms (the diameter of toluene is 5.5 A), resulting in very strong solvent scattering at wide
angles (for toluene approximately ¢ > 1.1 A™"). At these wide angles, the intensity of the sample

scattering can be lower than 1% of the solvent scattering which makes background subtraction
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challenging.” Usually resolutions up to 5 A can be achieved, but with careful background subtraction

values as low as 1 A have been reported.!'""

VIVIV
V'V

Figure 1.10. Definition of the angle 26 and the momentum transfer vector q from scattering of two electrons A and
B at distance r. Figure reprinted from ref. 98.

The principles of SAXS in solution and X-ray diffraction from single crystals are identical, but
there is an important difference: in a single crystal the molecules are highly organized, whereas in
solution the molecules have random orientations in relation to each other and to the detector. The
resulting scattering pattern is therefore continuous and radially symmetric compared to the familiar
diffraction pattern arising from a single crystal (Figure 1.11). As the SAXS spectrum is radially
symmetric, it is essentially a one-dimensional spectrum that contains less information compared to the
two-dimensional diffraction pattern from a crystal. A diffraction pattern contains information on the
distance and orientation between two electrons and can be used to calculate a molecular structure with
atomic resolution. Since molecules lose their relative orientation in solution, the SAXS curve gives
only information about the distances between electrons which can be obtained as the Fourier transform
of the scattering spectrum. The resulting curve is the electronic pair-distribution function (PDF) which
is the normalized probability of a pair of electron densities at distance » (Figure 1.11). Structural
information such as the largest distance in the molecule 7y, is directly accessible from the PDF. Peaks
in the PDF can often be assigned to distances between parts of the molecule with high electron

densities (e.g. metal atoms).
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Figure 1.11. Comparison of X-ray diffraction (fop row) with SAXS (bottom row). The scheme in the middle shows
the steps (data acquisition and Fourier transform) that are carried out in both experiments. The diffraction pattern
(top middle) is from a superoxide dismutase crystal and the blue circle shows the maximum resolution (2.0 A). The
red circle in the diffraction pattern illustrates the comparably lower resolution of the SAXS pattern (bottom middle)
of 23.9 A. All figures reproduced with permission from ref. 97.

Although less structural data is obtained directly, and the resolution tends to be lower than in X-ray
diffraction, SAXS can be advantageous. The growing of single crystals which is a great challenge
when working with macromolecules can be avoided and any sample that is sufficiently soluble can be
analyzed. Additionally SAXS can capture structural dynamics in solution, whereas crystal structures
only give one conformation. This is particularly important in the analysis of proteins that are naturally
situated in aqueous environments where conformational effects can have a large influence on their

function.’”!
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Unlike in crystallography where diffraction data can be solved by direct methods to give the
coordinates of the unit cell, in SAXS a number of different parameters needs to be used to gain
information on the structure. The extrapolated scattering intensity at zero angle /(0) is proportional to
the concentration of electrons in the sample. If the mass concentration ¢ of the sample (X) is known,
the molecular weight MW can be calculated from /(0) using a calibration standard (ST) with known

mass concentration and molecular weight using Equation (1.7).1""

wmw, = 1O oy (1.7)
oy 1(0)g

The radius of gyration R, is the root mean square distance of all electrons in a molecule from its center

of gravity and gives a measure of molecular size. R, can be determined directly from the scattering

data at very small angles (¢ X R,< 1.3) by fitting to the Guinier equation (1 .8).1103

2 2

R
1(q) = 1(0)exp( 3g

) (1.8)

A plot of In I(g) against ¢° gives R, from the gradient and /(0), required for calculation of the
molecular weight, as the intercept. Fourier transforms of the scattering data are only reliable if the
sample is monodisperse. Polydispersity, either due to an impurity, aggregation or the presence of a
mixture of conformations, usually results in a non-linear Guinier plot, which is a good indicator of
data quality and gives a means to decide whether further processing is appropriate.

Ideally a Fourier transform of the scattering data should be carried out over the entire g-range, but
since this is experimentally impossible, indirect Fourier transform methods for finite g-ranges have
been developed.!"” The program GNOM!"! developed by Svergun is widely used for this purpose
although others exist as well.'°*!"! Besides the PDF, GNOM also gives R, and 1(0) values that are
evaluated over the whole g-range and not only in the Guinier region at very small angles. This usually
makes the values determined by GNOM more reliable than a Guinier fit."””

The most detailed structural information can be obtained by comparing the experimental scattering
data, the radius of gyration and the pair-distribution function with data simulated from a molecular
model. The simulation of a scattering curve is not trivial because of the influence of the solvation shell

that surrounds the solute. For all the work in this thesis the program CRYSOL!®!

was used to generate
scattering curves from molecular models. The program uses the atomic coordinates and the electron
density of the solvent (e.g. toluene 0.283 ¢/A*)!'% to simulate a scattering curve by fitting to the
experimental scattering curve. A curve can also be obtained without fitting to the experimental data,
however since the program was written for analysis of proteins, parameters such as the thickness and
the contrast of the solvation shell are all parameterized for aqueous solutions. From the simulated
scattering curve the radius of gyration can be obtained from a Guinier fit and the program GNOM can

be used to create a PDF (and give R,). The agreement between experimental and simulated scattering

curves and PDFs is the most important criterion for the evaluation of a structure. If the quality of the
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fits deviates between the scattering data and the PDF it is advisable to rely more on the agreement in
the scattering data because artifacts from the Fourier transform can influence the shape of the PDF."**!

A difficulty in analyzing SAXS data from large molecules in solution is to capture structural
dynamics due to conformational changes. Since this information is not contained in a single rigid
molecular model, the simulated SAXS data can significantly deviate when analyzing a
conformationally flexible molecule or assembly. It has been shown that Monte Carlo or molecular
dynamics (MD) methods can be used to adequately simulate SAXS data in such cases."'“'"!] This
approach not only allows verification of SAXS data, but can also be used in reverse to validate the
parameterization of force fields used for MD simulations on macromolecules.

A further computational method to obtain three dimensional structures from experimental scattering
curves is the so called ab-initio calculation.”**”! Programs such as DAMMIN!"'? can calculate coarse
bead (or dummy atom) models directly from the scattering curve without the requirement of a
molecular model. The program assumes a starting shape and calculates its scattering curve that is then
compared to the experimental scattering data. By iteratively minimizing the discrepancy between the
two curves a low resolution structure can be obtained. Often these structures are crude and give only

the rough shape of an object, but they are useful to validate molecular models."””

1.5.2 Example for SAXS-Analysis: A Triphenylamine Functionalized B-Cyclodextrin

In order to provide a practical example for the reader, the SAXS analysis of a functionalized
B-cyclodextrin is presented in the following. B-Cyclodextrin is a commonly used macrocycle in the
synthesis of conjugated polyrotaxanes. Dr. Giuseppe Sforazzini functionalized all 21 hydroxyl groups
with triphenyl amine (TPA) groups. This TPA functionalized cyclodextrin monomer is a model
compound for polyrotaxane insulated molecular wires also prepared by Sforazzini. SAXS analysis was
carried out to acquire information on the solution structure of the macrocycle, particularly to determine
its diameter. This parameter could then be used to determine the structure of the polyrotaxane using
SAXS.

I acquired SAXS data for this sample at beamline [-22 at the Diamond Light Source. The
experimental scattering data shown in Figure 1.12a were obtained from the two dimensional SAXS
pattern by sector integration using the program DREAM written by Dr. Marc Malfois at Diamond.
Mike Wykes (University of Mons, Belgium) performed MD simulations on the compound which gave
10,000 structures, for each of which a scattering curve was simulated using CRYSOL. The average of
these curves gives an excellent fit to the experimental scattering data. The radius of gyration for both
the experimental and the simulated data, obtained using the program GNOM, match closely and
identical values were found from Guinier fits (Figure 1.12b). GNOM was used to perform a Fourier
transform of both data sets and the resulting PDFs are shown in Figure 1.12d. Excellent agreement

between the two curves was found and the longest distance between two electrons in the molecule 7.«
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determined from the PDF matches the value measured in the model. In summary, good agreement
between experimental and simulated data was found for all three criteria under investigation, thus

confirming the accuracy of the proposed molecular model.
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Figure 1.12. SAXS analysis of triphenylamine functionalized p-cyclodextrin in toluene at 295 K collected at
Diamond Light Source, UK. (a) Experimental (black circles) and simulated (red line) scattering curves; (b) Guinier
plot with experimental scattering (black circ/e,‘\/s/ and Guinier fit (red line); (c) molecular model minimized with the
MM+ force field implemented in HyperChem™: (d) pair-distribution function from experimental data (black circles)
and from simulated scattering data (red line).
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Chapter 2

Improved Synthesis, Structure and Optoelectronic
Properties of a [6]Porphyrin Nanoring

NIR emission
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This chapter describes advances in the synthesis, solution structure elucidation and optoelectronic
properties of a fully m-conjugated cyclic porphyrin hexamer. Optimized reaction conditions and
purification methods now allow template directed synthesis of the nanoring from readily available
porphyrin monomer. Small angle X-ray scattering in solution has demonstrated the great rigidity and
shape persistence of the nanoring in the presence and absence of the template. The template inhibits
rotation of the porphyrin units and locks the nanoring in a conformation with maximal m-overlap. This
high rigidity combined with the Dg, symmetry of the cyclic molecule result in a dramatic red-shift of
the absorption and emission spectra compared to the linear analogue with emission reaching far into
the NIR. The optical HOMO-LUMO gap of the nanoring is significantly reduced compared to linear
hexamer and is even smaller than that of a linear polymer. Electronic structure calculations allow
rationalization of these changes. The chapter closes with results on the fabrication of NIR organic
light emitting diodes based on the emission of the nanoring and linear hexamer.

Parts of the results in this chapter have been published in the following article:

Linear and Cyclic Porphyrin Hexamers as Near-Infrared Emitters in Organic Light-Emitting Diodes
0. Fenwick, J. K. Sprafke, J. Binas, D. V. Kondratuk, F. Di Stasio, H. L. Anderson, F. Cacialli
Nano Lett. 2011, 11, 2451-2456.
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2.1 Background

The cyclic porphyrin hexamer c-P6 (Figure 1.10 or Scheme 2.1), first synthesized by Dr. Markus
Hoffmann, is a fascinating molecule in many ways.!"! It is a m-conjugated belt-like macrocycle with
radially oriented p-orbitals pointing towards the center of the ring. Few examples of similar
compounds exist in the literature and the unusual geometry results in unique optoelectronic properties.
Additionally the molecule is strained (101 kJ mol™) and binds extremely strongly to the hexadentate
template; the binding constant for this process is the highest reported thus far (K; =7 x 10** M™) for a
supramolecular 1:1 complex. Further progress in the development of the nanoring from a lab curiosity
to an advanced material requires an improved synthesis so that we can easily access >100 mg of
material per reaction. Some open questions also remain about the detailed structure of the nanoring,
namely its shape persistence and rigidity. Although a coarse exciton model has been developed that
can account for some of the optoelectronic properties of the nanoring, there is as yet no detailed, fully
conclusive picture of the electronic structure of the nanoring to explain its remarkably structured

absorption and fluorescence spectra.

2.2 Synthesis of the Nanoring from Porphyrin Monomer

The oxidative cyclization of linear porphyrin building blocks in the presence of a hexadentate template
is the crucial step in the synthesis of porphyrin nanorings ¢c-P6 and c-P6cg (Scheme 1.9 and Scheme
2.1). In the initial procedure developed by Dr. Craig Wilson,* acetylene homo-coupling was carried
out using a Pd/Cu co-catalyst system with iodine as an oxidant to regenerate the catalyst. The reaction
mixture was passed over a pad of silica to remove the catalyst and the nanoring template complex was
isolated from polymeric side-products by means of size-exclusion chromatography (SEC). In order to
obtain the free nanoring, complexes C-P6:T6 and c-P6cg'T6 were then passed over a short SEC
column in THF at high concentrations of the competing ligand DABCO. It was found that the high

Bl and

ring strain of the nanorings results in an increased reactivity towards secondary amines
peroxides. The presence of small amounts of such compounds during synthesis and purification led to
decomposition that was only detectable from the emission spectrum, whereas high concentrations
resulted in complete decomposition of the nanorings. A series of changes in purification conditions
were established to successfully avoid decomposition (Table 2.1). Additionally, the coupling
conditions were modified according to a procedure reported by Swager to increase the catalytic
activity and suppress side-reactions by replacing iodine with 1,4-benzoquinone.”” The modified

catalyst also allow the cyclization reaction to be carried out at room temperature instead of 60 °C.
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Table 2.1. Changes in reaction conditions for the synthesis of nanorings c-P6 and c-P6cs.

Reagent Role in synthesis Problem New reagent
THF SEC purification and Peroxide contaminants Toluene for SEC and
template removal cause decomposition freshly distilled THF for

template removal

DABCO Template removal Presence of secondary DABCO, recrystallized from
amine impurity may cause petroleum ether 40/60
decomposition by
nucleophilic addition to the

acetylenes®
Silica Catalyst removal Causes slight Alumina
decomposition
lodine Oxidant to regenerate Side reactions of I, with 1,4-Benzoquinone
catalyst terminal acetylenes

reduces yield

Under the previous reaction conditions three molecules of porphyrin dimer I-dP2 bound to the
template were coupled to yield the cyclic hexamer template complex c-P6:T6 in 33-44% yield
(dependent on the side-chains). Attempts at direct synthesis from porphyrin monomer I-dP1 resulted
in a dramatically reduced yield of 5%; this is probably because the fraction of template-bound
porphyrin at 60 °C is small and thus polymerization dominates. At room temperature more than 90%
of monomer is bound to the template at the beginning of the reaction as calculated from the binding
constant. The new conditions give significantly improved yields of 21% and 31% when starting from
I-dP1 and I-dP1cs, respectively. The synthetic effort to obtain these porphyrin monomers is small as
illustrated in Scheme 2.1. The starting materials, dipyrromethane and meta-substituted benzaldehyde
derivatives, are both accessible on multigram scales. Porphyrin synthesis and attachment of acetylenes
in the meso-positions can be carried out on a gram scale in 4 steps with overall yields of 45% for I-dP1
and 37% for I-dP1¢g (for details see Scheme 1.1). The complementary hexa-pyridyl template T6 is
accessible in two steps (50% overall yield) via bromination of hexaphenyl benzene followed by a six-
fold Suzuki coupling with 4-pyridineboronic acid. After cyclization, the addition of a large excess of
the competing ligand DABCO to c-P6:T6 (or c-P6:T6cs) results in removal of the template and the

free nanoring is obtained in high yield by size-exclusion chromatography.
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Scheme 2.1. Synthesis of porphyrin nanorings c-P6-T6 and c-P6¢cg-T6. Reaction conditions and yields (I-P1/-
Plcs): @) TFA then DDQ then Zn(OAc), (66%/47%); b) NBS (92%/98%); c) trihexylsilylacetylene, Pd.(dba)s, Cul,
PPh3 (99%/89%); d) TBAF (92%/90%); e) Br, (96%); f) 4-pyridineboronic acid, PdCl,(PPhs),, NaHCO3 (50%) g)
PdCI>(PPh3s)s, Cul, 1,4-benzoquinone, i-ProNH (21%/31%); h) DABCO (81%/89%).

The main by-product of the cyclization reaction is linear polymer. When using the more active
catalyst system with 1,4-benzoquinone rather than iodine, the molecular weight of these polymers
increases and they become less soluble. As a result, purification of the nanoring is more convenient.
After passing the reaction mixture over a pad of alumina the only remaining products are cyclic
species that can be readily separated by size exclusion chromatography (Figure 2.1). Besides cyclic

hexamer, the figure-of-eight complex c-P12+(T6), can be isolated in 4% yield."

©

c-P6-T6

D
c-P12(T6), M

10 12 14 16
retention time / min

Figure 2.1. Analytical gel permeation chromatogram of the crude cyclization product eluted in THF. The larger
figure-of-eight complex c-P12-(T6), is eluting first, followed by c-P6-T6.

" This finding will be discussed in more detail in Chapter 3.
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2.3 Solution Structure of c-P6:T6 and c-P6

The high symmetry and rigidity of the nanoring template complex c-P6:T6 is reflected in its
remarkably simple 'H NMR spectrum (Figure 2a). The two faces of each porphyrin unit are
inequivalent due to the presence of the hexadentate ligand T6. This results in three singlets in the
aromatic region, corresponding to the aryl protons ¢y, ¢, and d as well as two singlets from fert-butyl
protons i; and i,. Upon removal of the template, the signals of aryl protons ¢, and c, as well as tert-
butyl protons i; and i, merge into one signal. This means that rotation of the porphyrin units, which

was hindered by the template, is now occurring rapidly on the NMR time-scale.
d
JC:M
=
C,C’ d
b ~
('—. \r ¢c-P6 i i
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M
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. b G H,O
d
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lpyu L 1
r T T
10 9 8
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Figure 2.2. "H NMR spectrum (5600 MHz, 298 K) of (a) c-P6-T6 in CDCl3z and (b) c-P6 in CDClI3/1% ds-pyridine.
Pyridine was added to the sample of c-P6 to prevent aggregation.

o

Solution small angle X-ray scattering (SAXS) experiments were carried out to gather more
information about the solution structure and particularly the shape persistence of c-P6-T6 and c-P6.
We found very good agreement between the experimental scattering data and simulated scattering

curves calculated from molecular models of ¢c-P6-T6 and c-P6 (Figure 3 top). The radii of gyration R,,
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determined from a Guinier fit match the values calculated from the models. The pair distribution
function (PDF) is the normalized probability of a pair of electron densities at distance », and can be
interpreted more intuitively than the scattering data from which it is obtained by indirect Fourier
transformation. PDFs of porphyrin assemblies are particularly informative due to the local point
symmetry of the porphyrin cores and the presence of a high atomic number metal in their centers. This
often results in well resolved peaks that can be attributed to particular metal-metal distances.” The
high symmetry of c-P6 and c-P6:T6 results in two distinct peaks that correspond to the distance
between two neighboring and two opposite porphyrin units. All features in the PDFs are well
reproduced by curves calculated from molecular models. For comparison, more flexible molecules
such as cyclic dodecamer (Chapter 3) or linear hexamer (Chapter 5) give significantly poorer overlap,
particularly at longer distances. The excellent agreement between experimental and simulated PDFs

for both c-P6 and c-P6-T6 highlights the rigidity and shape persistence of these nanorings.

a ) b
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Figure 2.3. SAXS data of (a) c-P6-T6 and (b) c-P6 acquired in toluene and toluene/1% pyridine, respectively at
298 K at Diamond Light Source, UK. The top row shows the raw scattering data (black circles) together with the
simulated curves based on calculated models (lines). The insets are Guinier fits that were used to determine the
radii of gyration Ry. The middle row contains the molecular models that were used to simulate SAXS data. Energy
minimized structures were obtained using the MM+ force field implemented in the package HyperChemTM. The
distances are the calculated Zn-Zn distances between opposite porphyrins in the cyclic structures and between
the first and the last porphyrin unit of the linear hexamer. The bottom row shows pair-distribution functions
determined experimentally (black circles) and from models (lines). Experimental data for c-P6-T6 was also
acquired by Joseph Bullock (Northwestern University, USA) at the Advanced Photon Source at the Argonne
National Laboratory. The PDF (gray triangles) is in excellent agreement with the data measured at Diamond Light
Source.
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2.4 Optoelectronic Properties of c-P6-T6

The optoelectronic properties in m-conjugated macrocycles are strongly influenced by symmetry,

1671 Structural flexibility but also conformational freedom as

strain and the lack of end-group effects.!
in the free nanoring c-P6 or cyclic oligothiophenes, result in weakening of these effects. The high
rigidity and conformational stability of the nanoring template complex c-P6-T6, even in solution at
room temperature, enables a detailed analysis of the various ring-specific effects on the optoelectronic
properties of belt-like chromophores.

Bending of porphyrin hexamer results in significant changes in its absorption and emission behavior
(Figure 2.4). The onset of absorption and the first emission maxima in ¢c-P6 and c-P6-T6, are both red-
shifted by 60—80 nm compared to I-P6. A similar trend is observed in the bent open loop |-P6-T6. This
effect cannot be explained solely by the small porphyrin-porphyrin torsional angles, and thus increased
n-overlap, since such strong shifts are not observed in self-assembled porphyrin ladder complexes.
Thus, the reason for these shifts must lie either in the change of symmetry or the induced strain and
distortion of the m-system. At the same time we observe the appearance of low energy emission bands
that extend far into the NIR." The relative intensity of these bands increases in the order I-P6-T6 < c-
P6 < c-P6:T6, which correlates with the growing rigidity of the porphyrin oligomers. c-P6-T6 as the
most rigid species shows emission over a very broad range that extends to 1300 nm. The appearance
of these low energy bands is accompanied by a dramatic decrease in the fluorescence quantum yields
@y for the bent species. Again, this effect is more pronounced with increased rigidity, so that the
absolute emission intensity of all bent species in the NIR is lower than in |-P6. Absorption and
emission spectra of c-P6-T6 were also measured at low temperatures (80 K, in methylcyclohexane to
allow glass formation; measured by Rokas Drevinskas and Dr. Donatas Zigmantas, University of
Lund, Sweden) resulting in a sharpening of all peaks and thereby facilitating comparison with

calculated spectra (see below).

" The NIR emission features beyond 950 nm were not found in the original study,"~"

insensitivity.

probably due to detector
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Figure 2.4 Normalized steady state absorption (black lines) and emission (blue lines) spectra of (from top to
bottom) 1-P6 in toluene/1% pyridine, hexamer ladder complex (1-P6)2-(4,4-bipyridine)s in toluene, |-P6-T6 in
toluene, c-P6 in toluene/1% pyridine, c-P6-T6 in toluene, c-P6-T6 in methylcyclohexane at 80 K (the last sample
was measured by Rokas Drevinskas). Samples were excited at 489 nm, except c-P6-T6 (Aex = 809 nm at 295 K,
Aex = 856 nm at 80 K).

It was originally suggested that the absorption and emission behavior of the porphyrin nanorings
can be explained with a simple exciton model (Figure 2.5).!" In contrast to the linear species, the
transition dipole moments of the S,-S; transition in the nanorings cancel out, making this transition
symmetry forbidden. As a consequence the absorption is dominated by the strongly allowed Sy-S,
transition and the emission rate from S, is dramatically reduced. Structural flexibility in I-P6-T6 and
c-P6 leads to desymmetrization and thus increased quantum efficiencies compared to the rigid c-

P6-To6.

»
Soe e o o o ¥ ¥

» [ 4

Figure 2.5. Exciton model to explain absorption and emission behavior of the nanorings. The cartoon on the left
represents |1-P6 and the one on the right c-P6. The black arrows symbolize the transition dipole moments of the
So-S1 transition. The overall transition dipole moment in the cyclic species is zero, thus the transition is forbidden.
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While the exciton model gives an explanation for the reduced fluorescence quantum yields of the
cyclic species |-P6:T6, c-P6 and c-P6-T6, the reason for the appearance of strongly red-shifted NIR
emission bands remains unclear. In order to gain a more detailed understanding of the complex
emission behavior of c-P6-T6, Mike Wykes and Dr. David Beljonne (University of Mons, Belgium)
modeled its electronic structure. The ground state geometry of c-P6-T6 (without solublizing aryl side
groups and restricted to Dg symmetry) was optimized using the DFT functionals B3LYP and BHLYP
with the 6-31g(d,p) basis set. Semi-empirical INDO/SCI (Intermediate Neglect of Differential Overlap
Single Configuration Interaction) and TD-DFT (Time Dependent Density Functional Theory)
calculations using a range of functionals have been performed to study the electronic structure and the
singlet excited states of the optimized geometry. In summary, the transition to the lowest singlet
excited state S; has zero oscillator strength, in agreement with the exciton model described above,
whilst a doubly degenerate higher excited state has a significant oscillator strength. Unfortunately, the
absolute and relative energies of these electronic transitions vary significantly with the modeling
methods affordable for a molecule of the size of c-P6-T6. Experimental evidence suggests that the
low-energy emission bands are not due to phosphorescence.” Furthermore, the fluorescence lifetimes
up to 1000 nm are all nearly identical, suggesting only one emissive state. In order to investigate the
possibility of vibrational coupling to the S; transition the normal modes were calculated using the
BHLYP functional with the 6-31g(d,p) basis set. Comparing the simulated IR spectrum with the
experimental IR spectrum in CCl; shows good overall agreement (Figure 2.6). However, some
frequencies are either shifted or even missing, which may be due the lack of aryl side-groups in the

models.
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Figure 2.6. Infra-red spectra of c-P6-T6: experimental spectrum in CCly (black line), DFT stick spectrum (red
bars) and DFT convoluted spectrum (red line, Lorentzian y = 0.01 eV) modeled by Mike Wykes.

The dark S; and bright S, excited state geometries were optimized using TD-DFT and the BHLYP

functional. The calculations showed that the geometric relaxation of the excited states is very small,

" The emission spectrum is insensitive to the presence of oxygen and the lifetimes at 950 nm, 1100 nm and
1200 nm are all smaller than 20 ns.
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indicating that a standard Franck-Condon vibronic progression cannot explain the complex spectrum.
Symmetry forbidden electronic transitions can become allowed by Herzberg-Teller (HT) intensity
borrowing through coupling to a non-symmetric vibrational mode that breaks the symmetry of the
molecule.’™ This effect has been observed for example in the case of benzene, which has the same Dy,
symmetry as the nanoring c-P6.”'"

Symmetry analysis showed that coupling of S; to several non-symmetric normal modes makes this
transition strongly allowed. Most of these HT-active vibrational modes involve stretching of a
butadiyne link thereby modulating the local coupling between porphyrin units. Figure 2.7 shows how
distortion of the ideal geometry along the vibrational mode at 278 meV (“mode 968”) dramatically

increases the oscillator strength (f) of the S-S, transition. At the same time the oscillator strength of

the S¢-S, transition decreases, thus confirming the intensity borrowing effect.

vibrational distortion
along mode 968

Figure 2.7. Effect of vibrational distortion on the oscillator strengths f of the transitions to the first two electronic
excited states. Perfectly symmetric D¢ ground state geometry (left) and ground state geometry distorted along
vibrational mode 968 (right) with atomic transition densities (red, blue). The red arrows indicate the displacement
of butadiyne carbons along mode 968 and the red-blue bars show the overall transition dipole. Calculations
performed by Mike Wykes.

The HT spectrum of S; was calculated on the INDO/SCI level, considering all non-symmetric 0-1
vibronic transitions, by calculating the derivative of the transition dipole moment with respect to
displacement along each mode. The simulated HT spectrum reproduces the experimental vibrational
structure of the low temperature emission spectrum well (Figure 2.8). However, as stated above, the
calculated absolute energy of the electronic transition varies strongly with the applied method and thus
a value of 1.31 eV for the S¢-S; 0-0 vibronic transition was assumed by matching the calculated with
the experimental spectrum. The accuracy of the HT simulation is confirmed by the good agreement
between the calculated radiative rate constants of the HT transitions (7 x 10° s') with the

experimentally determined values (3 x 10° ™).l
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Figure 2.8. Emission spectra of c-P6-T6: Measured spectrum in methylcyclohexane at 78 K upon excitation at
1.45 eV (856 nm) (blue line, measured by Rokas Drevinskas), Herzberg-Teller stick spectrum (red bars) and
Herzberg-Teller convoluted spectrum (red line, Gaussian o = 5 meV) calculated by Mike Wykes. The vertical
dashed line marks the energy of the Sy-Sy (0-0) vibrational transition. The difference in relative peak intensities
between the experimental emission spectrum on the energy scale I(E) and the spectrum on the wavelength scale
I(2) from Figure 2.4 is due to the applied correction for the bandpass differences between the wavelength and
energy scales (I(E) = A2 x I(2)). The weak emission peak at 1.36 eV in the experimental spectrum is a
decomposition product of c-P6-T6."

The absorption spectrum of c-P6-T6 is expected to be based on a combination of transitions to the
first and second excited states. The size of the molecule makes modeling of this spectrum
computationally expensive and no conclusive results have been obtained thus far.

The energy of the Sp-S; 0-0 transition (1.31 eV) of c-P6:T6 determined by the combination of the
low temperature emission spectrum and the calculated emission spectrum gives an estimate of the
optical HOMO-LUMO energy gap E,. Comparison of this value with the bandgap of an infinite linear
polymer chain allows evaluation of the consequences of cyclization on the w-conjugation. Since the
synthesis of the analogous polymer I-Pn is prevented by its insolubility, the optical bandgap was
estimated by extrapolation from the emission energies of a series of oligomers from monomer I-P1 to
hexamer |-P6."?! Different models exist that take saturation effects (“effective conjugation length”)
with increasing chain length into account.!”! The model by Meier uses the exponential Equation (2.1)
to extrapolate the polymer bandgap E.,, from the optical gaps of oligomers with N repeat units Ey and
the empirical parameter a.!"*"!

E,=E, +(E -E )e‘"?" 3.
The model by Kuhn is based on classical mechanics and was initially developed for polyenes but has

[13,15

also been applied for a range of other conjugated polymers.!"*'*! Each double bond is regarded as an

oscillator vibrating at the energy E,

E,=h (3.2)

an’ p,

" In Meier’s original paper''*! the number of m-electrons rather than the number of repeat units was used to allow
the comparison of a for different polymers. If such a fit is performed with the porphyrin oligomers, a is 0.12
which is significantly lower than for most conjugated polymers and reaches the value obtained for oligoynes.!'
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defined by the force constant &, and the reduced mass y4. If N oscillators are coupled with a force

constant &£’, the lowest energy of the “eigenmodes” Ey is given by Equation (3.3).

k' i
E.=FE, |1+2—cos 33
N 0\/ k, N+l 33

Both models were used to extrapolate the bandgap of I-Pn from the series of oligomers and gave
energies of 1.38 eV and 1.44 ¢V, respectively (Figure 2.9a). The validity of the extrapolation is
confirmed by the good agreement between the extrapolated values from the series I-P1¢g — I-P8¢s, and

the experimental value for the polymer I-Pncg (n ~ 30-50) (Figure 2.9b).
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Figure 2.9. Estimation of polymer bandgaps using Meier (blue line) and Kuhn (red line) fits. (a) Fit based on
emission maxima of linear oligomers 1-P1 — |-P6 measured in CH2Cl>/1% pyridine, emission maxima are from ref.
11; (b) fit based on emission maxima of linear oligomers |-P1cg — |1-P8cs measured in toluene/1% pyridine.T

The reduced energy gap of c-P6:T6 compared to the linear polymer by at least 70 meV
demonstrates the enhanced conjugation in the cyclic structure. This significant increase in conjugation
in the nanoring cannot be explained by the reduced torsional freedom due to the presence of the
template. It has been shown that although the ground state geometries of the linear oligomers consist
of a broad distribution of conformations, emission at room temperature stems largely from a planar

"7 This means that unlike an

conformation with small torsional angles between the porphyrin units.!
extrapolation from the absorption spectra, the fits based on the emission maxima of the oligomers
should yield the bandgap for an almost co-planar polymer, which is a good reference for the nanoring
template complex c-P6-T6. Additionally, electrochemistry measurements by Dmitry Kondratuk show
that the electrochemical energy gap of c-P6:T6 and the torsionally flexible c-P6 are very similar, but
smaller than the extrapolated value for the polymer I-Pn.'"! Since end-group effects should be

negligible in the polymer, the enhanced conjugation in the nanorings is therefore likely to result from

the bending of the n-electron system. This rather counter-intuitive result was investigated theoretically

" The emission maxima correspond to the S¢-S; 0-0 vibronic transitions, thus allowing comparison with the value
determined for the nanoring. Absorption and emission wavelengths of linear oligomers in CH,Cl, /1% pyridine
and toluene/1% pyridine are very similar and differ by only several nanometers.
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by Wong for the case of cycloparaphenylenes.!” He found that cyclic para-phenylenes always have
lower computed optical gaps than their linear analogues and that this effect is the strongest for the
smallest, most strained rings (Figure 2.10a). A comparable trend can be found for the emission
energies of linear and cyclic porphyrin oligomers indicating that similar strain effects may be

responsible for the smaller HOMO-LUMO gap of c-P6:T6 compared to the polymer I-Pn.
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Figure 2.10. Trends in optical gaps in linear (black squares) and cyclic (red circles) (a) paraphenylenes as
calculated in ref. 6 and (b) porphyrin oligomers measured in toluene/1% pyridine (cyclic) and dichloromethane/1%
pyridine (linear). Emission data from linear oligomers is from ref. 11 and a Meier fit to these data is shown to
extrapolate the trend for longer oligomers. Cyclic porphyrin octamer c-P8 was synthesized by Melanie O’Sullivan
and c-P18 and c-P24 were synthesized by Dmitry Kondratuk.

According to Wong, the distortion of the m-system in cycloparaphenylenes causes a decrease in
conjugation within the individual phenyl units and thus reduces their aromaticity as confirmed by
nucleus-independent chemical shift (NICS) calculations. At the same time an increased quinoidal
character of the phenyl-phenyl bond was found to result in an overall enhanced conjugation around the

nanoring. Similar effects may contribute to the enhanced conjugation in c-P6.
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Figure 2.11. (a) Dependency of porphyrin [-proton "H NMR shifts on the number of porphyrin units in linear
(black squares) and cyclic oligomers (red circles); (b) Structure of linear oligomers used to compare shifts of cyclic
oligomers. The chemical shift of proton marked in red was used for the plot in (a). Ar = 3,5-bis(tert-butyl)phenyl
except in the linear and cyclic octamer where Ar = 3,5-bis(octyoxy)phenyl. The different aryl side group has only
little effect on the shifts of porphyrin p-protons (A6 < 0.04 ppm averaged over oligomers |-P2 — 1-P6 and c-P6). All
spectra acquired in CDCl3/1% ds-pyridine at 298 K at 500 MHz.
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Analysis of '"H NMR chemical shifts in aromatic compounds is a commonly used tool to quantify
aromaticity."” Ring-currents cause deshielding of outer protons resulting in high chemical shifts.
Figure 2.11a shows the 'H NMR chemical shifts of the most deshielded aromatic B-proton (Figure
2.11b) of a series of linear and cyclic oligomers in CDCl3/1% ds-pyridine. A clear trend is observable
in the nanorings with decreasing shifts for smaller, more strained rings, while the shifts in the linear
series remain almost constant. In a tentative interpretation of these data the smaller shift in more
strained rings could be attributed to a decrease in porphyrin aromaticity, analogous to Wong’s
theoretical results on cycloparaphenylenes. Other effects, such as the influence of the inner-ring
current from an opposite porphyrin unit, may contribute to these shifts and in order to confirm the

proposed interpretation, additional experiments or calculations such as NICS scans would be required.

2.5 Linear and Cyclic Hexamers as Near-Infrared Emitters in OLEDs

Organic light-emitting diodes (OLEDs) are the subject of intense research in academia and industry
because of their application in flexible displays and lighting panels.*” In addition to devices covering
the visible spectrum, near-infrared (NIR) emitting OLEDs are expected to enter a niche, targeting
applications such as optical communications, night-vision devices or line-of-sight remote control.
Fluorescence quantum efficiencies in the NIR decrease dramatically due to vibrational deactivation of
excited states.”!! Linear porphyrin hexamer |-P6cg is a promising candidate for NIR-OLED
applications because it has a relatively good quantum efficiency (@ = 8.0%), given the emission
maximum at 840 nm. Cyclic hexamer c-P6:T6 has a significantly lower quantum efficiency
(@x=0.1%), but has a curved m-system which should result in reduced aggregation in solid thin films
compared to its linear analogue. Aggregation of conjugated molecules or polymers in OLEDs can
reduce device efficiencies and color purity because of formation of intermolecular excited states such
as excimers.*

Devices were fabricated and tested by Dr. Oliver Fenwick and Prof. Franco Cacialli (University
College London) and only the key results and conclusions are reported here.”) The OLED (Figure
2.12a) consists of a transparent indium-tin-oxide (ITO) anode on a glass substrate for hole injection,
which is covered by a layer of PEDOT:PSS that serves as a conductive layer for hole transport from
the anode to the emissive layer. The emissive layer was formed from a blend of the porphyrin NIR
emitter with the conjugated polymer poly (9,9’-dioctylfluorene)-alt-benzothiadiazole (F8BT, Figure
2.12b) used as a charge transport matrix in a ratio w/w 1/9. A calcium cathode was evaporated on the

emissive layer and then covered by a protective aluminium layer.
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Figure 2.12. (a) OLED device architecture; (b) structure of F8BT; (c) structure of the |-P6cg-bpy complex.
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The most important characteristics for assessing the device performance and the
electroluminescence (EL, Figure 2.13) efficiency of the emissive species are the external (EQE) and
internal quantum efficiencies (IQE), respectively. The IQE of the device with c-P6-T6 as the emissive
species, is very similar to the photoluminescence (PL) efficiency in thin film and in solution (IQE ~
@ = 0.1%). Although the device performance is not outstanding due to the intrinsically low emission
efficiency of the nanoring, the similarity in emission efficiency in solution and the solid state indicates
the absence of nanoring aggregation, probably as a result of the curved n-surface. In contrast, both PL
and EL efficiency of I-P6¢g based devices are significantly lower in the solid state than in solution,
most likely due to aggregation. Addition of the non-volatile ligand 4-benzylpyridine (bpy) to the linear

hexamer (Figure 2.12c) results in a significant increase of the PL and EL efficiency, almost reaching

the value in solution (@; (film) = 7.7%, @ (solution) = 8%).
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Figure 2.13. Electroluminescence spectra from F8BT/porphyrin OLED devices. (a) c-P6-T6 (b) |-P6¢cg with (red
line) and without (blue line) 4-benzylpyridine (bpy).

The stronger PL in the presence of the coordinating ligand shows the potential of such a

supramolecular approach to reduce aggregation in the solid state and to improve device performance.
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2.6 Conclusions and Outlook

The results presented in this chapter highlight the importance of the cyclic porphyrin hexamer for the
fundamental understanding of fully mn-conjugated macrocycles but also indicate its potential as a novel
material in organic optoelectronic applications. It was demonstrated by analysis of the solution
structure that the template gives the nanoring high rigidity and restricts the torsional freedom of the
porphyrin units. The importance of the template for understanding the electronic structure of the
nanoring is clear from the differences in absorption and emission behavior of the free nanoring and the
nanoring template complex. Structural flexibility of the free nanoring relaxes the symmetry-related
selection rules and only the well-resolved NIR bands in the highly rigid template complex c-P6:T6
allowed identification of Herzberg-Teller coupling as an important mechanism in excited state
deactivation of the nanorings. The development of a nanoring synthesis from simple building blocks
should pave the way for the facile synthesis of new derivatives and enable the synthesis of large
quantities of cyclic hexamer required for novel materials applications. This potential was demonstrated
with the fabrication of NIR-emitting OLED devices and this work represents a proof of concept for the
use of molecules with curved w-surfaces as efficient, non-aggregating solid state emitters.

The increased reactivity of the nanoring that has so far only been identified as a complication
affecting the synthesis, could be used to develop new reactions that will allow further functionalization
of the nanorings. Introduction of functional groups in the nanoring, which may also be achieved by
changing the aryl side groups, should open new possibilities of interfacing the nanoring with other

functional molecules or surfaces.
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Chapter 3

Synthesis and Properties of a [12]Porphyrin Nanoring

890

Self-assembly Cyclization

From the discovery of a figure-of-eight shaped [12]porphyrin nanoring template complex as a side-
product in the synthesis of a [6]porphyrin nanoring, an efficient synthesis of this molecule is
developed based on the mismatch in binding sites between a linear porphyrin tetramer and a radial
hexadentate template. This concept can be generalized and leads to the development of ‘Vernier
templating’ as a strategy for the synthesis of large, monodisperse macrocycles. The structure of the
figure-of-eight complex and the free nanoring is investigated in detail and the formation of a Vernier
complex is proved. MALDI-MS, SAXS, NMR and STM imaging give the picture of a rigid and
stericially congested figure-of-eight complex, while the free [12]porphyrin nanoring shows significant
flexibility. Studies on the formation of the figure-of-eight complex from the free nanoring demonstrate
that binding of the two templates is a cooperative process, with either both or no template being
bound.

Parts of the results in this chapter have been published in the following article:

Vernier templating and synthesis of a 12-porphyrin nano-ring

M. C. O’Sullivan, J. K. Sprafke, D. V. Kondratuk, C. Rinfray, T. D. W. Claridge, A. Saywell, M. O.
Blunt, J. N. O’Shea, P. H. Beton, M. Malfois, H. L. Anderson

Nature 2011, 469, 72-75.
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3.1 Background

Fully m-conjugated porphyrin nanorings are intriguing compounds in terms of their synthesis, self-
assembly and electronic structure (see Introduction and Chapters 2 and 4). With increasing ring-size
the dimensions of natural light-harvesting systems are approached. A [12]porphyrin nanoring having a
calculated diameter of 5.1 nm would be as large as the bacterial light harvesting complex I
(d= 5.0 nm).!"! Due to complete m-conjugation around the nanoring, the electronic coupling between
individual porphyrin units would probably be even higher than in the natural pigments and may enable
the study of fundamental processes of light harvesting and charge separation. Small aromatic
molecules show persistent ring-currents and the same effect has been found in mesoscopic metal rings
with sub-micrometer diameters.”! The strong electronic coupling in porphyrin nanorings may allow
the observation of similar effects in overall non-aromatic (yet conjugated) organic macrocycles,
thereby bridging the gap between the two extremes known to date. The synthesis of macrocycles large
enough to measure such effects is a formidable synthetic challenge. The use of radial templates, as
practiced in the synthesis of cyclic hexamer and octamer, is expected to be extremely challenging for
larger macrocycles because of the synthetic difficulties in obtaining very large and rigid templates. It
is therefore desirable to develop new methodologies going beyond the traditional approach. Such a
development would be an important step towards the synthesis of large, monodisperse
macromolecules. It has been shown that such materials can have very different properties compared to
analogous polydisperse mixtures and may rival their biological counterparts in terms of catalytic,

informational and transcriptional properties."!

3.2 Synthesis of a [12]Porphyrin Nanoring and Vernier Templating

As outlined in Chapter 2, the oxidative acetylene homocoupling of monomer I-dP1 in the presence of
hexadentate template T6 leads to formation of a minor product in 4% yield along with the original
target, the [6]porphyrin nanoring c-P6-T6 (Figure 2.1). The same products, but in overall higher
yields, are obtained when using dimer I-dP2. The new product was identified as a complex between
the [12]porphyrin nanoring c-P12 and two molecules of template T6 that fold the nanoring into a
figure-of-eight (Figure 3.1). The templates can be replaced from this complex by addition of an excess
of the competing ligand pyridine yielding the free nanoring ¢-P12 in nearly quantitative yield (96%).
Two extreme cases can be envisioned for the mechanism by which the figure-of-eight complex
c-P12+(T6), is formed. The first possibility involves chain growth of unbound porphyrin oligomers
with subsequent cyclization around the two templates, whilst in the second case coupling occurs
between template bound porphyrins and the figure-of-eight complex is formed by the coupling of two
such porphyrin oligomer—template complexes. At the beginning of the reaction only 90% of I-dP1 is

50



bound to the template, as calculated from the binding constant, implying that it is probably a
combination of the two processes that results in formation of ¢c-P12:(T6), with numerous coupling
sequences being conceivable. From this mechanism one can expect the formation of even larger

macrocycles c-PN with N being a multiple of six (the number of template binding sites).

N=1,20r4

Pd(PPh,),Cl,, Cul toluene
1,4-benzoquinone | or CHCI,

c-P6-T6 +
c-P12:(T6),
toluene / 10% pyridine
@ on SEC column
c-P6-T6
@ b\ — I-dP1
—I-dP2
c-P12:(T6), I-dP4
16 c-P12
retention time .’ min Af 12

Figure 3.1. Synthesis of c-P12-(T6), and c-P12 from linear oligomers |-dP1, |-dP2 and |-dP4 and hexadentate
template T6 with Ar = 3,5-bis(tert-butyl)phenyl. The same synthesis was also performed using oligomers with
Ar = 3,5-bis(octyloxy)phenyl leading to the formation of c-P12¢g-(T6). (not isolated) and c-P12¢s. The inset shows
analytical gel permeation chromatograms (detection at 360 nm) with the relative analytical yields of c-P6-T6 and
c-P12:(T6), synthesized from |-dP1, |-dP2 or I-dP4. In all runs the same volume of crude reaction mixture was
injected with identical concentrations of porphyrin subunits at the start of the reaction.

51



The expected outcome of the reaction when coupling porphyrin tetramer |I-dP4 in the presence of
T6 differs to the cases of I-dP1 and I-dP2 because the number of template binding sites nr is not a
multiple of the number of binding sites of the porphyrin oligomer np, making the formation of cyclic
porphyrin hexamer c-P6-T6 impossible. Such a mismatch in the number of binding sites has been used
by Kelly!* and Hunter™™ to assemble linear Vernier complexes with well defined sizes (Figure 3.2a).
The number of noncovalent bonds 7 formed in such a complex is the smallest common multiple of np
and nt because for enthalpic reasons all binding sites have to be saturated and for entropic reasons a
minimum number of components has to be involved in complex formation. In consequence the linear
porphyrin tetramer |1-dP4, with np = 4, and the hexadentate template T6, with nt = 6, should form two
isomeric cyclic Vernier complexes (I-dP4);(T6), with nc = 12 (Figure 3.2b). Covalent capture!® of
this complex by acetylene homocoupling is expected to lead to a significantly more efficient formation

of the figure-of-eight complex c-P12:(T6), than by synthesis from I-dP1 and I-dP2.

A Qe == Self-assembly
[ -y
I===D  + —_— OmOmOm) O Jm ) e )
O=0=0=0
building block template Vernier complex
b
Self-
OR.)-O-O assembly Q\ j Q Q
o-o-o-o b
I-dP4

(I-dP4).(T6), (I- dP4

Cc)valent capture

Q E?n”;?;é Cj\f\

c-P12-(T6),
c-P12

Figure 3.2. Vernier templating for the synthesis of large macrocycles. (a) Formation of a linear Vernier complex;
(b) synthesis of c-P12 from |-dP4 and T6 via formation of the Vernier complex (1-dP4)3-(T6)>.

The synthesis of the figure-of-eight c-P12+(T6), from |-dP4 proceeds in 40% isolated yield, with the
[12]porphyrin nanoring as essentially the only cyclic product (Figure 3.1). The formation of a Vernier-
complex at the start of the reaction is advantageous but not an absolute requirement for formation of
the figure-of-eight. In analogy to the case of monomer and dimer, the 12-ring can still be formed from
unbound linear octamer (with tetramer) or dodecamer. This convergent mechanism is probably one of

the reasons for the high yielding cyclization.
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3.3 Structural Characterization of Vernier Complex, Figure-of-Eight and

Free Nanoring

3.3.1 MALDI-TOF Mass Spectrometry

The first evidence for formation of a porphyrin dodecamer came from MALDI-TOF mass
spectrometry (Figure 3.3). The spectrum of the figure-of-eight shows three peaks that correspond to
the expected product peak at m/z 11554, the partially disassembled complex between the nanoring and
one molecule of T6 (m/z 10557) and the fully disassembled product, free nanoring c-P12 at m/z 9560.
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Figure 3.3. (@) MALDI-TOF analysis of c-P12-(T6),. The three peaks correspond to c-P12-(T6), (m/z 11554,
expected 11551), c-P12-T6 (m/z 10557, expected 10554) and c-P12 (m/z 9560, expected 9557); (b) MALDI-TOF
analysis of c-P12. The major peak corresponds to the expected mass for c-P12 (m/z 9563, expected 9557). The
origin of the peak at m/z 9896 is unknown. Both spectra were acquired by the EPSRC National Mass
Spectrometry Service Centre at Swansea University.

3.3.2 '"H NMR Analysis

The 'H NMR spectrum of the figure-of-eight complex is significantly more complicated than the
spectra of either the highly symmetric cyclic hexamer template complex c-P6:T6 or the linear
porphyrin oligomers. Assignment of the peaks is challenging, however as a result of the D, symmetry
of the figure-of-eight c-P12+(T6), (three perpendicular C, axes through the center, Figure 3.4) it is
sufficient to consider only one quarter of the molecule for interpretation of the NMR spectrum. The
structure drawn in Figure 3.4b comprises of three porphyrin units P1-P3, with P1 being the closest to
the center (marked with a red cross). The top side of the molecule, pointing away from the template is

drawn in bold. The part of the template that is coordinating to these three porphyrins is also shown.
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Figure 3.4. (a) Model of figure-of-eight c-P12-(T6),; (b) chemical structure of one quarter of the molecule.

Comparison with NMR data from similar compounds, such as cyclic porphyrin hexamer template
complex c-P6:T6 (Figure 2.2a), allows the assignment of distinct spectral regions for protons in
similar environments (Figure 3.5): The porphyrin B-pyrrole protons are most deshielded, followed by
the aryl protons. The aromatic protons of the template are more shielded due to the ring current of the

porphyrin. The tert-butyl protons appear in the alkyl region as expected.

P1 P2 P3
tBu1-12
X
template | - X
arylA-F
beta a-e I
1 | M | m L J.UA_,U Jl_a SR | TR R
I I I I I T T T I I I I I I
12 1" 10 9 8 7 6 5 4 3 2 1 0 -1 ppm

Figure 3.5. Diffusion-edited "H NMR spectrum of c-P12-(T6), acquired by Dr. Tim Cladridge (700 MHz, CDCls,
298 K; * indicates a silicon grease impurity).
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All nine protons of each fert-butyl group are equivalent and thus result in one singlet. In each
quarter of the molecule, the top and the bottom face as well as all sides are non-equivalent, which
should result in 12 signals for the fert-butyl protons. Figure 3.6 shows the alkyl region consisting of

the expected 12 singlets.
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Figure 3.6. Alkyl region of "H NMR spectrum, showing the 12 tert-butyl resonances of c-P12-(T6), (700 MHz,
CDCl3, 298 K).

The pyridyl and phenyl protons of the template are expected to be shielded by the ring current of the
porphyrin macrocycles. The a-pyridyl protons (VIII-X) are closest to the porphyrin and thus, as in
c-P6:T6, resonate at 2.2 ppm (Figure 3.7). B-Pyridyl protons (V-VII) are less shifted and give rise to
three doublets, one for each arm of the template. The inner phenyl protons (I-IV, 5.2-5.6 ppm) are
furthest from the porphyrin and are thus the least shifted. Interestingly, fully resolved phenyl peaks
such as III or IV integrate to only one proton, which demonstrates that there is slow rotation of the
para-phenylene links and that, as expected, the edges of the para-phenylenes are non-equivalent,

whereas the pyridyl groups rotate freely.
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Figure 3.7. Region of the "H NMR spectrum showing signals of template protons (700 MHz, CDCls, 298 K).
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The signals of porphyrin B-pyrrole (a—e') and aryl (A—F) protons are in the aromatic region of the
spectrum, with the latter being generally more shielded (Figure 3.8). Only protons of porphyrin unit P1
can be assigned unambiguously, due to their unusual shifts. All other protons are too similar to give
well separated signals, thus resulting in overlapping B-pyrrole doublets at 8.8 and 9.6 ppm as well as

aryl singlets between 7.7 and 8.2 ppm.

il

T T T T
11.0 10.5 10.0 9. 8.0 6.5 ppm

N E HAH EMS HER HOH M

Figure 3.8. Aromatic region of the "H NMR spectrum (diffusion-edited, no CHCI3; peak) with resonances due to
porphyrin unit P1 labeled. (700 MHz, CDCIs;, 298 K).

Due to their unusual shift to very low frequencies and by comparison with c-P6:T6, protons VIII-X
can be assigned as the a-pyridyl protons of the template. In the COSY spectrum proton VII clearly
couples with X, thus the signal corresponds to the B-pyridyl protons of the same pyridyl group
(Figure 3.9). Protons V, VI and VIII, IX belong to the other arms of the template, but due to overlap,
precise assignment is difficult. Proximity to the crowded center of c-P12+(T6),, with many porphyrins
in close spatial proximity should cause unusual chemical shifts and thus protons X and VII are

tentatively assigned to the arm of the template coordinating to P1.
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Figure 3.9. Part of the 'H-"H cosY spectrum showing coupling of pyridyl protons (700 MHz, CDCl3, 298 K).

T

B-Pyridyl protons VII are expected to show NOEs with all eight -pyrrole protons from porphyrin
unit P1. In the NOESY seven cross peaks, plus one that overlaps with another signal, can be found and
thus protons a—d can be assigned as -pyrrole protons of P1 (Figure 3.10). The widely spread chemical
shifts of these eight B-pyrrole doublets give further evidence that this porphyrin is the one in closest

proximity to the center where ring-current effects from other porphyrin units are greatest.
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Figure 3.10. Part of the NOESY spectrum showing assignment of P1 p-pyrrole protons (700 MHz, mixing time =
200 ms, CDCls, 298 K).
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Having identified all P1 B-pyrrole protons, COSY allows identification of pairs such as a and a',
belonging to the same pyrrole unit (Figure 3.11). It is remarkable that protons a and a' are separated by
almost 3 ppm although their chemical environments are very similar. This effect must be due to the
influence of the ring current from a nearby porphyrin unit in the crowded center of the figure-of-eight.
Whilst assignment of P1 protons is straightforward, the B-pyrrole protons of porphyrin units P2 and P3

(resonate at 9.6 and 8.8 ppm) overlap and cannot be distinguished.
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Figure 3.11. Part of the 'H-"H cosy spectrum showing coupling between porphyrin [-pyrrole protons of
porphyrin unit P1 (700 MHz, CDCls, 298 K).

In the aryl region three well separated singlets A, B and C correspond to protons from the same aryl

group, as confirmed by the COSY spectrum shown in Figure 3.12.
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Figure 3.12. Selected region of the 'H-"H cosY spectrum showing coupling between aryl protons A, B and C of
porphyrin unit P1 (700 MHz, CDCls, 298 K).
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Aryl proton C shows a strong NOE with a-pyridyl proton X (Figure 3.13). Consequently aryl
protons A—C must belong to porphyrin unit P1 with proton C pointing towards the template. Aryl
protons C and B show strong NOEs with B-pyrrole protons a' and d' and weak NOE with a and d
(Figure 3.14).
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Figure 3.13. Part of the NOESY spectrum shows correlation between aryl proton C and template proton X
(700 MHz, mixing time = 200 ms, CDCl3, 298 K).

Aryl proton A only has a weak cross peak with a' and d' which probably arises through spin
diffusion processes. Thus A is para to the porphyrin, and a’ and d’ are the B-pyrrole protons adjacent
to the aryl group whilst a and d are adjacent to the acetylenes. The unusual shifts of A, B and C, as
well as B-pyrrole protons a and a', indicate that this is the side of porphyrin unit P1 pointing towards
the center of the figure-of-eight complex. Strongly shifted protons a and a' are probably pointing
towards the center, whereas d and d’ point towards porphyrin unit P2. This is confirmed by the

observation of weak NOEs between d and e which belong to porphyrin unit P2 (Figure 3.16).
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Figure 3.14. Part of the NOESY spectrum showing correlations between aryl and p-pyrrole protons at porphyrin
unit P1 (700 MHz, mixing time = 200 ms, CDCl3, 298 K).

Interestingly, the NOE between aryl proton B (pointing away from template) and a' is stronger than
with d'. At the same time the NOE between C (pointing towards template) and d' is stronger than with
a' (Figures 3.14 and 3.15). These effects indicate a twist of the aryl group, with the top side leaning
towards the center of the eight. The result also indicates a certain rigidity in the center of the molecule,

that holds the aryl groups in a single conformation. Steric restrictions in the crowded center can

JL Mj‘[\‘ ppm
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Figure 3.15. Part of the NOESY spectrum showing correlations between aryl and p-pyrrole protons, revealing the
preferential twist of the aryl group (700 MHz, mixing time = 200 ms, CDCl3, 298 K).
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As expected from COSY, B-pyrrole protons a, d and b' all display strong NOEs with their
neighboring protons a', d' and b, respectively. Additionally, each of these protons has a weaker NOE
with the nearer proton on the adjacent pyrrole and consequently these can be assigned to b, ¢ and c¢'
respectively (Figure 3.16). This completes the assignment of all B-pyrrole protons at porphyrin unit
P1.

There is also a weak NOE between d and e. This means that protons e and e' belong to porphyrin
unit P2. However, the exact position of e and ¢' is unclear since ¢ is buried under many other peaks

making it impossible to exclude that ¢ has a stronger NOE with e than has d.
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Figure 3.16. Part of the NOESY spectrum correlating p-pyrrole protons of different pyrroles. The third, intense
crosspeak for b’ arises from a NOE with the adjacent aryl proton (700 MHz, mixing time = 200 ms, CDCl3, 298 K).

Some of the fert-butyl singlets can be assigned by their NOEs with the pyridyl protons of the
template (Figure 3.17). The two singlets that have stronger NOE with pyridyl protons VII belong to
porphyrin unit P1 and point towards the template (2 and either 10 or 11). The two signals that show
weaker NOEs correspond to the protons pointing away from the template (1 and 12). These signals are
likely to arise from spin diffusion. Additionally, there is a weak NOE between 2 and V; this means

that V must be part of the ‘middle arm’ of the template that coordinates to porphyrin unit P2.
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Figure 3.17. This region of the NOESY spectrum shows correlation of tert-butyl protons with the pyridyl protons of
the template (700 MHz, mixing time = 200 ms, CDCls, 298 K).

NOE:s of tert-butyl singlets 1 and 2 with aryl signals A, B and C allow us to assign them to the aryl
group that points towards the center of c-P12+(T6), (Figure 3.18). Coupling between 1 and A as well

as B confirms that this fert-butyl group points away from the template.
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Figure 3.18. NOESY correlations between tert-butyl singlets and aryl protons (700 MHz, mixing time = 200 ms,
CDCl3, 298 K).

The signals due to the aryl group of porphyrin P1 which points away from the center of the eight

display similar shifts to the aryl protons of porphyrin units P2 and P3. This causes partial overlap of
peaks and makes assignment more difficult. NOESY shows that ferz-butyl 12 (pointing outwards) is
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close to aryl proton E and that proton D is para to the porphyrin because it also couples to tert-butyl

proton 10/11. Due to overlaps, aryl proton F cannot be directly assigned from this part of the spectrum.
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Figure 3.19. NOESY correlations between tert-butyl singlets and aryl protons (700 MHz, mixing time = 200 ms,
CDCl3, 298 K).

Aryl proton F can be assigned unambiguously using NOEs with porphyrin B-pyrrole protons.
Protons b' and ¢' display NOEs with aryl signals E and F, but not D (pointing away from porphyrin
P1). E has a stronger correlation with ¢' than with b' and F has a stronger correlation with b' than with
c¢'. The relative intensities of these cross-peaks show that the top of the aryl group (pointing away from
template) is leaning away from the center of c-P12:(T6),. It is therefore perpendicular to the aryl
group on the opposite side of P1 (Figures 3.20 and 3.15).
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Figure 3.20. NOESY correlations between p-pyrrole protons and aryl protons and cartoon showing twist of aryl
groups of P1 (700 MHz, mixing time = 200 ms, CDCls, 298 K).

63



Further assignments of template protons can be made using both NOESY and COSY data
(Figure 3.21). One can observe NOEs between VII and IV as well as II. These are both phenyl protons
ortho to the phenylene-pyridyl bond, but due to hindered rotation they give different signals. In the
COSY of the same region, a cross peak between IV and III shows that they belong to the same

phenylene unit.
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Figure 3.21. NOESY and COSY cross peaks between template protons (700 MHz, mixing time = 200 ms, CDCls,

298 K). The intense diagonal cross peak in the COSY at 5.32 ppm is due to residual CH>Cl,. This peak is absent
in the diffusion-edited 1D projection.

NOESY data give good structural evidence for the structure of the figure-of-eight using correlations
between different porphyrin units in the center of the molecule. As shown above, there are strong
NOEs between B-pyrrole protons of porphyrin unit P1 and the adjacent aryl and tert-butyl protons
(Figures 3.14 and 3.20). This effect is expected because of the close proximity of these protons (3—4
A). There are also strong NOEs between fert-butyl protons 1 and 2 and the B-pyrrole protons b and b',
respectively, on the opposite side of P1 (Figure 3.22a). The distance between these groups within the
same porphyrin is 8-9 A, which should not result in detectable NOEs. Thus, the interaction must be
between two different but symmetry related porphyrin units. This can be rationalized using the
molecular model in Figure 3.22b. In the model, the through-space distance between protons 1 and 2 of
one P1 (grey, back) and B-pyrrole protons b and b' of a different P1 (black, front) are 2-3 A. Along
with symmetry arguments, these NOEs between proximate porphyrins in the center of the figure-of-
eight unambiguously confirm its structure. If the crossing angle (between grey and black porphyrins)
in the center of the figure-of-eight were 90°, the distance of both fert-butyl groups 1 and 2 to B-pyrrole
protons b and thus their NOEs would be identical. However, in the calculated structure the distance
from b' to 1 is slightly smaller than to 2, which is reflected in a stronger NOE. Similar behavior is

observed between protons 1 and 2 with the more remote fB-pyrrole proton c': A weak NOE can be
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observed between 1 and c¢' (distance 5.9 A) but no NOE between 2 and c' (distance 8.3 A). These
differences in the intensities of the NOEs suggest that the crossing angle must be larger than 90°,

which is in agreement with the model (116°).
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Figure 3.22. Interporphyrin NOEs between p-pyrrole and tert-butyl protons and model of center of c-P12.(T6);
(700 MHz, mixing time = 200 ms, CDCl3, 298 K).

Removal of the templates from the figure-of-eight complex results in a dramatic simplification of
the '"H NMR spectrum (Figure 3.23). Due to the D;,, symmetry of c-P12 the spectrum consists of only
two B-pyrrole doublets (a, b), two aryl signals (A, B) and one tert-butyl singlet (1). The simplicity of
the spectrum is excellent evidence for formation of a single highly symmetric cyclic species.
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Figure 3.23. Diffusion-edited "H NMR spectrum of c-P12 with zoom on f-pyrrole region acquired by Dr. Barbara
Odell (600 MHz, CDCI3/1% ds-pyridine, 298 K; * indicates a silicon grease impurity).

Titration of template T6 to linear tetramer |-P4cg in the ratio 2:3 should result in formation of the

Vernier complex (I-dP4¢g):(T6),, but the peaks in the '"H NMR spectrum are broad and no useful
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structural information can be directly extracted. Diffusion-ordered NMR spectroscopy (DOSY) is a
frequently used tool to determine volumes and masses of supramolecular complexes by comparing
measured diffusion coefficients with those of known compounds.” The 2D DOSY spectrum of a 3:2
mixture of |-dP4cg and T6 shows similar diffusion coefficients for porphyrin and template signals
thereby confirming the formation of one complex (Figure 3.24a). The similarity of the diffusion
coefficients of this complex (D = 1.92 + 0.14 x 10" m? s™') and the figure of eight c-P12¢4*(T6),
(D=1.91 £ 0.07 x 10" m* s™") suggest similar volumes for both species and thus formation of the

Vernier complex (I-dP4¢g);+(T6),.
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Figure 3.24. DOSY spectra of (a) the Vernier complex (1-dP4cs)s-(T6). and (b) the figure-of-eight complex
(c-P12¢g):(T6)2 acquired by Dr. Barbara Odell using the double stimulated echo sequence (DSTE)[ with a total
diffusion time A = 100 ms and gradient pulse duration 5= 4 ms (500 MHz, CDCIs, 298 K). 2D plots were created
using the program DOSY toolbox. Diffusion coefficients were obtained from fitting porphyrin beta and aryl alkoxy
signals. The regions with gaps in the 1D projections were not used for the creation of the DOSY plots because
they are dominated by peaks due to fast diffusing solvent molecules.

3.3.3 Small Angle X-ray Scattering in Solution

SAXS analysis was carried out in order to obtain more detailed structural information on the figure-of-
eight, the free [12]porphyrin nanoring and the Vernier complex. Linearity of the scattering data in the
Guinier region, for all three samples confirmed the monodispersity required to perform further
analysis (Figure 3.25). The radii of gyration R, for the three structures, determined using the program

GNOM, ™ are in good agreement with the values calculated from molecular models (Table 3.1).

Table 3.1. Comparison of experimentally determined and calculated radii of gyration R.

Compound Rq (exp) in A Rg (calc) in A

Figure-of-eight

(c-P12)-(T6), 204 10
Cyclic dodecamer

c-P12 237 w48

Vernier complex 19.0 18.4

(1-P4cg)3+(T6)2
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The folded figure-of-eight structure with the two sub-cycles almost in plane is the lowest energy
geometry for c-P12:(T6), as calculated by the MM+ force field and also the semi-empirical PM3
method. Structures with a greater angle between the two sub-cycles with the extreme case of complete
unfolding are all higher in energy. This prediction is confirmed by the good agreement of the
experimental scattering data with the simulated curve based on the lowest energy model (Figure
3.25a). Similar good agreement is achieved between the calculated and experimental pair distribution
function (PDF). The longest calculated zinc-zinc distance in the figure-of-eight structure is 53 A and
the width across one sub-cycle is 24 A; well-resolved peaks that match these distances can be found in

the PDF.
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Figure 3.25. SAXS analysis of (a) figure-of-eight (c-P12)-(T6), in toluene, (b) cyclic dodecamer c-P12 in
toluene/1% pyridine and (c) Vernier complex (1-P4csg)s(T6)2 in toluene acquired at 298 K at Diamond Light
Source, UK. The top row shows the raw scattering data (black circles) together with the simulated curves based
on calculated models (lines). The insets are Guinier fits to the experimental scattering data based on the radii of
gyration Ry determined by the program GNOM. The middle row contains the molecular models that were used to
simulate SAXS data except in the case of c-P12.where an ensemble of structures was used. EneAr/rqy minimized
structures were obtained using the MM+ force field implemented in the package HyperChemT . The longer
distances are the calculated Zn-Zn distances between the most distant porphyrins, and the shorter distances in
figure-of-eight and Vernier complex are between two opposite porphyrins in the sub-cycles. The bottom row
shows pair-distribution functions determined experimentally (black circles) and from models (lines).
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Simulation of a scattering curve and PDF from the perfectly round lowest energy structure of the
cyclic dodecamer c-P12 results in poor agreement with the data due to the great flexibility of the
nanoring. Molecular dynamics simulations can reproduce the distribution of conformations in solution
and it has been shown that this can significantly improve the accuracy of fits to experimental SAXS
data."! In a simpler approach six different conformations of c-P12 were calculated using the MM+
force field by restricting the distance between two opposite porphyrins to increasingly small values
(Zn—Zn distances from 47-37 A). The average of the scattering curves simulated from these six
models is in excellent agreement with the experimental scattering data; good agreement is also
observed between simulated and experimental PDFs (Figure 3.25b). The fact that the experimental
data could only be reproduced by an ensemble of distorted structures demonstrates the greater
flexibility of the [12]porphyrin nanoring c-P12 compared to the shape-persistent [6]porphyrin
nanoring c-P6.

In addition to the DOSY NMR data presented above, the formation of a Vernier complex between
linear tetramer |-P4¢cg and hexadentate template T6 is unambiguously confirmed by the SAXS data.
Both the simulated scattering curve and the PDF based on the model shown in Figure 3.25¢ are in
excellent agreement with the experimental data which, as expected, is very similar to the curves of the

figure-of-eight complex.

3.3.4 Scanning Tunneling Microscopy

The [12]porphyrin nanoring c-P12¢g was analyzed using scanning tunneling microscopy (STM) by Dr.
Alex Saywell, Matthew Blunt, Dr. James O’Shea and Prof. Peter Beton (University of Nottingham,
UK). Since sublimation of such large molecules on the surface is difficult, the molecules were
deposited by electrospray!''! on a Au(111) surface in ultra-high vacuum to achieve sub-monolayer
coverage. In an initial experiment a sample of c-P12¢g synthesized from porphyrin monomer |-dP1cg
was studied. A great number of nanometer-sized rings attached to gold step-edges (vertical lines) can
be seen in the large area STM image shown in Figure 3.26a. Individual porphyrin units in the rings can
be clearly identified allowing the determination of the number of porphyrin units in each ring. As
expected, most of the rings are cyclic dodecamer c-P12¢g (~95%), but a small number of larger rings
comprising 18 porphyrin units (C-P18¢g) can be identified as well (~5%). The presence of these rings
is in agreement with the prediction that besides the isolated c-P6¢cg'T6 and c-P12¢5°(T6), even larger
rings are formed from monomer and dimer with a number of porphyrin units being a multiple of six. A
sample of c-P12¢g made from |-dP4cg was analyzed in a second experiment and almost exclusively
12-ring was identified (Figure 3.26b,c). This increased purity highlights the advantage of Vernier
templating compared to the synthesis from monomer I-dPlcg or dimer |-dP2cg. However, the
formation of a small fraction of the larger [16]porphyrin ring c-P16¢s shows that a possibility of

mismatches in Vernier templating remains (Figure 3.26¢).
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Figure 3.26. STM imaging of c-P12cs on a Au(111) surface. (a) Large area image of c-P12cg synthesized from
monomer |-dP1cg and containing some molecules c-P18cg (scale bar, 20 nm); (b) four molecules of c-P12cs
synthesized from |-dP4cg at a gold step-edge (scale bar, 10 nm); (c) nanorings synthesized from |-dP4cg with one
molecule c-P16¢cg at a gold step-edge (scale bar, 10 nm). All images were acquired by Dr. Alex Saywell and
Matthew Blunt under ultra-high vacuum with a base pressure of 5 x 1 0" Torr, a sample voltage of -1.80 V and
tunneling current of 0.03 nA.

3.4 Thermodynamics of Template Binding

The transition from the flexible free nanoring c-P12 to the compact figure-of-eight complex upon
addition of template T6 results in a decrease in the radius of gyration (Table 3.1) and an increase in the
diffusion coefficient (Figures 3.24 and 4.4) and is thus best described as a folding event. In a
simplified picture this process can be defined by two equilibria leading to formation of the figure-of-
eight c-P12+(T6), via the complex c-P12-T6 (Figure 3.27). The equilibrium constants of the two events
are linked by the interaction parameter « that quantifies the allosteric or intermolecular cooperativity

between the binding of the two templates; if & = 1 then binding of the two T6 molecules is statistical,
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if @ >> 1 there is strong positive cooperativity between the two binding events and the intermediate

complex c-P12-T6 is not significantly populated.

{:} —— G0
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Figure 3.27. Simplified equilibria for the formation of the figure-of-eight complex (c-P12)-(T6), from c-P12.

When looking into the binding process in more detail it becomes clear that besides allosteric
cooperativity between the two template molecules, one must also consider the chelate or
intramolecular cooperativity between the six arms of one template. This type of cooperativity is
expressed in terms of the effective molarity EM. Figure 3.28 shows the equilibria involved in the
stepwise binding one molecule of template to c-P12 and each of the n steps has its own effective
molarity EM,_;. A similar series of effective molarities governs the binding of the second template
molecule. If the effective molarities are high, the intermediate species will not be significantly
populated and it would be difficult to isolate the individual effective molarities. In this case the chelate

cooperativity in the complex can only be quantified by the average effective molarity EM.!">"!

—————————————————————————————————
|

X ]

Figure 3.28. Equilibria involved in the binding of template T6 to form the complex c-P12-T6 from c-P12. Similar
equilibria govern the binding of the second molecule T6. For simplicity statistical factors are not shown.

The (statistically uncorrected) average effective molarity in c-P6:T6 is extremely high
(EM = 340 M)!'*! and although significantly more strain is induced when binding T6 to c-P12, one can
still expect large EMs for this process. In terms of the allosteric cooperativity between the two

template molecules one would expect that the energetic cost of nanoring folding is already mostly paid
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after the first template is bound. Binding of the second template should be favored because of the pre-
organization of the binding pocket giving an interaction parameter « greater than 1. This picture of a
process with high chelate as well as allosteric cooperativity was confirmed by a '"H NMR titration of
T6 into c-P12 where a clear transition occurs from the spectrum of c-P12 to that of the figure-of-eight
c-P12+(T6), without any detectable intermediate species. Figure 3.29 shows the alkyl region of the
spectra that is dominated by the tert-butyl singlet at oy = 1.56 ppm in c-P12. This signal converts
cleanly to the various tert-butyl signals typical for the spectrum of the figure-of-eight c-P12:(T6),.

+0.8eqT6

+1.6eqT6

c-P12:(T6),

T T T T T T T

1.70 1.60 1.50 1.40
o,/ ppm

Figure 3.29. '"H NMR titration of c-P12 ([c-P12] = 3.6 x 10 mol L) with T6 in CDCl3 /3% MeOD at 298 K.
Concentration of T6 increases from top to bottom. All spectra are superpositions of the pure spectra of c-P12 and
(c-P12)-(T6)2 and no formation of intermediate species is observed.

The clean all-or-nothing equilibrium between c-P12 and the figure-of-eight is also observed at
sub-micromolar concentrations by UV/vis/NIR titration (Figure 3.30). The presence of several
isosbestic points indicates the presence of only two species, the free nanoring and the figure-of-eight
complex. The binding isotherm is very square and reaches saturation after addition of two equivalents
of T6, corresponding to the stoichiometry of c-P12:(T6),. In order to quantify the cooperativity it is
necessary to first determine the formation constant of the figure-of-eight complex Ky However, the
squareness of the binding isotherm indicates extremely strong binding preventing the direct

determination of Ky by means of a formation titration.
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Figure 3.30. UV/Vis/NIR titration of c-P12 ([c-P12] = 4.4 x 10" mol L") with T6 in CHCI3 at 298 K. (a) Changes in
absorption upon addition of T6, (b) fraction of formed figure-of-eight derived from the difference in absog)tion AA
at (882 — 812) nm plotted against the ratio T6/c-P12. A small amount of pyridine ([pyridine] = 6.2 x 107" mol L)
was added at the beginning of the titration in order to disaggregate c-P12.

Large equilibrium constants can be determined indirectly by using thermodynamic cycles and

1213141 Addition of an excess of the competing

displacement or break-up experiments (Figure 3.31).!

ligand pyridine to the figure-of-eight complex will result in displacement of the template molecules

and formation of the pyridyl complex c-P12+(pyridine);;. According to the thermodynamic cycle in

Figure 3.31, the equilibrium constant for this break-up process Ky and the binding constant of pyridine

to c-P12 K,,, can be used to calculate Ky using Equation (3.1).
Kb

3.

The binding constant of pyridine with ¢c-P12 is difficult to measure due to the insolubility of c-P12
in the absence of pyridine. The association constant of pyridine with porphyrin monomer I-P1 is
expected to be very similar to that with c-P12 and is therefore used as K

(Kpy = (1.0£0.1) x 10* M ").[>1]

+12A
c-P12

N

c-P12:(T6),

Figure 3.31. Thermodynamic cycle used to determine the formation constant of the figure-of-eight Kr from the
binding constant of pyridine to porphyrin monomer K, and the measured break-up constant Kp.



A large excess of pyridine (~ 500,000 equivalents) is necessary to completely displace the templates
from the figure-of-eight complex at the concentration of a UV/vis/NIR titration (Figure 3.32). The
presence of several isosbestic points confirms the expected two-state equilibrium and the sigmoidal
binding curve indicates high cooperativity. The equilibrium constant (K, = (7.9 £ 0.8) x 10™* M) was
determined by fitting the binding isotherm at 883 nm using the program SPECFIT and the resulting
formation constant of the figure-of-eight complex Ky is 1.8 x 10°' M. The uncertainty in this number

is very high because of the error propagation in prlz and the value is thus given as logKy=51.3 + 0.6.
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Figure 3.32.UV/is/NIR titration of figure-of-eight ([(c-P12)-(T6),] = 5.2 % 107 mol L") with pyridine in CHCI; at
298 K. (a) Changes in absorption upon titration with pyridine (for clarity only half of the spectra acquired are
shown here); (b) Binding isotherm (black circles) derived from absorption data at 883 nm and fit obtained from
SPECFIT (red line) giving the break-up constant Ky = (7.9 + 0.20) x 107 M.

As shown in Figure 3.27, the formation constant of the figure-of-eight complex Kr can be expressed
by the binding constant of one template Kr and the interaction parameter « accounting for the
allosteric cooperativity.

K, =ak; 3.2)

Kt depends on the binding constant of one arm of the template K; and the average effective molarity
EM that quantifies the chelate cooperativity.

K. =EM’K/ 3.3)

From Equations (3.2) and (3.3), the combined allosteric and chelate cooperativity in the formation of

the figure-of-eight complex is given by Equation (3.4).

Yo EM = ld [[;g ~ EM (3.4)
1

Since the interaction parameter « contributes only in the 10" root to this overall cooperativity, its

effect on the value is negligible and the result will be a good approximation of the average effective
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molarity EM." The binding constant of one arm of the template to c-P12 K can be approximated from
the binding constant of 4-(phenyl)pyridine to porphyrin monomer I-P1.!")  With
Ky =(1.9+0.2) x 10* M, the (statistically uncorrected) average effective molarity of figure-of-eight
formation is (1.0 + 0.2) M. It is remarkable that this high effective molarity is comparable to the value
of the cyclic octamer—octadentate template complex c-P8-T8 (EM = 5.4 M) given that the figure-of-
eight is a three component assembly and it is probably significantly more strained. One can only
speculate about the contributions of the individual effective molarities to the average effective
molarity. Presumably the first five EMs are relatively low because in these processes the majority of
the strain is induced. The next five EMs corresponding to the binding of the second template are
probably significantly higher and similar to the values measured for ligand binding in c-P6.!"> In this
sense the information on the allosteric cooperativity between the two templates will be contained in

the higher effective molarities of the second template.

3.5 Conclusions and Outlook

Vernier templating appears to be a promising methodology for the synthesis of large porphyrin
macrocycles. Porphyrin oligomers up to octamer |-P8 are readily available as are hexadentate and
octadentate template giving numerous possible combinations of oligomers and templates. The largest
rings that should be accessible by Vernier templating from these known or closely related building
blocks are c-P40 (from I-P5 and T8) and c-P56 (from I-P7 and T8). Evidence from DOSY and SAXS
experiments suggests the formation of a Vernier complex between porphyrin tetramer and hexadentate
template. With increasing size such Vernier complexes should become less stable because of the larger
number of components. In consequence the reaction mechanism may be dominated by initial coupling
of oligomers that are either unbound or in complexes different from Vernier complexes. Cyclization
will still occur at the specific Vernier length, but the probability of mismatches, resulting in by-
products such as the 16-ring described above, is expected to increase.

Several experiments demonstrated the increased flexibility of c-P12 compared to the smaller cyclic
hexamer c-P6: the agreement of experimental SAXS data to an ensemble of distorted structures, the
ability of c-P12 to planarize on a Au(111) surface which was unsuccessfully attempted with c-P6 and
also the folding of c-P12 into a figure-of-eight complex. This flexibility is promising towards the
formation of novel complexes by applying the rich Zn-N coordination chemistry (see for example
Chapter 4) and it will be interesting to study the effect of the induced conformational changes on the

linear and non-linear optical properties as well as excited state delocalization.

" Even an exceedingly large assumed interaction parameter such as & = 100 would reduce EM by significantly
less than an order of magnitude (~60%).
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The results of STM imaging of c-P12 indicate the potential of this technique to provide both,
structural characterization and a thorough check for purity with single molecule resolution that is
much more sensitive than standard bulk characterization methods such as NMR or GPC.

Binding titrations demonstrate an interesting interplay of chelate and allosteric cooperativity that is
not resolvable within the current system and would merit an in-depth study similar to the work on
¢-P6:T6.!"! 1t is curious that the titrations lead to the conclusion that the intermediate complex
c-P12-T6 is not formed in solution, but at the same time this complex results in the most intense peak
in the MALDI-MS spectrum. Besides the fact that MALDI is not a quantitative technique, this
behavior may be explained by different mechanisms of template removal. The displacement by excess
pyridine, that saturates all binding sites in solution, leads to formation of the thermodynamic product.
The knock-out of the template by collisions in the gas-phase or due to laser irradiation is expected to
occur under kinetic control because the probability of subsequent collisions with free template,

required for re-insertion, is very low and thus thermodynamic equilibration is prevented.
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Chapter 4

Cooperative Self-Assembly of a Porphyrin Sandwich

In this chapter double strand formation using the abundant ligand DABCO is developed as an efficient
strategy to planarize and rigidify a [12]porphyrin nanoring. Evidence for formation of a double
strand complex comes from 'H NMR spectroscopy and in particular NOESY and DOSY. The self-
assembly behavior is investigated in detail by UV/Nis/NIR titrations, demonstrating the high
cooperativity in the formation of the complex. The efficiency of double strand formation as a method
to lock the conformation of the nanorings is demostrated by red-shifts and sharpening of the NIR
absorption and fluorescence bands.

Parts of the results in this chapter have been published in the following article:

All-or-Nothing Cooperative Self-Assembly of an Annulene Sandwich
J. K. Sprafke, B. Odell, T. D. W. Claridge, H. L. Anderson
Angew. Chem. Int. Ed. 2011, 50, 5572-5575.

“Alles-oder-Nichts ’-Kooperativitdt bei der Selbstorganisation eines Annulen-Sandwichs
J. K. Sprafke, B. Odell, T. D. W. Claridge, H. L. Anderson
Angew. Chem. 2011, 123, 5687—-5690.
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4.1 Background

As shown in the previous chapters, large m-conjugated macrocycles possess an intriguing electronic
structure due to their high symmetry, bent n-systems and the lack of end-group effects. Some of these

features lead to extraordinary linear and nonlinear optical properties!'~

as well as unusual host-guest
chemistry based on interactions between curved m-surfaces.”! With increasing ring-size, these unique
properties disappear because the rings become so flexible that they adopt polymer-like random coil
conformations.*! This trend was demonstrated in the previous chapters with the transition from the
shape-persistent [6]porphyrin nanoring c-P6 to the more flexible [12]porphyrin nanoring c-P12.
Structural rigidification of such large macrocycles by coordination to radial templates becomes
challenging due to the inaccessibility of large and rigid templates. Linear conjugated porphyrin
oligomers bind bidentate ligands, such as 1,4-diazabicyclo[2.2.2]octane (DABCO) and 4,4’-bipyridine
(bipy), to form rigid, self-supported double strands (Figure 4.1a).1%"! Planarization of the m-systems in
these ladder complexes enhances their two-photon absorption and charge carrier mobilities.® The
STM images shown in Chapter 3 (Figure 3.26) indicate that the porphyrin nanoring c-P12¢g lies flat
on a Au(l11) surface, with the porphyrin macrocycles parallel to the substrate. This is the

conformation required to assemble a double-strand sandwich, implying that the formation of a rigid

e

radial p-orbitals

[12]porphyrin ring sandwich may be possible (Figure 4.1b).

axial p-orbitals

Figure 4.1. (a) Structure of a double strand complex between linear porphyrin oligomers or polymers and
DABCO; (b) calculated structure of the sandwich complex (MM+ force field, HyperChemTM; aryl side groups and
hydrogen atoms are omitted for clarity but were present during the calculation); (c) cartoons indicating the
orientation of p-orbitals in conjugated macrocycles.

The two simplest geometries providing complete m-overlap in a conjugated macrocycle are those in
which the p-orbitals are either radial (as in carbon nanotubes) or axial (as in classical aromatic

1% In principle, the formation of a double-strand complex offers a unique

molecules) (Figure 4.1c).!
opportunity to switch between these two geometries, without altering the covalent structure, thus

potentially giving new insights into w-conjugation.
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4.2 Complex Formation and Structure

The formation of a double-strand sandwich was attempted using all possible combinations between the
two nanorings C-P12 and c-P12¢g as well as the bidentate ligands DABCO and 4,4-bipyridine.
Monitoring the formation by "H NMR showed that no sandwich complex was formed when either
c-P12 or bipy were involved. Bipy binds more weakly to zinc-porphyrins than DABCO, and the
binding energy may not compensate for the strain induced by planarization of the nanoring. Steric
hindrance could prevent complex formation using c-P12 because the bulky and rigid ters-butyl aryl

side groups of two opposite porphyrin units would be in close spatial proximity.

(c-P12,,):(DABCO),,

Scheme 4.1. Formation of the sandwich complex by addition of DABCO to c-P12¢s.

When following complex formation between c-P12¢s and DABCO by '"H NMR soectroscopy, the
appearance of a new species of lower symmetry which is in slow exchange with c-P12¢g is observed
(Figure 4.2). The most obvious sign of complex formation is the resonance at oy = -4.1 ppm due to

(611 When a 12:2 stoichiometry is reached, the

DABCO molecules bound between two porphyrins.
transformation is complete and further addition of DABCO only results in the growth of a broad peak
due to free DABCO at &y = 2.7 ppm which is in slow exchange with the peak at -4.1 ppm. Formation
of (c-P12¢3)*(DABCO),, holds the edges of the porphyrins in different environments. The top and
bottom face of the porphyrins become inequivalent, as do the inside and outside (pointing towards and
away from the center of the nanoring). This results in the observation of four signals for aryl alkoxy

protons H., whereas only one signal is observed in the conformationally flexible unbound nanoring

c-P12¢s. Additionally, the number of B-pyrrole signals doubles from two to four.
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Figure 4.2. "H NMR titration of DABCO into c-P12cs (CDCls, 298 K, 500 MHz) and assignment of peaks; (a) 0
equivalents DABCO; (b) 3 equivalents DABCO; (c) 6 equivalents DABCO; signals labeled as py are due to the
presence of 12 equivalents of pyridine initially bound to c-P12¢g that are displaced by DABCO in the course of the
titration. The asterisks mark the solvent signal (CHCI3).

The 'H NMR spectrum of (c-P12¢s),*(DABCO),, was fully assigned using NOESY NMR (Figure
4.3). NOEs between porphyrin B-protons H,s and aryl (H.) as well as alkoxy (H,) resonances allow the
division of the signals into two groups: Signals stemming from protons pointing to the inside and those
on the outside of the nanoring (Figure 4.3 b). Protons on the top (close to DABCO) and bottom face of
the porphyrin can be distinguished by the NOEs between the DABCO protons Hy and porphyrin aryl
(He) and alkoxy (H.) protons shown in Figure 4.3c. The complete assignment of the overlapping aryl
protons H. is based on their correlations with alkoxy protons H.. Due to the symmetry of the sandwich
complex it is not possible to directly differentiate between the inside and the outside of the nanorings.
For the sake of clarity, the assignment in Figure 4.3a is under the assumption that the protons nearer
the center of the nanoring (a;, by, c1, €12, €11, €12) are more de-shielded than those on the outside (a,,

ba, €21, €22, €21, €22), due to their closer proximity to the neighboring porphyrin units.
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Figure 4.3. 'H NOESY spectrum of (c-P12cg)>-(DABCO)12 (CDCls, 298 K, 700 MHz, mixing time = 200 ms),
measured by Dr. Barbara Odell; (a) chemical structure of 1/12 of (c-P12¢sg),(DABCQ) 2 with assigned protons; (b)
correlations between porphyrin p-pyrrole resonances Hyp and aryl (Hs) as well as alkoxy (Hc) resonances; (c)
correlations between DABCO resonance Hy and porphyrin p-pyrrole Hap, aryl (He) and alkoxy (Hc) resonances;
(d) correlations between aryl (He) and alkoxy (H.) resonances.

To confirm formation of a discrete double-strand complex, rather than a mixture of oligomeric
assemblies, the diffusion coefficient (D) was measured by diffusion-ordered NMR spectroscopy
(DOSY). Molecular weights of unknown assemblies can be estimated from their diffusion coefficients
using a calibration curve created from a series of structurally similar compounds.'">"! Such a
calibration was established using diffusion coefficients of the linear analogues of c-P12¢g (monomer
I-P1cg, dimer |-P2cs, tetramer |-P4¢cg and octamer |-P8¢g) measured previously by Dr. Craig Wilson

and Dr. Tim Claridge (Oxford, NMR).!"Y The diffusion coefficient determined for c-P12 fits well on

80

8,/ ppm



this curve, confirming the validity of the calibration (Figure 4.4a). The measured diffusion coefficient
of (c-P12),:(DABCO);, of (1.39 £ 0.04) x 10" m* s™' corresponds to an apparent molecular weight of
16.2 kDa, which is significantly less than the expected value of 27.4 kDa. The low apparent molecular
weight of the sandwich complex reflects its compactness (Figure 4.4b) which is expressed in only a
small increase of the calculated molecular volume (¥ = 36,900 A*) compared to the free nanoring.

(V'=33,100 A®, both values calculated using HyperChem™). This result implies that large polymeric

assemblies are not formed.
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Figure 4.4. (a) Diffusion coefficients (D) of the pyridine complexes of linear oligomers (I-P1lcs—|-P8cg) and c-P12¢s
(circles), plotted against their molecular weights (MW). An exponential decay fitted to data from linear oligomers
(red line, D = 203 x 1077 MW”’) was used to estimate the molecular weight of (c-P12¢sg),-(DABCO), (dotted
arrow) from its diffusion coefficient (horizontal black arrow). The vertical black arrow marks the calculated MW.
Error bars are not shown for |-P1lcs, |-P2cg and |-P4cs because they are smaller than the corresponding data
points. (b) Side views of MM+ minimized molecular models of c-P12¢s (top) and (c-P12¢sg)2-(DABCOQO)+, (bottom)
demonstrating the compactness of the sandwich complex. All DOSY spectra were acquired by Dr. Tim Claridge
and Dr. Barbara Odell using the double stimulated echo sequence (DSTE) with a total diffusion time A = 150 ms
and gradient pulse duration § = 4 ms (500 MHz, CDCls, 298 K).

4.3 Thermodynamics of Complex Formation

UV/vis/NIR titrations provided more insight into the self-assembly process. Titration of c-P12¢g with
DABCO gave an abrupt end-point at 6 equivalents DABCO, confirming the 12:2 stoichiometry.
However, the binding curve is too square to provide a measure of the formation constant Ky (Figure
4.5a,b). A large excess of DABCO (about 10* equivalents) resulted in a second spectroscopic change,

corresponding to disassembly of the sandwich complex (Figure 4.5¢,d).
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Figure 4.5. UVNis/NIR titration of DABCO into c-P12cg (c = 0.39 umol L'1) (CHClI3, 298 K). (a) First phase of the
titration (complex formation); arrows indicate the spectral change with increasing DABCO concentration; (b)
degree of complex formation from absorption data at 850 nm; (c) second phase of the titration (denaturation of
complex); arrows indicate the spectral change with increasing DABCO concentration; (d) extent of denaturation of
(c-P12¢g)2(DABCO)+2 (6) derived from absorption data at 850 nm (black circles) fitted to the calculated curves for
N = 8 (blue line), 10 (green line), 12 (red line), 14 (gray line) and 16 (purple line) binding sites. The inset shows
the Hill plot with fits for the same values of N.
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The assembly and the disassembly processes can be understood by considering a general
thermodynamic cycle (Figure 4.6).""*! Both phases of the titration have several isosbestic points,
indicating that the processes behave as two-state equilibria and that the only four species that build up
to significant concentrations are A (the receptor, c-P12¢g), B (the ligand, DABCO), A,By (the
sandwich complex) and ABy (the ligand-saturated receptor).
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Figure 4.6. Generic thermodynamic cycle for the formation of a double-strand complex; in the case studied here,
N is the number of binding sites, A is a porphyrin oligomer and B is DABCO.

O
G
)

Kn

82



The thermodynamic cycle allows the determination of the formation constant of the complex K
from the break-up constant K, and the binding constant of DABCO to c-P12¢g Ky according to
Equation (4.1):

K, ==X (4.1)

Ky can be estimated from the binding constant of DABCO to porphyrin monomer |-Plcg (K; defined
by Equation (4.2)).” The assumption that DABCO binds with the same strength to each porphyrin in
C-P12¢g and that the twelve binding sites in c-P12 act independently, leads to Equations (4.3) and
(4.4). The assumption is based on the finding that in linear ladder complexes the interaction parameter
a for these processes is 1 (see Section 1.4 and ref. 7).

« _ =P, -DABCO]

' [I-P1,][DABCO] (42)
K, =K" (4.3)
K, = 1;24 (4.4)

b
K, in CHCl; at 298 K was determined previously!'™ to be K; = (2.0 + 0.2) x10° M and K, can be
determined from the disassembly phase of the titration by fitting to the binding isotherm derived
below. The large excess (35,000 equivalents) of DABCO allows the approximation of the free
DABCO concentration to the total DABCO concentration:
[B]=[B], (4.5)
The binding isotherm, Equation (4.11), is derived as follows, with [A], as the total concentration of A.
[A], =[AB, ]+ 2[A,B,] (4.6)
Substituting Equations (4.5) and (4.6) in the break-up equilibrium (Figure 4.6) gives:
K,[A,B,1[B]y —([A], —2[A,B,])* =0 4.7

Solving this quadratic equation for [A,By] gives Equation (4.8).

[Al, | K.[BI) %K, [BI;" +8K, [B}[A],
2 4

[A,B,]= 4.8)

The degree of denaturation &is the ratio between the concentration of the ligand saturated receptor and
the total receptor concentration:

0= [ABN] — [A]o — 2[A2BN]

4.9
[Al, [Al 49
Combining Equations (4.9) and (4.8) gives:
o~ KBl £ KI[BL" + 8K, [BI}[A], @10)

Al

Since @ must be positive, the correct solution is Equation (4.11):
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— K,[B) +KZ[B" +8K,[BL[A],

0= AL (4.11)

From this binding isotherm it is clear that a plot of the extent of denaturation (6) against [B]
(Figure 4.5d) provides information on the number of binding sites N and the break-up constant K. In
Figure 4.5d, the experimental data are fitted to the calculated curves for N = 8, 10, 12, 14, 16 and the
best fit is obtained for N = 12. The denaturation of the sandwich complex into the DABCO saturated
free nanoring c-P12¢g displays allosteric cooperativity between the DABCO molecules that can be
quantified by the Hill coefficient ny.["> The Hill plot (insert in Figure 4.5d) shows that the Hill
coefficient increases with N and that the observed value (ng = 9.5) matches that predicted for N = 12.
Although this is the expected result, the quality of the fits is amazingly good, indicating that this is a
remarkably clean all-or-nothing two-state process, probably due to the lack of end-group effects; a
linear duplex is expected to fray more easily than a cyclic one.

The break-up constant Ky = (4.6 + 0.2) x 10*° M"" was obtained from the fit for N =12. According to
Equation (4.4), this implies a formation constant of Ky = 5.9 x 10"*° M. However the value has a high
uncertainty (due mainly to the factor K,**) and so it is more convenient to express it as
logKs=131+ 1. The value for K; has the unit M3 which makes it difficult to compare to other
complexes, such as the linear ladders, consisting of fewer components. The concentration at which
50% of a complex is dissociated by dilution (cs) is a measure of complex stability that is independent
of the number of components in a complex and can be calculated according to Equation (4.12):"]
B 1

w ”\)/ 4x N" x K,

(4.12)

CSO

For N = 12 and logK; = 131 + 1 the value c¢so = (7.9 £ 0.4) % 102 M is obtained. In previous

. [7.16
studies!”

! on the analogous linear ladder complexes (Figure 4.1a) it was found that ladder stability
increases with oligomer length. This trend is reflected in the decreasing csy values (Figure 4.7a).
Interestingly, the csy value of the octamer ladder, which was the longest ladder under investigation, is
nearly identical to the value of the nanoring sandwich. This result indicates a lower stability of the
cyclic double strand complex which may be explained with the induced strain when forcing the

porphyrin units in plane.
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Figure 4.7. Comparison of sandwich stability with linear porphyrin ladders. (a) Plot of cso values of linear ladders
(black squares) and the sandwich complex (black circle). The red line is a linear fit to the data of linear oligomers
and acts as a guide to the eye. (b) Gibbs free energies of formation AG: of linear porphyrin ladders (black circles)
and the sandwich complex (black cross). The red line is a linear fit to the data from linear oligomers.

The lower stability of the cyclic double strand complex compared to a linear analogue can be
quantified by comparing their Gibbs free energy of ladder formation AG¢:
AG; =—RTInK, (4.13)
The Gibbs free energy of ladder formation in the porphyrin oligomer series I-PN'"' and I-PN¢g!'®
both show perfectly linear correlations, implying that addition of each rung adds the same amount of
free energy (Figure 4.7b). This linearity allows extrapolation of the Gibbs free energy for the
formation of the DABCO ladder of I-P12¢g (AGy = -780 kJ mol'l). Comparison with the value
calculated for the sandwich complex (c-P12),(DABCO);; from its formation constant Kj
(AGy=-745 kI mol") shows a significant reduction in the Gibbs free energy of formation

(AAG¢= 35 kJ mol™), that is probably mostly due to strain induced by planarization of the nanoring.

4.4 Optical Properties

Molecular mechanics calculations confirm that the sandwich complex (C-P12¢g),*(DABCO);;, adopts a
conformation in which all 12 porphyrins of each ring are locked in a co-planar geometry, with axially
aligned p-orbitals (Figure 4.1b). Planarization of c-P12¢g results in dramatic changes in the absorption
and emission spectra (Figure 4.8). Whilst the spectra of the free-nanoring c-P12¢g are similar to those
of the linear polymer (I-Pncg, n = 30-50), there is a significant red-shift of the Q absorption band in
(c-P12¢3)2*(DABCO),;, due to increased conjugation (AE = 78 meV). The rigid symmetric geometry of
the complex, compared to the single-strand ring, is reflected by its sharper Q band (FWHM = 46 meV
and 195 meV respectively), smaller Stokes shift (21 meV and 95 meV respectively) and decreased
fluorescence quantum yield (@; = 2.7% and @; = 4.8% respectively). The emission maxima of the

sandwich complex and the free nanoring c-P12¢g are very similar (AE =4 meV), as observed for linear
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hexamer I-P6cs and its bipy ladder complex (AE = 17 meV, Figure 2.4)." As outlined in Chapter 2, this
similarity is due to the planar geometry of the excited state in conjugated porphyrin oligomers''"'*! that
results in only a small energy-difference between rigidified double strand and flexible single strand in
the emission spectrum (but not in the absorption spectrum). In contrast, the emission spectrum of the
figure-of-eight complex c-P12:(T6), is significantly red-shifted (AE =49 meV) compared to the free
nanoring c-P12, indicating enhanced conjugation that is not due to a reduction in the interporphyrin
torsional angles. The reduction of the HOMO-LUMO gap is due to the more strongly bent n-system in
the folded and strained figure-of-eight complex compared to either the free nanoring or the sandwich
complex (see Section 2.4). The influence of significant bending in the figure-of-eight complex makes
a quantitative comparison with the spectra of the sandwich complex difficult and it is thus not possible
to draw conclusions about the effects of p-orbital orientation (radial in the figure-of-eight and free
nanoring vs. axial in the sandwich complex) on the optical properties. However, a nanoring complex
that also has radial p-orbitals, but should have a comparable bending effect to the sandwich is
c-P12:T12 (synthesized by Melanie O’Sullivan, see ref. 20 for structure). T12 is a radial template
analogous to T6 and T8 that rigidifies c-P12 and enables efficient m-overlap. The emission of
c-P12-T12 is red-shifted compared to c-P12 by 24 meV, however the shift is significantly less than
that observed in the figure-of-eight complex (49 meV) as expected from the reduction of bending
effects. The shift is 20 meV larger compared to the value found in the sandwich complex (4 meV), but
it is difficult to judge the contribution of the p-orbital orientation to this relative reduction in the
HOMO-LUMO gap. The reason lies in the difficulties in quantifying the blue-shift in the sandwich
complex due to exciton coupling. Shifts in the order of tens of meV have been observed due to exciton

[6,11] :

coupling in porphyrin DABCO sandwiches, indicating that this effect may fully account for the

observed difference to c-P12-T12.

" The smaller red-shift upon formation of the DABCO sandwich compared to the bipy ladder can be explained
with intermolecular exciton coupling between the face-to-face oriented oligomers that are in closer proximity
when DABCO is used as a ligand. This effect has been observed before and results in a blue-shift of the
transition.!'"-!")
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Figure 4.8. Normalized steady state absorption (black lines) and emission (blue lines) spectra of (a) polymer
I-Pncg in CHCI3 /1% pyridine; (b) [12]porphyrin nanoring c-P12cs in CHCI3 /1% pyridine; (c) sandwich complex
(c-P12¢g)>-(DABCO)+2 in CHCIs, (d) nanoring template complex c-P12-T12 in CHCI3 (synthesized by Melanie
O’Sullivan); (e) figure-of-eight-complex c-P12-(T6). in toluene. Samples were excited at 489 nm.

4.5 Conclusions and Outlook

Sandwich formation is an elegant strategy that allows planarization and rigidification of the
[12]porphyrin nanoring c-P12¢g using the commercial ligand DABCO. Complex formation is highly
cooperative as indicated by the extremely large Hill coefficient (ny = 9.5) which leads to great stability
towards denaturation. It will be interesting to study the electronic structure of the [12]porphyrin
nanorings in greater detail, particularly the influence of the different conformations.

This approach should be readily extendable to larger porphyrin nanorings and allow their efficient
planarization using similar small molecule ligands. Since strain effects should be reduced with larger
ring sizes it should be possible to use weaker binding ligands such as bipy. Synthesis of novel ligands
should allow the variation of the distance between the two nanorings and also enable the introduction
of functional moieties such as electron acceptors.

Another important perspective of the sandwich complexes is their use as receptors based on

hydrophilic interactions. The top-view of the molecular model in Figure 4.9 shows a high density of
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solubilizing chains in the central cavity of the complex. The synthesis of nanoring derivatives with
hydrophilic side-chains on one rim and hydrophobic chains on the other rim should be straightforward
(Chapter 7). In a non-polar solvent such a sandwich should assemble in a way that all hydrophobic
chains point outwards and give solubility whereas the polar chains create a hydrophilic pocket in the
center of the sandwich complex. Initially such a receptor could be used to bind small water-soluble
molecules and to transfer them in a non-polar environment, but the size of the cavity (d = 4.5 nm)
should even allow encapsulation of small proteins or enzymes. It would be interesting to see whether
enzymes can keep their catalytic activity in the cavity of the sandwich complex and whether such a

nanoring-enzyme complex could be used for enzyme catalysis in organic media.

Figure 4.9. Top view of a molecular model of the sandwich complex minimized using the MM+ force field.
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Chapter 5

Probing the Flexibility of Linear Porphyrin Oligomers

oo’ &sE2eS

solution VS. surface

The strain energy in fully mconjugated cyclic porphyrin oligomers depends on the intrinsic flexibility
of the oligomer chains. In this chapter the persistence length L, a measure of polymer chain
flexibility, is determined for linear butadiyne-linked porphyrin oligomers using small angle X-ray
scattering in solution. The chains possess a rigidity that is fairly typical for conjugated polymers (L, =
12.6 nm) and from an extrapolation of the bending angle it is expected that nanorings consisting of
more than approximately 20 porphyrin units should not be significantly strained. In the second part of
the chapter the solution flexibility of the oligomers is compared to the behavior on a gold surface. The
oligomers have a significantly higher apparent rigidity than in solution (L. = 25 nm), mostly due to
packing effects and the confinement of the chains into two dimensions.

Parts of the results in this chapter have been published in the following articles:

Conformation and Packing of Porphyrin Polymer Chains Deposited Using Electrospray on a Gold
Surface

A. Saywell, J. K. Spratke, L. J. Esdaile, A. J. Britton, A. Rienzo, H. L. Anderson, J. N. O’Shea, P. H.
Beton

Angew. Chem. Int. Ed. 2010, 49, 9236-9139.
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5.1 Background

In the previous chapters the synthesis and properties of butadiyne-linked cyclic porphyrin oligomers
were discussed. The [6]porphyrin nanoring c-P6 possesses a significant strain energy (101 kJ/mol) that
leads to an increased reactivity towards peroxides and secondary amines (see Chapter 2 and ref. 1 and
2). In the [12]porphyrin nanoring c-P12 no such increased reactivity was observed, indicating the
presence of significantly less strain. The question of cyclization-induced strain is closely related to the
intrinsic flexibility of the linear analogues of the porphyrin nanorings. In polymer physics the
flexibility of a worm-like chain (WLC) is quantified by its persistence length L, defined as the
distance at which two segments of a polymer chain lose their directional correlation. A polymer chain
that is much longer than its persistence length behaves like a random coil whereas a chain that is
significantly shorter than L, can be treated as a rigid rod. A range of scattering”™*! and microscopy”®
techniques have been applied to determine the flexibility of polymers usually with chain lengths much
larger than their persistence lengths. For structurally well defined molecules on the length scale of
only several nanometers the established techniques usually require the attachment of labels. Most
commonly these are fluorescent labels to measure distances by fluorescence resonance energy transfer
(FRET)"® or spin labels when using EPR spectroscopy.”’’ Recently small angle X-ray scattering
(SAXS) has been used to determine the persistence length of double stranded DNA end-labeled with
gold nanoparticles.!'*'!

Lovett, Anderson et al. have studied the conformations and flexibility of radical-labeled
butadiyne-linked porphyrin oligomers by EPR using the double electron electron resonance (DEER)
technique and extrapolated the persistence length of such oligomers to 19 nm.["¥ SAXS should give
access to similar information because the pair distribution function (PDF) often contains information
on individual Zn-Zn distances in the molecule (see Sections 2.3 and 3.2.3)."*' In contrast to the
established techniques, SAXS analysis does not require the attachment of end-labels to the oligomers
and neither is it necessary to synthesize a range of oligomers with different lengths because one
molecule usually contains several Zn-Zn distances.

Whilst SAXS analysis provides information on the flexibility of oligomers in solution, it is also
important to study their flexibility on surfaces, particularly in light of potential applications in
molecular electronics where knowledge of interfacial organization is crucial. Scanning tunneling
microscopy (STM) allows the detailed analysis of porphyrin oligomers on gold surfaces with
resolution of the individual porphyrin units (see Section 3.2.4). Statistical structural analysis of
analogous porphyrin polymers should give the persistence length of butadiyne-linked porphyrin

oligomers confined to two dimensions and under the influence of packing effects.
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5.2 Flexibility in Solution

SAXS analysis was carried out on porphyrin tetramer |-P4cg and hexamer |-P6cg in toluene/1%
pyridine at Diamond Light Source, UK. Excellent agreement was found between the experimental
scattering data (and the corresponding radii of gyration) and simulated data based on molecular
models minimized using the semi-empirical AM1 method (Figure 5.1). The well resolved peaks in the
PDFs correspond to the # possible distances between the zinc centers of individual porphyrin units in
the oligomers (n < 3 in |I-P4¢cg and n < 5 in I-P6¢g). The shapes of the PDFs are well reproduced by
data based on the molecular models, however at increasing distances the model overestimates 7. This
discrepancy between the Zn-Zn distances in the rigid models L, and the measured Zn-Zn distances R,

is due to the flexibility of the oligomers in solution which results in an averaged experimental PDF.
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Figure 5.1. SAXS analysis of (a) linear porphyrin tetramer |-P4cs and (b) linear porphyrin hexamer |-P6cs in
toluene/1% pyridine at 298 K at Diamond Light Source, UK. The top row shows the raw scattering data (black
circles) together with the simulated curves based on calculated models (lines). The insets are Guinier fits to the
experimental scattering data based on the radii of gyration Ry determined by the program Gnom. The middle row
contains the molecular models that were used to simulate the SAXS data. Energy minimized structures were
obtained using the semi-empirial AM1 method implemented in the package HyperChem™. The distances are the
calculated Zn-Zn distances between the most distant porphyrins. The bottom row shows pair-distribution functions
determined experimentally (black circles) and from models (lines) with black arrows marking experimental Zn-Zn
distances R, and colored arrows marking distances from the simulated curves L.

In the framework of the wormlike chain model a polymer chain is described as a continuously

curved semi-flexible thread that is stiff on short length scales, but behaves like a flexible coil at large
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lengths.!"™ This model has been successful in describing the flexibility of many rigid polymers such as
DNAM or poly(isocyanides).”! Applied to the porphyrin oligomers, the Zn-Zn distances from the rigid
model L, correspond to the contour length of the chain and the maxima of the Zn-Zn peaks in the
experimental PDF are the mean end-to-end distances (R,) (Figure 5.2b). In a three dimensional
polymer chain the mean square end-to-end distance (R,f) and L, are related to the persistence length L,
according to Equation (5.1).>'%!

LVI

(R7)=2L1, 1—% 1-e™ (5.1)
The mean Zn-Zn distances (R,) from the PDFs were obtained by fitting Gaussians to the individual
peaks. One dataset from |-P4cg and two datasets from I-P6¢g that were acquired at different beamtimes
using different detectors were used to obtain averaged values for (R,). The standard deviations of these
values are small ((R;)=14.4+02 A, (R,)=27.6+0.1 A (R;)=39.8+03 A, (R,)=51.0£0.1 A, (Rs)
= 62.0 £ 0.2 A) thus confirming the accuracy of the absolute distances determined by SAXS. To
ensure the greatest accuracy, the contour lengths L, were taken from an extrapolation of the Zn-Zn
distance in the crystal structure of porphyrin dimer I-P2!"”' (L,') rather than from the AM1 optimized
structure. Only the longer distances with n > 3 were used for fitting L,' and (R,?) to Equation (5.1)
because the values at smaller distances are not significantly different (Figure 5.1). The persistence

length obtained from the fit is 13.8 + 1.4 nm and is slightly below the value measured by EPR.!'>
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Figure 5.2. Evaluation of the flexibility of porphyrin oligomers. (a) Distances from extrapolation of the dimer
crystal structure plotted against the mean squared SAXS distance (black circles) fitted to Equation (5.1) (red line),
the error bars in the experimental points obtained from averaging over several measurements are smaller than
the data points and thus are not shown; (b) definition of the angle 6 corresponding to the angle between the
tangents at the ends of the contour (not drawn, perpendicular to the lines representing the radius of the circular
segment); (c) extrapolation of the contour length L at @ = 180° from (8 3) —(0 5). The errors bars are the standard
deviation from averaging the angles obtained from several measurements.

The determined persistence length L, strongly depends on the chosen contour length. When using
the Zn-Zn distances from the AM1 minimized molecular model, which are systematically 1.5%

shorter than in the crystal structure, the resulting persistence length increases to 17.9 + 3.0 nm.
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In a simplified picture a worm-like chain of a length well below the persistence length may be
regarded as, on average, an evenly bent rod (Figure 5.2b). The angle & defined in Figure 5.2b
corresponds to the angle between the two tangents at the ends of the chain (not drawn) and provides an
alternative description of the porphyrin oligomer flexibility. The relation between L, and R, can be
described as part of a circular segment with the contour length L, as the arc length, the SAXS Zn-Zn
distance R, as the chord length and the angle 6, as the circular angle of the segment. Using numerical
methods,[lg] 6, was calculated from R, and L,' for n = 3, 4 and 5. The two ends of the oligomer lose
their correlation when @ reaches 180° and the chain takes the shape of a semicircle. This angle can be
extrapolated from the known angles &—6; leading to a contour length of 12.6 = 1.6 nm for 8= 180°,
which is in good agreement with the determined persistence length. Such a semicircle with L = 12.6
nm contains approximately nine to ten porphyrin units. As a consequence, no significant strain energy
at 295 K is expected in butadiyne-linked porphyrin nanorings ¢-PN (8 = 360°) containing more than
approximately 20 porphyrin units (N > 20).

5.3 Flexibility on a Gold Surface

The assembly of linear porphyrin hexamer I-P6¢cg and polymer I-Pncg (n = 30-50) on a Au(111)
surface was analyzed by Dr. Alex Saywell, Dr. James O’Shea and Professor Peter Beton (University
of Nottingham, UK) using STM under ultrahigh vacuum (UHV) conditions. Since the molecules are
too large to be sublimed on the surface, they were deposited on the gold substrate by injection of a
dilute solution in the UHV system using a home-built electrospray ionization (ESI) system. After
deposition of sub-monolayer coverage, highly ordered islands of closely packed hexamer molecules

form (Figure 5.3a) that become larger after annealing the sample at 100 °C (Figure 5.3b).

Figure 5.3. STM analysis of porphyrin hexamer 1-P6cs on Au(111) under UHV conditions applying a sample
voltage of -1.80 V and a tunneling current of 0.03 nA. (a) After deposition on the surface by ESI; (b) after
annealing at 100°C; (c) high resolution image with measured molecular distances. The area marked with a D
seems to contain a molecule of pentamer that could either stem from an impurity in the sample or be due to
damage upon landing on the surface; (d) molecular models demonstrating the orientation of two neighboring
hexamer molecules. All images acquired and all figures made by Alex Saywell and reprinted from ref. 19.

94



The high-resolution image in Figure 5.3c allows the unambiguous identification of the hexamer
structure. The porphyrin units are all individually resolved and the measured spacing between two
units (1.33 £ 0.07 nm) is in good agreement with the Zn-Zn distance measured in the crystal structure
of porphyrin dimer I-P2 (1.353 nm).'"” Neighboring hexamer molecules are offset by 0.67 nm to allow
interdigitation of the octlyoxy solubilizing chains as shown by the models in Figure 5.3d. The ordered
packing and the rigid hexamer backbone found in the STM images is in contrast to the flexible
solution structure discussed in the previous section and highlights the effect of confining
conformational flexibility to two dimensions. Additionally, the hexamer is probably stabilized by
packing forces from van-der-Waals interactions between the interdigitated alkyl chains, which is a
common driving force in surface self-assembly.!"”!

The polymer I-Pncg deposited by ESI shows significantly less ordering on the gold surface in
comparison to the hexamer (Figure 5.4a). Apart from some ordered domains, that have similar
interchain spacing as observed for the hexamer, the polymer chains seem to be randomly oriented and
many crossing points (bright spots) can be identified. Interestingly, polymer chains tend to cross at a
90° angle, possibly to avoid the steric clash of the aryl side groups. The bending is not evenly
distributed over individual polymer chains: besides regions with smooth curvature domains with sharp

kinks can be found (Figure 5.4b).
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Figure 5.4. STM analysis of |-Pncg deposited on a Au(111) surface under UHV conditions applying a sample
voltage of -1.80 V and a tunneling current of 0.03 nA. (a) large area image (scale bar, 30 nm) (b) close-up on a
sharp kink in the polymer chain (scale bar, 10 nm), (c) Plot of the contour length L against In (cos6) (black dots)
and linear fit to obtain the angular correlation length L. from the gradient (red line). All images acquired by Alex
Saywell and Figure 5.4c reprinted from ref. 19.

The angular correlation length L. can be estimated from the cosine of the mean angle (6) formed
between two tangents to the polymer chain separated by the contour length L (see Figure 5.2b) using
Equation (5.2)."

L
(cosf)=e ~ (5.2)

Plotting L against In (cos&) gives L. from the gradient of a linear fit (L. = 25 = 6 nm). The angular

correlation length L. is identical to the persistence length L, if each polymer chain is isolated from

neighboring chains. Since this is not the case here due to the interactions with the surface and
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neighboring molecules, the value cannot be directly compared with the persistence length in solution
of 12.6 nm. However, the large difference between the two values of about a factor of two,
demonstrates the strong influence of packing effects and two dimensional confinement on the polymer
chain rigidity.

The resolution of individual porphyrin units in the STM images allows determination of the chain
length and molecular weight M, of the polymer by simply counting the number of porphyrin units in a
chain. The average chain length was found to be 40 + 9 porphyrin units which is consistent with the

chain length determined by gel permeation chromatography (M, = 43,000 Da, ~40 units).!"”

5.4 Conclusions and Outlook

The persistence length determined for butadiyne-linked porphyrin oligomers is significantly longer
than for conventional non-conjugated polymers such as polyethylene (L, = 0.8 nm)™* or for non-linear
conjugated polymers such as poly-3-hexyl thiophene (L, = 2.1 nm).*? The rigidity of the porphyrin
oligomers 1is slightly lower compared to other linear conjugated polymers such as
poly(phenyleneethynylene) (L, = 15 nm)**! or poly(p-phenylene-cis-benzobisoxazole) (L, = 1925
nm)"** commonly regarded as ‘rigid rods’ and significantly lower than polymers that are stabilized by
non-covalent interactions such as poly(isocyanides) (L, = 76 nm)'“ or double stranded DNA (L, =50
nm)"'". The reduced rigidity of porphyrin oligomers is probably due to the well studied flexibility of
the acetylenic linkers.*”!

The use of SAXS in measuring metal-metal distances in porphyrin oligomers and assemblies could
be improved by replacing zinc (atomic number 30) with heavy metal ions such as lead (atomic number
82) that have a higher electron density and will result in more intense peaks in the PDF. Investigation
of oligomer chain flexibility in solution using SAXS is not limited to porphyrin oligomers. It would be
interesting to study the flexibility of other short metallopolymers™®® or the platinum capped oligoynes
synthesized by Gladysz et al.*"]

The STM analysis of porphyrin hexamer |I-P6¢g and polymer |-Pncg on a gold surface demonstrated
the effects of interchain interactions and the constraints imposed by the two dimensional surface on
the chain flexibility. The groups of Beton®® and Barth'*”! recently extended the classical 2D surface
self-assembly towards the formation of three dimensional supramolecular structures on surfaces. It
would be interesting to probe whether DABCO or 4,4'-bipyridine ladders would form on surfaces i.e.
whether the free energy of ladder formation is higher than the surface binding energy. Analysis of the
self-sorting behavior, which is observed in solution, would be particularly worth investigating in the
case of the polymer ladders. It would be interesting to see whether the rigidity of the polymer on the

surface increases upon ladder formation as observed in solution.
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Chapter 6

Noncovalent Binding of Carbon Nanotubes by
Porphyrin Oligomers

This chapter describes the noncovalent functionalization of single-walled carbon nanotubes with
linear and cyclic porphyrin oligomers. The first section gives a brief introduction to the synthesis and
physical properties of carbon nanotubes (CNTS). In the main part of this chapter a detailed analysis of
the binding of linear conjugated porphyrin oligomers to CNTs is presented. Photoluminescence-
excitation mapping and UV/vis/NIR absorption reveal that the oligomers bind strongest to (7,5) and
(8,6) CNTs. The strength of binding increases sharply with the length of the oligomer, with tetramer
and hexamer binding constants being too strong to be measured by absorption or fluorescence
titrations. Besides allowing the quantification of binding strengths, these titrations also give
information on the degree and kinetics of CNT debundling. The binding of porphyrin oligomers
induces strain on the nanotubes that is comparable to that observed under hydrostatic pressure. This
phenomenon has not been previously observed in solution as a consequence of noncovalent binding
and is probably a direct result of the strong interactions between porphyrins and nanotubes. The
predicted formation of a type-1l heterojunction between the longer oligomers and small diameter
carbon nanotubes would be favorable for photo-induced charge transfer, suggesting application of
these complexes in photovoltaic devices. This expected band alignment is confirmed experimentally by
trends in changes of the nanotube transitions upon porphyrin binding. The chapter ends with an
account of the attempted formation of a pseudo-polyrotaxane between CNTs and cyclic porphyrin
hexamer.

Parts of the results in this chapter have been published in the following articles:

Noncovalent Binding of Carbon Nanotubes by Porphyrin Oligomers
J. K. Sprafke, S. D. Stranks, J. H. Warner, R. J. Nicholas, H. L. Anderson
Angew. Chem. Int. Ed. 2011, 50, 2313-2316.

Electronic and Mechanical Modification of Single-Walled Carbon Nanotubes by Binding to Porphyrin

Oligomers
S. D. Stranks, J. K. Sprafke, H. L. Anderson, R. J. Nicolas
ACS Nano, 2011, 5,2307-2315.
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6.1 Background to Carbon Nanotubes

Single-walled carbon nanotubes (SWCNTs) are hollow cylinders that consist of a graphitic layer of
sp’-carbon atoms, and have diameters around one nanometer and typical lengths of several
micrometers. Several concentrically nested SWCNTSs are commonly known as multi-walled carbon
nanotubes (MWCNTs, Figure 6.1). Together with fullerenes, carbon nanotubes (CNTs) are regarded
as non-natural carbon allotropes as opposed to the naturally occurring graphite and diamond.

Following the seminal report of Iijima in 1991,!) CNTs have developed into one of the most

promising materials in nanotechnology with their unique electronic and mechanical properties leading
]

to diverse potential applications.”

Figure 6.1. Models of (a) a (7,6) SWCNT and (b) MWCNT, created using the program Nanotube Modeler.

6.1.1 Synthesis and Physical Properties of Carbon Nanotubes

Common requirements for all CNT production processes are the presence of a carbonaceous precursor,
high temperatures and often a metal catalyst, especially for the selective formation of SWCNTSs over
MWCNTs.P# Three primary methods are used: 1) electric arc discharge, where the CNTs are formed
in the plasma between two graphite electrodes;”’ 2) laser ablation, where a high intensity laser
vaporizes graphite;® 3) chemical vapor deposition, where CNTs grow on a surface or metal catalyst
particle from a carbon containing precursor in the gas phase. Many precursors such as acetylene or
ethylene can be used, but the most commercially successful process utilizes carbon monoxide at high
pressures, known as the HiPCO process.!”” While most production methods give mixtures of tubes
with different diameters, the HiPCO process allows the synthesis of relatively narrow distributions of
diameters dependent on the reaction conditions and particularly on the catalyst. The use of iron
catalysts results in diameters of 0.8 — 1.2 nm, whereas a combination of cobalt and molybdenum
(“CoMoCat”) gives only smaller diameter tubes with a narrower distribution (0.7 — 0.9 nm)."*! In the
past few years organic chemists have made some progress towards the rational synthesis of carbon
nanotubes.'”’ The most promising strategy is based on the recently synthesized cycloparaphenylenes''”’
that could act as a template from which CNTs may grow by multiple Diels-Alder reactions with

acetylene (or a more reactive equivalent).!'"! Although it seems unlikely that very long CNTs could be
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grown by this method, the accessibility of CNTs with a monodisperse diameter distribution would be
an important step towards the use of CNTs in many applications."!

Besides their diameter, CNTs can also differ in their “chirality”. In the context of CNTs this term is
used in a broader way than in organic chemistry. As well as the “handedness” of a tube, chirality also
means the helical twist of the graphene hexagons of a CNT, which is based on the idea of describing
CNTs as rolled-up graphene sheets. A graphene sheet map allows formal construction of any CNT
species (Figure 6.2) by rolling the sheet up along its chiral vector C, = na; + ma,. Here (n,m) are
integers defined as the chiral indices of a CNT species, a; and a, are the unit vectors of the graphene

lattice (Figure 6.2a), and the chiral vector C, defines the chiral angle 6 The length of the chiral

vector Cj, is the circumference of the CNT species and thus determines the diameter of the nanotube.
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Figure 6.2. CNT species from rolling-up a graphene sheet. (a) Graphene sheet map with CNT species defined by
their chiral indices (n,m). The black arrow represents the chiral vector Cy, 6 is the chiral angle and a; and a; are
the unit vectors of the graphene lattice. CNT species are either metallic (labeled green) or semiconducting with q
= +1 (labeled pink) or q = -1 (labeled purple). Figure (a) reprinted with permission from ref. 4; (b) (10,3) graphene
sheet based on the black chiral vector shown in a); (c) (10,3) CNT formed by formally rolling-up a (10,3) graphene
sheet; (d) front view of a (10,3) CNT. Nanotube and graphene structures were created using the program
Nanotube Modeler.

According to the regular pattern at their rims, CNT species with n = m (8 = 30°) are called
“armchair” tubes and species with m = 0 (6= 0°) are “zigzag” tubes. These two groups of CNTs are
achiral in the sense of handedness. All other species (0 < @ < 30°) show chiral handedness and

accordingly Cotton effects have been observed after separation of the enantiomers.!'”

The electronic structure of CNTs is not treated in terms of discrete molecular orbitals, but rather in

terms of a band structure because of the essentially infinite w-conjugation along the tube. The simplest

100



model to describe the band structure is the zone-folding approximation that is based on the above
described concept of a CNT as a folded graphene sheet. The model only considers the m-electrons and
applies the band theory of graphite.!"”! According to this model, the CNT adopts a one-dimensional
band structure that has to fulfill certain boundary conditions arising from the finite circumference and
the infinite length. From these boundary conditions one can obtain the graphene wrapping condition
n-m=3p+q, where p is an integer."” This simple equation determines whether a nanotube is
metallic or semiconducting based on the chiral index (n,m); a tube is metallic if ¢ = 0, or
semiconducting if ¢ = + 1 (Figure 6.2a). Within the group of semiconducting nanotubes, the band gap
inversely depends on the tube diameter, since larger diameter tubes are less curved and become more
similar to graphene which is a zero band gap semiconductor. This means that generally the optical
transitions of large diameter tubes occur at lower energies compared to small diameter tubes.
Additionally, the position of the energy levels depends on the chiral indices.

A schematic representation of the band structure of a semiconducting CNT is shown in Figure 6.3,
where the density of electronic states (DOS) is plotted about the Fermi level (energy = 0). The unique
one-dimensional band structure in the CNT results in discontinuities in the DOS, unlike in a three-
dimensional crystal where the DOS are continuous. The discontinuities are called van Hove
singularities (VHS)!"*! and transitions between the first two pairs of these states are, for most species,
in the vis/NIR region of the spectrum. In the case of HiPCO nanotubes, the first van Hove transition
Ey, is above 1000 nm and the second van Hove transition £, is below (e.g. (7,6) CNT: £, = 1120 nm,
E», = 648 nm).!'
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Figure 6.3. (a) Density of states of semiconducting CNTs with valence bands in blue and conduction bands in
black stripes. The plain arrows indicate the two lowest electronic transitions, E;; (red) and E», (green). Figure
reprinted with permission from ref. 17; (b) vis/NIR absorption of HIPCO CNTs in D,O with the surfactant sodium
dodecylbenzene sulfonate (SDBS). E11 bands are predominantly beyond 1000 nm, E,, bands are below 1000 nm;
(¢c) PLE map of HIPCO CNTs in D,O/SDBS with the CNT species labeled according to ref. 16. Emission intensity
increases from blue to red and the CNT families are marked with black triangles (q = +1) or crosses (q = -1).

Since current CNT production methods usually give rise to a mixture of many different CNT

species, absorption spectra are usually broad with overlapping peaks that make it difficult to assess the
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composition of a sample (Figure 6.3b). Photoluminescence excitation (PLE) mapping offers a way
around this problem by taking advantage of the band gap fluorescence of CNTs.!'” In a typical PLE
experiment the E,, transitions are excited and fluorescence from FE;; is measured (Figure 6.3a)
resulting in a two-dimensional contour map (Figure 6.3c). In such a map the emission of each species
is resolved as an individual cross peak, which allows quantification of the sample composition.

The one-dimensional band structure of CNTs leads to extraordinary electrical properties. Metallic

[18]

CNTs are ballistic conductors' ™ and the charge carrier mobilities in semiconducting CNTs are

extremely high, surpassing common inorganic semiconductors such as silicon (see Table 6.1).!""!
Compared to organic materials, such as conjugated polymers, the measured mobilities in individual

21221 are several orders of

tubes''® (compared to polymer chains)*” as well as in ordered thin films!
magnitude higher. The reason for the high charge carrier mobilities lies in the CNT’s unique band
structure as well as in the absence of phonon scattering i.e. dynamic structural fluctuations such as
vibrations that can scatter electrons and thus obstruct charge transport.'” For similar reasons the
thermal conductivity of CNTs is exceptionally high, superior to benchmark materials such as copper
or silver.””) However, it is important to treat these record-breaking numbers with care: The remarkable
electrical and thermal transport behavior is only found when measuring along the length of a tube.
Conductance between tubes is significantly lower, with important consequences for the bulk

properties: The charge carrier mobility in thin films of randomly oriented CNTs is relatively low

(~10 cm® V' 5™ and only aligned arrays of CNTs exhibit higher values (~1000 cm® V' s7™).12!)

Table 6.1. Comparison between physical properties of CNTs and other materials.

Parameter SWCNT Benchmark material
Charge carrier mobility Individual tube'*®! Conjugated polymer (intrachain)**”!
[cm? Vs 2500 — 20 000 < 600
Aligned array (bulk)®”  Conjugated polymer (thin film)??
~1000 <1
Silicon!??
~1000
Thermal conductance Individual tube'®! Silver
W m* K" 3500 429
Tensile strength SWCNT rope®*! Steel®
[GPa] 30 ~1

The peculiar structural features of CNTs also result in extraordinary mechanical properties. The
area normalized tensile strength or breaking strength of SWCNT ropes consisting of bundled tubes is
significantly higher than in steel or Kevlar.””! This high stiffness is very promising for using CNTs to
increase the strength of polymer based materials, similar to carbon fiber-reinforced polymers that are

commonly used as robust and light-weight materials.
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6.1.2 Project Aims

The outstanding electronic and mechanical properties of CNTs described above make them one of the
most promising materials in nanotechnology. However, strong van-der-Waals interactions between
nanotubes cause the formation of multi-tube bundles. Such aggregates are insoluble and thus not
processable in common solvents which hampers device fabrication. Noncovalent functionalization of
CNT sidewalls with surfactants, polymers or small aromatic molecules improves their solubility and
enables the introduction of functionality without damaging the electronic structure of the
nanotube.>?! Composite materials based on this concept are being developed as sensors,*”** field-

3031 The reason for the great promise that CNTs

effect transistors”™ and photovoltaic (PV) devices.
hold for PVs lies mostly in their excellent charge-transport behavior. Furthermore, photophysical
studies on CNTs functionalized with porphyrins revealed the presence of long-lived charge-separated

(3234 Compared

states, which is a prerequisite for efficient generation of photocurrents in PV devices.
to the porphyrin derivatives studied in these reports, conjugated porphyrin oligomers |-P2¢s, 1-Pdcg
and I-P6¢g display significantly broader absorption that extends over the whole visible spectrum into
the NIR. The improved overlap with the solar spectrum should lead to increased PV efficiencies.
Besides this long term goal, we aimed to gain a detailed understanding of the noncovalent binding of
CNTs by porphyrin oligomers using binding titrations. This technique, which is very common in
supramolecular chemistry, has so far not been used to study the noncovalent interactions between

organic molecules and CNTs, and should provide new insights into the supramolecular chemistry of

CNTs.

6.2 Binding of Linear Porphyrin Oligomers

Porphyrin oligomers with 3,5-bis-(octyloxy) phenyl side groups I-PN¢g (Figure 6.4) were chosen for
CNT functionalization because their long flexible alkyl chains were expected to provide sufficient
solubility to allow formation of CNT solutions in organic solvents. The oligomers used in this study
were monomer |-Plcg, dimer [-P2¢g, tetramer |-P4cg, hexamer |-P6¢g, octamer |-P8¢g as well as the

porphyrin polymer I-Pncg (n = 30-50).

(CeH13)sSiT= =7Si(CgH13)3

N=1,2 4,6, 8 or 30-50

I-PN¢g

CgH170 OCgH17

Figure 6.4. Structure of linear porphyrin oligomers 1-PNcg used in CNT binding experiments.
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I-P1cg, I-P2¢g and |-P4¢cg were synthesized according to the route provided in Scheme 1.1.
Porphyrin hexamer |-P6¢cs was synthesized from trimer 1-P3cg by statistical mono-deprotection and
subsequent palladium catalyzed oxidative acetylene homo-coupling as outlined in Scheme 1.2.
Octamer |-P8cs, was obtained from Miquel Planells, a visiting student from Tarragona, as a mixture
with |-P4¢g and was purified using preparative GPC. The purity of all compounds was confirmed by
'H NMR and analytical GPC. The initial study on the binding behavior of porphyrin oligomers to
CNTs (Sections 6.2.1 and 6.2.2) was limited to the monomer and oligomers up to hexamer. The work
on modification of the CNTs electronic structure by the presence of porphyrins (Section 6.2.3) was

carried out with the complete family of oligomers and the polymer.

6.2.1 Complex Formation and Selectivity of Binding

Sonication of HIPCO CNTs with oligomers I-P2¢g, 1-P4cg and 1-P6cg in THF (ca 0.1 mM porphyrin
concentration) resulted in complete dispersion of CNTs, whereas monomer |-Plcg did not disperse
CNTs under these conditions. The CNT complexes of |-P2¢g, I-P4cg and I-P6cg were filtered off with a
microfilter (nylon membrane, pore-size 200 nm) and washed with THF to remove excess unbound
porphyrin. Isolated CNT complexes of I-P4cg and I-P6cg prepared in this way can be redispersed in
THF. The dispersions displayed good stability, whereas the CNT complex of I-P2¢g precipitated
immediately in the absence of an excess porphyrin. The ability of porphyrin oligomers to disperse
HiPCO CNTs in THF thus increases with oligomers length, following the trend: I-Plcg < I-P2¢g <
I-P4cs, I-P6cs.

Dr. Jamie Warner (Department of Materials, Oxford) analyzed the hexamer complex I-P6cg*CNT
with high resolution transmission electron microscopy (HRTEM) to obtain direct evidence for the
binding of the oligomers with the nanotube sidewalls. The images clearly show the hexamer coating

the sidewalls of a CNT, which is absent in a sample of pristine CNTs (Figure 6.5).

JEOL 2200MCO FEG HRTEM operating at an accelerating voltage of 80 kV.

When |-P4cg and I-P6¢s bind to CNTs, their Q-absorption bands become sharper and are red-shifted
by about 120 nm (220 meV, Figure 6.6a). These spectral changes (which have also been reported in
porphyrin polymer-CNT complexes)™" are clear evidence for planarization of the porphyrin oligomer

36381 The many well-resolved absorption peaks in the region of the first electronic transition

n—system.[
Eyy of the CNTs (>1000 nm) show that numerous different CNT species are present in the dispersion.

Photoluminescence excitation (PLE) maps show distinct cross-peaks for each semiconducting
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nanotube species, thereby allowing the selectivity of CNT binding to be assessed by comparison with
non-selective surfactants."’*”! PLE maps of I-P4cg*CNT and I-P6¢cg*CNT in THF (Figure 6.6b and
6.6¢c, respectively) show significantly fewer emitting species than the PLE map of HiPCO CNTs
dispersed in D,O" (Figure 6.6d) using the non-selective surfactant sodium dodecylbenzene sulfonate
(SDBS). Comparison of the absorption (Figure 6.6a) and emission spectra indicates that (8,6) and (7,5)
tubes emit with a higher quantum yield than the other CNTs in the presence of I-P4¢g and 1-P6¢g. In
CNT bundles fluorescence is quenched by metallic tubes,!*” thus the brighter fluorescence from (8,6)
and (7,5) tubes indicates stronger binding, and consequently more efficient debundling by the
porphyrin oligomers. The PLE maps also reveal energy-transfer from the porphyrin oligomers to the
nanotubes. Excitation of the porphyrin Q band (850-900 nm) results in nanotube emission which is

not otherwise observed in the absence of porphyrin (horizontal dashed lines in Figure 6.6b,c).
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Figure 6.6. (a) Vis/NIR absorption spectra of |-P4cg (dashed red line), 1-P6cs (dashed blue line), 1-P4cg-CNT (red
line), 1-P6¢cg-CNT (blue line) all in THF, and SDBS-solubilized CNT (black line) in D;O (b) PLE map of 1-P4¢cg-CNT
in THF; (c) PLE map of I-P6cg:CNT in THF,; (d) PLE map of SDBS/CNT in D,0. Emission intensity in all maps is
normalized and tube species are labelled with their (n,m) indices according to ref. 16. Horizontal dashed lines in
(b) and (c) indicate energy transfer from porphyrin oligomers.

" D,0 was used to avoid OH vibrational overtones in the NIR absorption spectrum.
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Binding to CNTs completely quenches emission from porphyrin oligomers. All emission from
I-P6cg"CNT that does not originate from the CNT is due to traces of unbound I-P6¢s, as demonstrated
by the perfect overlap of the excitation spectrum of I-P6cg*CNT at 1020 nm with the absorption of free
rather than bound I-P6cg (Figure 6.7a). The quenching effect can be exploited to determine the
stoichiometry of the CNT complexes. Upon addition of CNT to a solution of I-P6cg ([I-P6¢cs] = 2.1 mg
L' = 0.3 uM), the porphyrin emission intensity decreases linearly with increasing CNT concentration
(Figure 6.7b). At the point where all I-P6cg is bound, porphyrin emission is completely quenched. The
CNT/I-P6cg mass ratio at this end-point is 1.35 and corresponds to a number of CNT carbon atoms per
porphyrin subunit of ncp = 132. The vis/NIR absorption spectrum of the I-P6cs*CNT complex isolated
on a preparative scale ([I-P6¢cs] = 500 mg L™ = 70 uM) shows a 40% increase in bound porphyrin
compared to the absorption spectrum at the end-point of the fluorescence titration, due to a higher
degree of CNT debundling at higher porphyrin concentrations. The increased debundling is reflected
in a decrease of CNT carbon atoms per porphyrin unit to ncp = 94, which means that one molecule of

I-P6¢g saturates a segment of (8,6) CNT of 4.9 nm length.
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Figure 6.7. (a) Vis/NIR absorption spectra of 1-P6cs (red line), 1-P6¢cs-CNT (blue line) and excitation spectrum of |-
P6cg-CNT at 1020 nm (blue dashed line) all in THF; (b) 1-P6¢cg emission at 930 nm with increasing concentration
of CNT. The arrow marks the point where all porphyrin is bound to CNT. [P6] = 2.1 mg/L; (c) molecular mechanics
optimized structure of 3 x 1-P6¢s-(8,6) CNT based on the calculated mass ratio.

Molecular mechanics simulations showed that three molecules of I-P6¢cs can form a tight layer
around an (8,6) tube. Based on this result the measured mass ratio is visualized in Figure 6.7c: Three |-
P6cg molecules wrap around 14.7 nm (3 x 4.9 nm) of an (8,6) nanotube showing almost monolayer
coverage.” Incomplete monolayer formation may be due to partial CNT bundling, which reduces the

available surface area.

6.2.2 Thermodynamics and Kinetics of Binding

UV/vis and fluorescence titrations are often used to quantify supramolecular interactions.*'

Papdimitrakopoulos et al. determined relative binding constants to CNTs from competitive binding

titrations between the surfactant SDBS and a flavin nucleotide.!*” However, so far no absolute binding

" In this model 100% (8,6) CNT were assumed in the sample. Similar calculations with different CNT species
showed that the polydispersity of diameters has a small influence on the length of CNT per porphyrin, because
the distribution of CNT diameters is quite narrow and (8,6) tubes are in the center of the distribution.
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constants for noncovalent nanotube functionalization have been reported, perhaps due to the
insolubility of pristine CNTs in most solvents. 1,2-Dichlorobenzene is one of the few solvents that

41 and thus more detailed binding

give stable CNT dispersions suitable for optical measurements!
studies were carried out using this solvent.

Titrations with all porphyrin oligomers were performed using both vis/NIR absorption and
fluorescence spectroscopy (Figure 6.8a). In each case, the data were fitted to a 1:1 binding isotherm
making three assumptions: 1) Binding constants for different CNT species are very similar, which is
supported by Papadimitrakopoulos’ finding that relative binding constants to CNT species differ by a

2.2 2) One porphyrin oligomer binds to one CNT binding site and 3) these

maximum factor of
binding sites act independently. The parameters obtained from the fits are the binding constant Kpy
and the concentration of CNT binding sites. This value can be converted into the number of carbon

atoms corresponding to a CNT binding site Nncp using the CNT mass concentration.
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Figure 6.8. Vis/NIR absorption and fluorescence titrations of Plcs, |-P2cg and |-P4cg into HIPCO CNTs in DCB at
298 K. The left column (a, c, e) shows the absorption spectra, the right column (b, d, f) shows the difference in
absorption at two chosen wavelengths (circles). The fit to a 1:1 binding isotherm (red line) as well as the emission
intensity of free porplzyrin (squares) with the fit (blue line) are also displayed. Binding isotherms for |-P6cg were
very similar to I-P4cg and are thus not shown. Experimental details of the different titrations: (b) abs: [CNT] =
1.6 mg L”; em: [CNT] = 1.6 mg L™, Jex = 460 nm. (d) abs: [CNT] = 1.9 mg L"; em: [CNT] = 1.7 mg L™, Jex = 460
nm. (f) abs: [CNT] = 1.7 mg L7; em: [CNT] = 1.7 mg L, Jex = 444 nm. The black lines are guides to the eye. The
non-linear increase in emission intensity at higher Plcs concentrations is probably due to self-quenching and is
also observed in the absence of CNTs.

The affinities of |-P4cg and |-P6¢cg for CNTs are too strong to be measured by UV/vis or
fluorescence titrations (K > 10° M™), as illustrated by the square binding isotherm for |-P4¢s in Figure
6.8b. The binding constant of |-P2¢g is Kpy = (4.7 £ 0.6) x 10" M from absorption titrations;
fluorescence titrations gave a similar value (Figure 6.8c,d). There is no evidence for complex
formation of P1¢g with CNTs, because the absorption spectrum does not change and the fluorescence

is not quenched (Figure 6.8e,f). This behavior can be interpreted as either weak or no binding (K < 10°
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M™), or as insensitivity of both absorption and emission of I-P1¢s towards CNT binding. However, in
light of the efficient fluorescence quenching of the longer oligomers, the latter possibility seems
unlikely.

The relative affinities of I-P2¢g — |-P6cg for CNTs were also investigated by UV/vis/NIR
competition experiments. The Q bands of the porphyrin oligomers occur at progressively longer
wavelengths so that, for example, it is possible to observe the Q-band of bound I-P6¢g in the presence
of a high concentration of free I-P2¢s. In a first experiment, I-P2¢g was added to I-P6cg"CNT, but even
a 2500-fold excess of the dimer does not replace bound |-P6cs (Figure 6.9a). Slow kinetics can be
excluded as the reason for the reluctance towards displacement of I-P6cg because a second experiment
showed that I-P6cg*CNT can be formed, even when the 2500-fold excess of I-P2¢g is already present
(Figure 6.9b). Evidence for replacement of |-P2¢g by I-P6cs, rather than binding to the complex I-
P2cg"CNT comes from a third experiment involving the addition of I-P6¢g to I1-P2cg"CNT. This results
in the appearance of free |1-P2cs, as indicated by the blue-shift of the I-P2¢g Q-band (Figure 6.9c¢).
Repeating the same experiments with |1-P4cg instead of I-P6cs showed, that even an 800-fold excess of
[-P2¢g cannot replace I-P4cg.” Attempted competition experiments between |-Pdcg and 1-P6¢g did not
reach equilibrium after 24 h; whichever oligomer was added first remained bound, even in the
presence of a large excess of the other oligomer.

Lower limits of Kpy and Kps can be deduced from the excess of dimer used in the competition
experiments and its binding constant Kp,, assuming that one molecule of 1-P4c¢g or I-P6¢g replaces one

molecule of |1-P2¢s. The ratio between the binding constants of the oligomers is given by Equation

(6.1):

Kpy _ [1-PNgy-CNT]_ [1 - P2, ][CNT]

(6.1)
K, [I-PNI][CNT] [I-P2-CNT]

When 50% PN is replaced by |-P2cg this equation simplifies to equation 6.2:

K

[1-P2] ([I-P2C8]—[I-PNC8~CNT]><O.5J 62)

TN [I-PN, -CNT]x0.5

The point of 50% displacement is not reached in the competition experiments and thus the values
calculated using Equation (6.2) and Kp, = 4.7 x 10" M are lower limits: Kps > 7.6 x 10" M and Kp
> 2.3 x 10" M. These lower limits would be substantially higher under the assumption that one

molecule I-P4¢g or I-P6cg replaces two or three molecules of I-P2¢g, respectively.

" The maximum concentrations of I-P2¢g used in the competition experiments depend on when the Q-bands of
bound and unbound oligomers |-P4¢g or I-P6cg become indistinguishable.
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Figure 6.9. Competition experiments between |-P2¢g and |-P6¢cg in DCB at 298 K. (a) Addition of |-P6¢cs to a
solution of CNTs to allow monolayer coverage ([I-P6cs] = 0.26 uM), followed by addition of |-P2cg until the
detector below 750 nm is saturated ([I1-P2cg]max = 0.65 mM). The inset shows the region of CNT bound |-P6¢g that
remains unchanged with increasing dimer concentration; (b) addition of the same large excess of |-P2¢g as in (a)
to CNTs, followed by addition of the same amount |-P6¢g as in (a). The inset shows changes in the region of CNT
bound |-P6¢cg over several hours; (c) addition of 1-P2cg to CNTs ([I-P2¢cs] = 0.15 uM, red line), followed by the
addition of 1-P6¢g. Concentration of |-P6¢g increases from red to turquoise (0, 0.03 uM, 0.06 uM); (d) table with the
absorption maxima of porphyrin Q-bands Amax of free and CNT bound porphyrin oligomers.

Besides the binding constant, the binding titrations in DCB (Figure 6.8) also give the number of
carbon atoms corresponding to a CNT binding site Nncp. Dividing Nncp by the number of porphyrin
subunits in the oligomer gives the number of CNT carbon atoms per porphyrin subunit #¢p, introduced
in Section 6.2.1. This value is a direct measure of the degree of debundling of the nanotubes. The
number of CNT carbon atoms per porphyrin subunit in the 1-P6cg*CNT complex formed in DCB (ncp
= 115) is intermediate between the value from fluorescence titrations in THF (ncp = 132) and the
value for the isolated complex (ncp = 94), indicating an intermediate level of debundling in DCB.
When comparing oligomers I-P2¢g — [-P6¢cg in DCB, we observe a slight increase in ncp from 115 for
I-P6cs to 150 for |1-P4cs, and a substantial increase for |-P2¢g (420). The weaker porphyrin-nanotube
interaction in [-P2cg'CNT evidently results in a much lower degree of debundling. Kinetic
observations support this conclusion. When |-P4cg or I-P6cg is added to CNTs in DCB, complexation

is biphasic; rapid initial binding is followed by a slower process with a half-life of 6 £ 1 min for both
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oligomers. This behavior is interpreted in terms of a fast, diffusion-controlled binding event to the
outside of nanotube bundles, followed by a slow debundling process. In the case of I-P2¢g, only the

fast initial process is observed and thus no debundling occurs (Figure 6.10).
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Figure 6.10. Kinetics of CNT binding by oligomers 1-P2cg (green circles and line), 1-P4cs (red circles and line) and
I-P6¢s (blue circles and line) in DCB at 298 K.

The results from the different binding experiments give a coherent picture that correlates with the
ability of the oligomers to disperse CNTs in THF. The affinity of oligomers |-P4cg and 1-P6cg for
CNTs is high enough to allow efficient nanotube debundling, which explains their ability to disperse
CNTs in THF. The affinity of dimer I-P2¢g appears to be insufficient to debundle CNTs in DCB and
the dispersions in THF are only stable when excess dimer is present. No evidence for binding of

monomer |-P1¢g to CNTs was found which explains the inability of I-P1¢cg to disperse CNTs in THF.

6.2.3 Consequences of Binding on the Electronic Structure of CNTs

The van Hove singularities in CNTs are very sensitive to environmental effects. It has been shown that

[46]

changes in the electronic environment of the tubes through noncovalent functionalization™ or

. . [47-49
mechanical strains™®’*

can significantly influence the energy of the £, and E,, transitions. Shifts in
these transitions can be readily analyzed using PLE maps. The PLE maps of porphyrin oligomer-CNT
complexes display unusual patterns in the shifts of £, and E,, compared to SDBS-dispersed tubes. To
explore these effects further, PLE maps of the HIPCO CNT complexes of octamer |-P8cs*CNT and
polymer I-Pncg:CNT were measured, as well as PLE maps of all oligomers and the polymer bound to
smaller diameter CoMoCat tubes. Interestingly, dispersions of I1-P8cg*CNT and I-Pncg"CNT in THF
were less stable than those of tetramer and hexamer CNT complexes. The data obtained from the
collection of PLE maps were analyzed and interpreted by Samuel Stranks and Professor Robin
Nicholas (Department of Physics, Oxford) and only a summary is given here.

Figure 6.11a shows an analysis of the shifts in the E|; and E, transitions of [-P6¢cg'CNT relative to

values reported for SDBS-CNT.!"® For all CNT species with g = +1, the E}; transition is more shifted
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than the E,, transition and for species with ¢ = -1 the opposite trend is observed. This effect is most
pronounced for tubes with small chiral angles (n>>m) and has previously been attributed to the

4791 In contrast to literature reports of such strain

presence of mechanical strains on the nanotube.!
effects, the shifts in the porphyrin-CNT complexes also contain a constant electronic component that
can be separated from the strain effect.”” Fitting the strain component of the shifts to the model by

471 allows extraction of torsional and axial strains. The deformation of the CNTs is

Yang and Han
small (<0.2%), but comparable to that in polymer wrapped CNTs in the solid state.**! Strain effects as
a result of noncovalent CNT functionalization have not been observed in solution before and they are
probably a consequence of the extremely strong binding of the porphyrins. The strain effects increase
with oligomer length correlating with the increase in binding strength found in the vis/NIR absorption
and fluorescence titrations. The energy of the binding induced strain is 1-4 kJ mol" per porphyrin
oligomer, with the highest value being reached for hexamer. Both strain energy and CNT deformation

are lower in |-P8cg"CNT than in I-P6cg*CNT. This effect indicates weaker binding and may explain the

decrease in stability of solutions of the octamer CNT complex in THF.
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Figure 6.11. (a) Shifts of E11 and Ez2 in |-P6cg:CNT relative to the values reported in ref. 16. The data are from
HiPCO (squares) and CoMoCat (circles) CNTs. The dotted line is a guide to the eye to show the differences for
the two families q = +1 (filled) and q = -1 (open). The representative error bar is estimated from the instrument
resolution and errors in peak fitting; (b) strain induced shifts for |1-P6cs-CNT plotted against the chiral angle of the
CNT (squares) fitted to the Yang and Han model (black line); (c) axial (filled square) and torsional (open square)
strain components and strain energy per nm of CNT (open blue circles) for the porphyrin oligomers.

Two types of band alignments at the interface between two semiconductors are relevant for
photovoltaics. In a type-I heterojunction the valence and conduction bands form a straddling gap,
whereas a staggered energy level alignment is found in a type-II heterojunction (Figure 6.12a). Type-I
alignment usually results in energy transfer whilst type-II alignment allows charge transfer, which is
the desirable process for photovoltaics. Figure 6.12b shows the E; energy levels of CNTs dependent
on their diameter and the HOMO and LUMO levels of the porphyrin oligomers. From the alignment
of the energy levels one expects the formation of a type II heterojunction between small diameter

CNTs (d < 0.9-1.0 nm) and the longer oligomers (I-P4¢g — I-Pncg).
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Figure 6.12. (a) Energy level alignment for type-I and type-Il heterojunctions between two semiconductors. CB is
conduction band and VB is valence band; (b) HOMO and LUMO levels of porphyrin oligomers (lines) and E4
energy levels of CNTs according to their diameter (black triangles); (c) electronic component of CNT shifts of
porphyrin oligomer or polymer complexes with CNTs as a function of tube diameter.

Schuettfort e al. showed that the formation of a type-II heterojunction between poly-3-hexyl
thiophene (P3HT) and CNTs results in red-shifts of the nanotube transitions that are strongest for the
smallest tubes where the type-II alignment is most pronounced."*® This trend is not observed in type-I
polymers such as poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene = (MEH-PPV).
Excitation of the CNT results in formation of an exciton (or electron-hole pair). If the HOMO of the
polymer lies higher in energy than the valence band of the CNT (type-II alignment), the wave function
of the hole can delocalize into the polymer. As a consequence, the recombination energy of the exciton
is reduced, which results in a red-shift of the emission. In a type-I heterojunction this delocalization is
not possible and thus no increase in red-shift for smaller tubes is observed. When plotting the
electronic component of shifts in the CNT transitions in porphyrin-CNT complexes, a clear diameter
dependence is observed for I-P8cg*CNT and |-P6cg*CNT, an intermediate dependence for I-P4cg"CNT
and no dependence for I-P2¢g'CNT (Figure 6.12c¢ and ref. 50). This result suggests the most
pronounced type-Il character for the longest oligomers which corresponds well to the expected

behavior from the energy level alignment.

6.3 Attempted Binding of Cyclic Porphyrin Hexamer to CNTs

The synthesis of a polyrotaxane or pseudo-polyrotaxane from an organic macrocycle and a carbon
nanotube as the dumbbell is an attractive target. In such a mechanically interlocked structure the
irreversibility of covalent CNT sidewall functionalization could be combined with the mildness of the
noncovalent functionalization approach. Binding should be preferential for a narrow distribution of
CNT diameters because of the geometric restrictions of a macrocycle. Selective binding to only one
CNT species is a long sought goal on the way to obtaining monodisperse CNT samples that are
required for many potential applications.!”’ Dieckmann et al. used oligopeptides that can be covalently
cyclized after binding to CNTs and demonstrated selectivity for certain CNT diameter ranges as a

function of oligopeptide length.”' In order to test whether a similar effect can be achieved with cyclic
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porphyrin hexamer, a new derivative c-P6.s with para-ester aryl side groups was synthesized (Figure
6.13a).” The branched decyl-2-hexyl chains provide good solubility and their location in the para-aryl
position should result in a larger ring cavity compared to c-P6 and c-Pécs, by avoiding bulky meta
substituents on the aryl side groups.

Sonication of ¢c-P6.; with HIPCO CNTs (2:1 mass ratio) in THF leads to formation of a stable
dispersion. Removal of excess c-P6,; by microfiltration, followed by re-sonication in THF gives
dispersions that are significantly less stable and after 10—30 minutes all nanotubes have precipitated.
When an excess of the nanoring-template complex C-P6.+T is sonicated with CNTs, immediate

precipitation occurs, indicating the necessity of the absence of the template for CNT binding.

Figure 6.13. (a) Structure of nanoring c-P6es; (b) model of a pseudo-polyrotaxane from c-P6es and an (8,7) CNT.

Threading of the nanorings on CNTs should restrict rotation of the porphyrin units and lead to
increased m-conjugation. However, unlike in the CNT complexes of linear oligomers, the Q-absorption
band is not red-shifted compared to the free nanoring c-P6. (Figure 6.14a). The CNT absorption peaks
above 1000 nm are not as well resolved as in the CNT complexes of linear oligomers, which indicates
less efficient debundling. This is consistent with the absence of CNT emission in the PLE map of c-
P6.,CNT, where free nanoring is the only detectable emissive species (Figure 6.14b). This complete
quenching of emission is evidence for strong nanotube bundling!*” which explains the low solubility

of c-P6.,CNT in THF.

"The synthesis of C-P6, is detailed in Chapter 7.

114



900
1.0
[ 04
£ [
- < =
0.8 = 800 06
=)
”C-’ 0.8
3 = .
S 0.6- > —
©
8 2 700 ==,
] c
2 S
© 0.4+ ®
600
0.2
1
' c-P6,,
\
0.0 T g T . T = T T T 4 T T \ 500
400 600 800 1000 1200 1400 1600 1000 1100 1200 1300 1400 1500
wavelength / nm emission wavelength / nm

Figure 6.14. (a) Vis/NIR absorption spectra of c-P6es (dashed) and c-P6es:CNT (line); (b) normalized PLE map of
c-P6es-CNT. All spectra were measured in THF.

The experimental data suggest that c-P6,, binds to CNTs and that the absence of the hexadentate
template is crucial for this binding process. There is no evidence for formation of a pseudo-
polyrotaxane and it seems more likely that the nanoring binds predominantly to the outside of the
CNTs. Such binding is expected to be weak based on the low amenability of c-P6. for
n-n-interactions (see Chapter 1) and therefore explains the inability of the nanoring to efficiently
disaggregate nanotube bundles. However, more detailed investigation is necessary to draw definitive

conclusions.

6.4 Conclusions and Outlook

In this chapter the selectivity, thermodynamics and kinetics of the noncovalent binding of a series of
linear porphyrin oligomers to carbon nanotubes have been analyzed and the mechanical and electronic
consequences of this binding were investigated. There are three reasons why complexes of the longer
oligomers, particularly |-P4cg"CNT and |-P6cg*CNT, are promising for application in photovoltaic
devices: 1) The formation of a type-II heterojunction between these oligomers and small diameter
CNTs is a prerequisite for the generation of photocurrents. 2) These oligomers are most effective at
debundling and solubilizing CNTs, which is important in allowing solution processing and the
formation of homogenous thin films. 3) From the competition experiments it seems that the binding is
not only extremely strong, but also the complexes are probably kinetically very stable which is
important for the long term stability and performance of solid state devices. Rebundling of CNTs in
such devices would dramatically reduce the PV efficiency. The focus of future experiments may be the
complete photophysical characterization of the complexes using time-resolved spectroscopy in order
to gain more insight into energy and charge transfer processes. It should be possible to use time-

resolved THz measurements to directly probe mobile electrons on the CNTs generated by
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photoinduced charge transfer from the porphyrin oligomer. Incorporation of these complexes in
photovoltaic devices is the crucial step to reveal the potential of these materials.

In general conclusion, a strategy to analyze noncovalent CNT functionalization in solution has been
developed that allows the study of such complexes in more detail than has been achieved previously.
Binding titrations offer a wealth of information, ranging from thermodynamics and kinetics of binding
to measuring the degree of CNT debundling. Measuring nanotube debundling directly in solution is an
innovative approach, which avoids drying effects that can be found when analyzing CNT bundles
using microscopy. This work could be an important step to a more rational supramolecular chemistry
of carbon nanotubes, because it gives quantitative information on binding processes which is crucial
for comparison of different systems and should enable systematic engineering of new molecules for
the binding of CNTs.

The formation of a carbon nanotube based pseudo-polyrotaxane remains an attractive target that
merits further research. The length of the nanotube and its diameter are two parameters that appear
crucial in this context. The use of smaller diameter CNTs should make it easier for the nanorings to
slip onto the nanotube, and the use of chemically cut ultra-short CNTs"* would make it more likely to

achieve an appreciable loading of rings and good solubility. Selective functionalization of the

nanotubes rims would allow the installation of bulky stopper groups to form a true rotaxane."”!
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Chapter 7

Hydrogen-bonded Porphyrin Assemblies

dimer L ladder

square box
In this chapter the potential of hydrogen bonds and salt bridges for the formation of novel
supramolecular architectures based on butadiyne-linked porphyrin oligomers is explored. Porphyrin
dimers bearing lateral carboxylic acid groups can assemble into square, ladder or box shaped
complexes by combining Zn-N coordination with amidinium-carboxylate salt bridge formation. The
assemblies are characterized by '"H NMR, diffusion ordered NMR and small angle X-ray scattering.
UVNis absorption demonstrates the efficiency of square and box formation in rigidifying and

planarizing the porphyrin dimer. At the end of the chapter the attempted formation of supramolecular
nanotubes based on the stacking of the [6]porphyrin nanoring is described.

118



7.1 Background

Chapters 2 and 3 discussed the monodisperse synthesis of very large molecules with dimensions on
the nanometer scale and molecular weights over 10 kDa. In order to create even larger structures from
these molecular components, or to interface them with other molecules or materials, it is important to
understand and control their self-assembly behavior. Control over intermolecular interactions could
also allow tuning of the bulk properties required for the development of these molecules into
functional materials. Zn-N coordination chemistry (Chapters 2—4) and n-n interactions (Chapter 6)
have been used in previous chapters to create supramolecular assemblies based on butadiyne-linked
porphyrin oligomers. The use of more than one type of supramolecular interaction is advantageous for
attaining high degrees of structural complexity in self-organized materials. It is an important
prerequisite that these interactions are orthogonal, i.e. non-interacting and self-consistent,!"! in order to
produce well-defined assemblies.”) Examples of such compatible non-covalent or reversible covalent

[1]

interactions include metal-ligand coordination paired with either ion-dipole interactions, ' reversible

covalent bonds"! or hydrogen bonding."! Hydrogen bonds are ubiquitous in biological systems and are
widely used in supramolecular chemistry because of their strength, tunability and directionality.”’
Amidines form particularly strong hydrogen bonds with carboxylic acids because of an additional
ionic component to the interaction. The basic amidines usually deprotonate the carboxylic acids

leading to the formation of amidinium-carboxylate salt bridges analogous to the guanidinium-

[6]

carboxylate interaction found in biological systems.” In synthetic supramolecular systems the

amidinium-carboxylate motif has been used in the assembly of chiral double helices,”* capsules,”'"

11,12

donor-acceptor systems''"'* and also in crystal engineering (Figure 7.1).""*! Yashima has reported that

Zn-N interactions and amidinium-carboxylate salt bridges are orthogonal in self-assembled

[10]

capsules.

Mes

Si(CHs)
Si(CH3)3
a

Mes

Figure 7.1 Examples for amidinium-carboxylate salt bridges. (a) Self-assembled short chiral double helix;™ (b)
donor-acceptor system between a zinc porphyrin and a naphthalene diimide derivative.l"!

Many synthetic supramolecular dye, and particularly porphyrin, assemblies have been designed as

[11,14,15 12,16-18

models of natural light-harvesting complexes. Nocera I'and others! I have studied electron

transfer through amidinium carboxylate salt bridges and other hydrogen bonded systems in porphyrin
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based assemblies and found that electron transfer is more efficient in hydrogen bonded systems than in
covalently linked (o- or m-bond) systems.

All the properties listed above (strong binding, directionality, orthogonality with Zn-N coordination,
efficient electron transfer) make amidinium-carboxylate salt bridges promising candidates for use in

the self-assembly of linear and cyclic butadiyne-linked porphyrin oligomers.

7.2 Hydrogen-Bonded Squares and Boxes

In order to trial the use of amidinium-carboxylate salt bridges in the assembly of porphyrin oligomers,
a porphyrin dimer was selected because it is readily accessible by established synthetic routes and its

19200 A modular approach,

self-assembly behavior, using Zn-N or -7 interactions, is well understood.!
similar to the assembly of porphyrin ladders (Chapers 1 and 4), where self-assembly is triggered by
the addition of a small molecule linker, allows for greater synthetic flexibility and control over the
binding processes. The higher entropy of such a process in comparison to a direct connection, as in
Yashima’s helices (Figure 7.1a), is often compensated by a large chelate cooperativity.!"”’

Porphyrin dimer I-P2ac (Figure 7.2) bears lateral carboxylic acid groups that can act as proton
donors in the formation of amidinium-carboxylate salt bridges. Addition of a rigid linear bis-amidine
linker such as 1,2-benzenebis(N,N'-dicyclohexylamidine) BA should result in the formation of the
square shaped complex (I-P2ac),*(BA),. If a bidentate N-terminated ligand such as
1,4-diazabicyclo[2.2.2]octane (DABCO) is added to I-P2ac the two-rung ladder complex
(I-P2ac),*(DABCO), is expected to form as shown previously for 1-P2 and |-P2¢s."?% The
orthogonality between Zn-N coordination and the salt bridges should allow the combination of the two
processes and lead to formation of a 12-component assembly, the box shaped complex

(I-P2ac),(BA),+(DABCO), (Figure 7.2).
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Figure 7.2. Self-assembly of square, ladder and box shaped complexes from porphyrin dimer 1-P2ac and
bidentate ligands DABCO and bisamidine BA.

The bidentate linkers required for formation of the various complexes are both easily accessible:
while DABCO is commercially available, the bisamidine linker BA was synthesized in a one-pot-
reaction by lithiation of p-dibromobenzene followed by addition of dicyclohexylcarbodiimide (DCC)
and subsequent conversion of the lithium salt to the bisamidine with water (Scheme 7.1a).*!! This
cyclohexyl substituted amidine was chosen for three reasons: 1) the cyclohexyl group increases
solubility in organic solvents, 2) the greater bulkiness and higher rigidity of the cyclohexyl group
compared to a linear alkyl chain should reduce coordination of the amidines to the Zn-centers of the
porphyrins and improve the orthogonality to DABCO binding and 3) DCC is a widely used coupling
reagent and thus commercially available, while the synthesis of tailored carbodiimides requires several
synthetic steps.

The porphyrin precursor for formation of dimer |-P2ac was synthesized by statistical
co-condensation of 3,5-bis-(octyloxy) benzaldehyde 2a and triethyleneglycol-monomethyl-ether-4-
formylbenzoate 1 with dipyrromethane 1 (Scheme 7.1c). The acid group was protected as the
triethyleneglycol (TEG) ester throughout the synthesis in order to improve solubility and to ease
purification by silica chromatography. This was particularly helpful in the synthesis of free base
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porphyrin 2 because the other statistical products move either much faster (two bis-(octyloxy) phenyl

groups) or slower (two TEG ester groups) on silica.

Br

Br

1+2a +53 —_—

1-P2ac 59 58

Scheme 7.1 Synthesis of (a) 1,2-benzenebis(N,N'-dicyclohexylamidine) BA; (b) triethyleneglycol-monomethyl-
ether-4-formylbenzoate 1; (c) carboxylic acid functionalized porphyrin monomer |-Plac and dimer |-P2ac; TIPS
stands for triisopropylsilyl. Reagents and conditions: i) n-BuLi, then DCC, then H2O (45%); ii) triethylene glycol
monomethyl ether, EDC, DMAP (95%); iii) TFA, then DDQ (23%); iv) Zn(OAc)2 (99%); v) NBS (97%); vi)
(triisopropylsilyl)acetylene, Pd(OAc)2, PPhs, Cul, NEts (91%); vii) NaOH (86%); viii) TBAF (39%),; ix) CuCl,
TMEDA (75%); x) NaOH (78%).
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Free base porphyrin 54 was converted to its zinc complex 55 and then brominated using NBS in
excellent yields. Sonogashira coupling with triisopropylsilyl (TIPS) acetylene afforded porphyrin
monomer 57 that was converted into model compound [-P1ac by basic ester hydrolysis with NaOH.
TIPS protecting groups were used to cap the acetylenes because in initial trials trihexylsilyl (THS)
groups were found to be unstable towards the basic ester hydrolysis conditions. Statistical TIPS
deprotection of porphyrin monomer 57 using TBAF gave mono-deprotected monomer 58 that was
converted to dimer 59 by Glaser coupling. The final basic ester hydrolysis step proceeded smoothly in

good yields to give dimer |-P2ac.

a
H 'E H H g H  OCgHiy
= No N _N
}*ﬁ‘?@@ “
H E H H H OCQHW
b *
I-P2ac
c *
(I-P2ac),(BA),
e U
d * ~
(I-P2ac),-(BA).-(DABCO), M
—J — S~

T T T T T T T T 1 f 1

14.5 14.0 135 105 10.0 95 9.0 85 8.0 7.5 7.0 75 -4.0 45
b4/ ppm

Figure 7.3. "H NMR spectra of |-P2ac assemblies (CDCls, 500 MHz, 298 K). (a) Structure of 1/8 of the box
structure; (b) spectrum of dimer 1-P2ac with a stoichiometric amount of ds-pyridine to prevent aggregation; (c)
spectrum of square complex (I-P2ac),-(BA). with a stoichiometric amount of ds-pyridine to prevent aggregation;
(d) spectrum of box complex (1-P2ac)s(BA)4(DABCO)4. The asterisks in all spectra mark the solvent peak
(CHCI3).
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The lower local symmetry of the I-P2ac porphyrin macrocycles compared to dimers I-P2 and I-P2¢g
results in the appearance of eight doublets from the eight -pyrrole protons (Figure 7.3b). Addition of
1 equivalent of BA does not significantly shift these peaks, however two new peaks can be observed at
low magnetic fields: a singlet at oy = 7.8 ppm (blue) due to the phenyl protons of the bisamidine and
more importantly a broad peak at 13.8 ppm (purple) that is indicative of an amidine NH-proton in a
salt bridge (Figure 7.3¢)." Formation of the box complex (I-P2ac)s(BA),(DABCO), by addition of
DABCO results in the appearance of a peak -4.1 ppm that can be assigned to the protons of a molecule

20221 The two faces of the porphyrin macrocycle become

of DABCO bound between two porphyrins.!
inequivalent in the box complex and thus aryl protons pointing towards the inside and the outside of
the box now lead to different signals: the number of aryl alkoxy signals (red) increases from two to
three and the number of aryl carboxylate signals (green) grows from two to four (Figure 7.3d). It is
worth noting that the addition sequence of the ligands is irrelevant for formation of the complexes. In
UV/vis experiments the final spectrum was identical when the components were added in any order,
implying that the system rapidly reaches thermodynamic equilibrium.

Formation of the square complex (I-P2ac),*(BA), was confirmed by small angle X-ray scattering
(SAXS) acquired in toluene at Diamond Light Source, UK. All three indicators, the radius of gyration,
the scattering data (Figure 7.4a) and the pair distribution function (Figure 7.4c), are reproduced well

by data simulated from the molecular model shown in Figure 7.4b. The solubility of the box complex

in toluene was insufficient to acquire SAXS data.

R, (exp) = 18.0A

75 Rg (calc) = 16.4 A
< "
8.0
~10™ 0.002 0.006
g 1A
10° . . . .
0.2 0.4 0.6 0.8
g/A’

Figure 7.4. SAXS data of the square complex (I-P2ac),-(BA). acquired in toluene at 298 K at Diamond Light
Source, UK. (a) Scattering data (black circles) with simulated data from a molecular model (red line); the inset
shows a Guinier fit to the experimental scattering data at very small angles that was used to obtain the radius of
gyration; (b) molecular model calculated using the MM+ force field implemented in the HyperChemTM package
(the arrow indicates the Zn-Zn distance of two opposite Zn atoms); (c) pair-distribution functions determined from
experimental scattering data (black circles) and from the molecular model (red line).

Diffusion ordered NMR spectroscopy (DOSY) allows the determination of the diffusion coefficient
D that depends on the volume and shape of a molecule or an assembly.”! If the shape of a series of
assemblies is similar, the diffusion coefficient decays exponentially with the molecular mass of the
assemblies (see Chapter 4 and ref 23). Dr. Barbara Odell (Oxford, NMR) measured DOSY spectra of

all assemblies shown in Figure 7.2 (dimer, square, ladder and box) and the equivalent structures
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formed from porphyrin monomer I-Plac (except the DABCO sandwich). In Figure 7.5 the resulting
diffusion coefficients are plotted against the molecular weights of the complexes. The planar
complexes (monomer, dimer, salt bridged monomer and square) fit well to an exponential decay, but
the diffusion coefficients of the DABCO complexes (monomer and dimer based boxes) are larger than
expected from this fit. This behavior, which was also observed in the case of the [12]porphyrin
nanoring sandwich complex (Chapter 4), can be explained by the compactness of the DABCO
complexes that results in the diffusion coefficients underestimating the molecular weight. Overall, the

DOSY data confirm the formation of the various assemblies.

Compound D/10" m*s’
(I-P1ac),/(BA).:(DABCO), I-P1ac 4.94

(I-P2ac),-(BA),-(DABCO), .
] : :::: I-P2ac 3.64

IP2ac o = E (P1ac),-BA 2.97
(P1ac), BA

(/-P2ac),(BA), 2.29
X

D/10" m?s’

i ﬂ (I-P1ac), (BA),"(DABCO), 2.58
(I-P2ac),«(BA), (I-P2ac),-(BA),-(DABCO), 2.05
1000 5000 10000
MW g mol”

Figure 7.5. Diffusion coefficients of porphyrin assemblies plotted against their molecular weight. An exponential
decay was fitted to data from assemblies without DABCO (red line, D = 272 x 1 0 MWO'56). In these samples a
stoichiometric amount of ds-pyridine was present to avoid aggregation. All DOSY spectra were acquired by Dr.
Barbara Odell using the double stimulated echo sequence (DSTE) with a total diffusion time A = 100 ms and
gradient pulse duration 5§ =5 ms (500 MHz, CDCl3, 298 K).

Formation of square, ladder or box assemblies restricts the free rotation around the butadiyne-linker
between the two porphyrin macrocycles of dimer I-P2ac. The resulting increased n-overlap leads to an
increase in intensity of the most red-shifted component of the Q absorption band."**! The rigidity and

efficiency of planarization can thus be qualitatively evaluated by the absorption spectra.

a 06- b
——dimer —— ladder
—— square —— ladder (acid)
— ladder 06+ — box
—_— hox
0.4 -
g 3
3 g 0.4
o ©
: g
o 7]
@ o
0.2 - L
0.2 1
0.0 T T : : T 0.0 T T T T T
400 500 600 700 800 400 500 600 700 800
wavelength / nm wavelength / nm

Figure 7.6. UV/Vis/NIR absorption spectra of porphyrin assemblies in CHCIs. (a) Spectra of dimer |-P2ac, square
complex (I-P2ac),-(BA)2 and ladder complex (1-P2ac),-(DABCQ); in the presence of a large excess of bisamidine
and box complex (1-P2ac)4+(BA)4+(DABCQ).; (b) spectra of ladder complex (I-P2ac),-(DABCO),, ladder complex
with carboxylic acid binding (1-P2ac),:(DABCQO), and box complex (1-P2ac)4-(BA)4+(DABCO),.
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Addition of BA to porphyrin dimer |-P2ac leads to a significant sharpening of the longest
wavelength component of the Q absorption band, indicating efficient planarization. This sharpening
effect is significantly reduced in the ladder complex’ which is unsurprising as it has been suggested
that the porphyrin dimers in this complex are significantly twisted.*” The sharpest and most intense
Q band is observed in the box complex due to its high rigidity and the planarity of the porphyrin
dimers. (Figure 7.6a).

An important question about these complexes is whether the presence of the bisamidine linker is
absolutely necessary for complex formation or whether the square and box complexes could also be
formed simply by carboxylic acid dimerization. In dimer |-P2ac only a small population of hydrogen
bonded square complex is present at WM concentrations because the absorption sharpens significantly
upon addition of the bisamidine, indicating a transition from free to restricted rotation in the dimer.
When comparing the spectra of the ladder complex with ‘free’ carboxylic acids and the ladder
complex with an excess bisamidine (to suppress carboxylic acid dimerization) a dramatic difference is
observed: whilst the spectrum of the non-hydrogen bonded ladder is broad, the Q band of the
hydrogen bonded ladder complex is significantly sharper and very similar to the spectrum of the box
complex (Figure 7.6¢). This is a clear indication of the presence of a hydrogen bonded box complex.
The reason why the hydrogen bonded complex can form in this case, but does not form a square, lies
within the increased number of interactions and probably the presence of chelate cooperativity
between the carboxylic acid groups: in the box assembly four pairs of carboxylic acids are binding,

whereas only two pairs are binding to form a hydrogen-bonded square.

7.3 Towards Self-Assembled Porphyrin Nanotubes

Having demonstrated the value of amidinium-carboxylate salt bridges and carboxylic acid
dimerization in the formation of hydrogen-bonded assemblies based on dimer |-P2ac, we aimed to
extend this strategy to create tubular structures from cyclic oligomers such as the [6]porphyrin
nanoring. Cyclic hexamer c-P6ac (Scheme 7.2, the analogue of dimer I-P2ac) has carboxylic acids on
one rim and should form a short ‘dimeric tube’ by hydrogen bonding or salt bridge formation
(Figure 7.7a). Extended to larger rings, where no radial templates are available, the formation of a self-
supported ring dimer could be a method to rigidify nanorings and fix the torsional angles between the
individual porphyrin units (as demonstrated for the sandwich complexes in Chapter 4). Cyclic
hexamer c-P6ac, bearing carboxylic acids on both rims could self-assemble into infinite tubes held
together by hydrogen bonds or salt bridges. Many examples of such self-assembled nanotubes based

on the stacking of nanorings exist’>*% and they have found applications as artificial trans-membrane

" The absorption spectrum of this ladder complex was recorded in the presence of a large excess bisamidine in
order to prevent hydrogen bonding between the carboxylic acid groups.
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8]

ion channels,””) molecular reaction vessels,”® templates for dye assemblies’®” and microporous

solids.””! Two porphyrin based nanorings have been equipped with hydrogen bonding sites at the rims,

31]

but either no®" or only limited”” tube formation was observed.

Figure 7.7. Molecular models of self-assembled porphyrin nanotubes based on carboxylic acid dimerization. (a)
Short ‘dimeric tube’ consisting of two nanorings c-P6ac; (b) view down an infinite tube from nanoring c-P6ac..
Both models were calculated using the MM+ force field implemented in HyperChemTM.

Porphyrin dimer 67a, the precursor for formation of nanoring c-P6ac, was synthesized by an
identical route as dimer 59 (the precursor for I-P2ac) but trihexylsilyl (THS) groups were used instead
of TIPS to protect the terminal acetylenes (Scheme 7.2). Deprotection of the THS groups using TBAF
as a fluoride source was followed by palladium catalyzed cyclization around template T6. The
template was then removed on a size-exclusion column using the competing ligand DABCO to yield
the TEG-ester protected nanoring 69a. The nanoring c-P6ac,, with twelve carboxylic acid groups
should be accessible in a similar way. The carboxylic acid groups in the precursor porphyrins were
protected by formation of the octyl-ester which should be hydrolyzed in the final step of the synthesis.
However, the attempted synthesis of the corresponding nanoring template complex 69b-T6 yielded
only products with very low solubility. In order to achieve higher solubility of the nanoring, the
branched 2-hexyldecyl chain was used instead of the octyl chain. Synthesis of the corresponding dimer
67¢ was performed in two ways: by titanate-mediated transesterification of the octyl-ester protected
dimer 67b and by the synthesis from the basic building blocks dipyrromethane 1 and 2-hexyldecyl-4-
formylbenzoate 61 according to the previously described synthetic strategy shown in Scheme 7.2. The
synthesis of dimer 67¢ by the latter route was carried out with Markus Ddbbelin (visiting student from
CIDETEC, Spain). The dimer was converted to the free nanoring 69¢ as described above.

With both ester protected nanorings 69a and 69c¢ in hand, basic hydrolysis applying the same
conditions used for the synthesis of dimer I-P2ac was performed. However, after aqueous work-up the
products were found to be completely insoluble in organic solvents and water, as both the carboxylic
acid and the sodium carboxylate salt. Addition of an excess of bisamidine BA did not improve the
solubility and due to time-constraints no additional experiments were carried out. Future attempts to

improve the solubility of the nanorings could rely on the variation of the counterion in the carboxylate
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salts or the attachment of solubilizing groups to the phenyl carboxylate rings which would require

significant synthetic effort.

o b CgHy7
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L--c-P6ac: Arq = Rp; Arp = Rg

Scheme 7.2. Synthesis of a) octyl-4-formylbenzoate 60; (b) 2-hexyldecyl-4-formylbenzoate 61; (c) porphyrin
nanorings 69a and 69c; THS stands for trihexylsilyl. Reagents and conditions (yields are in the order a/b/c): i)
1-bromooctane, K;CO3 (88%); ii) 2-hexyl-1-decanol, EDC, DMAP (78%); iii) TFA, then DDQ), (22%/33%/38%); iv)
Zn(OAc)2 (97%/99%/98%); v) NBS (96%/98%/98%); vi) (trihexylsilyl)acetylene, Pd(OAc)z, PPhs, Cul, NEt;
(77%/78%/90%); vii) TBAF, (38%/42%/22%); viii) 67a/b: CuCl, TMEDA (73%/88%); 67c: PdCIx(PPhs)2, Cul, 1,4-
benzoquinone, i-ProNH (73%); ix) 2-hexyl-1-decanol, Ti(i-OPr)s ,97%,; x) TBAF (80%/80%/98%); xi) 69a-T6:
PdACIx(PPh3)z, Cul, Iz, i-PraNH (32%); 69c-T6: PdCIx(PPhs)z, Cul, 1,4-benzoquinone, i-ProNH (47%); xij) DABCO
(87%/86%); xiii) NaOH.
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7.4 Conclusions and Outlook

Initial experiments on hydrogen-bonded porphyrin oligomers indicate that a wealth of structures and
topologies is accessible by combining Zn-N coordination chemistry and hydrogen bondings or
saltbridges. The bisamidine linker BA introduced here may be useful for supramolecular self-assembly
of any molecular components bearing carboxylic acids because of its high binding strength and
directionality. Future work on the assemblies based on dimer I-P2ac may include a detailed analysis of
the equilibria that govern formation of the various complexes. The concept of square and box
formation could be extended to achieve efficient planarization of longer oligomers or polymers with
the perspective of extending the well-studied double strand formation to quadruple strand formation.
Such polymer quadruple strands should be very efficient in transporting charges over long distances
because the porphyrin units in each strand would be completely co-planar and a defect in one strand
could be compensated by the other strands, extending the concept of a molecular wire to a ‘molecular
cable’.

The results reported in the first section on square formation could also open a different approach to
the synthesis of the short ‘dimeric tube’ attempted in the second section of the chapter. Addition of
hexadentate template T6 to the square complex (formed from silyl deprotected dimer) followed by
palladium catalyzed cyclization could yield the short ‘dimeric tube’ by a ‘double templating’
approach.

In general the newly synthesized linear and cyclic porphyrin oligomers are large amphiphiles and
by tuning size and shape of the hydrophilic head (carboxylic acid or carboxylate) and the hydrophobic
tail (porphyrin and alkyl solubilizing chains) it may be possible to assemble larger structures such as
micelles or membranes. In the case of the nanoring c-Péac such assemblies would be porous due to

the cavity of the ring, with a pore size of about 2 nm.
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Chapter 8

Experimental Procedures

This chapter provides experimental details about the techniques used in this work and contains the
experimental procedures and characterization data for all compounds synthesized in the work for this
thesis.
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8.1 General Procedures

All manipulations of air or water sensitive compounds were performed using standard high-vacuum
techniques. When required, solutions were degassed by boiling under reduced pressure followed by
saturating with N,. This cycle was then repeated twice further. Dried tetrahydrofuran, dichloromethane
and toluene were obtained by passing through alumina under N, pressure. Triethylamine was distilled
over CaH, under nitrogen before use. All other reagents were used as commercially supplied. Flash
column chromatography was carried out on silica gel 60 under positive pressure. Where mixtures of
solvents were used, ratios are reported by volume. Size exclusion chromatography was carried out
using Bio-Beads S-X1, 200400 mesh (Bio Rad).

NMR data were collected at 700 MHz using a Bruker AVIII 700, at 500 MHz using a Bruker AVII
500 or a Bruker DRX 500, at 400 MHz using a Bruker DPX 400 or at 250 MHz using a Bruker
DPX250. Samples were measured in CDCl; or CDCl3/1% ds-pyridine at 298 K and chemical shifts are
quoted as parts per million (ppm) relative to residual CHCI; at oy = 7.27 ppm and & = 77.16 ppm.
Coupling constants (J) are quoted in Hertz (Hz). When diffusion editing of 'H spectra was used to
preferentially suppress solvent resonances the bipolar-pair LED sequence (BPP-LED) was employed.
DOSY experiments were carried out using the double stimulated echo sequence (DSTE) which
directly incorporates convection compensation. Diffusion coefficients were obtained by fitting
intensity decays to: I = I, exp(-Dy*0'g*(4-3)) where I and I, represent signal intensities in the
presence and absence of gradient pulses respectively, D is the required diffusion coefficient, yis the 'H
magnetogyric ratio, ¢ is the gradient pulse duration, A is the total diffusion time and g is the applied
gradient strength. Mass spectra were measured by electrospray ionisation (ESI) using a Bruker
micOTOF or by the matrix assisted laser desorption ionisation time of flight (MALDI-TOF) technique
on a Micromass MALDI micro MX or by the EPSRC National Mass Spectrometry Service Centre on
a Applied Biosystems Voyager-DE-STR. The MALDI-TOF mass spectra were recorded using
dithranol  (1,8,9-trihydroxyanthracene) or DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile) as the matrix. Only the peak of the molecular ion (100%, most intense
peak) is given. Analytical GPC was carried out using PLgel 3 um Mixed-E columns (2 x 300 mm
length, 7.5 mm diameter), with a flow rate of 1 mL/min.

UV-vis absorption spectra were measured on with Perkin Elmer Lambda 9 and Perkin Elmer
Lambda 20 photospectrometers with a scan rate of 960 nm/min. Fully corrected emission spectra were
measured using a custom-build system consisting of a 75 W Xenon Lamp and a nitrogen cooled
InGaAs detector. Vis/NIR emission spectra and photoluminescence excitation (PLE) maps were
recorded using an automated custom-built system consisting of a 75 W xenon lamp focused into a
monochromator, which then illuminated the sample in a quartz fluorescence cell. A silicon photodiode

was used to normalize the incident excitation intensities. Luminescence from the sample was collected
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at 90° to the excitation beam and focused into a spectrograph fitted with a liquid nitrogen cooled
InGaAs photodiode array. The spectral response of the detector was corrected by using a standard
tungsten lamp (OL 245U, Optronic Laboratories Inc.).

The synchrotron radiation small angle X-ray scattering (SAXS) data were collected using standard
procedures on the 122 beamline at Diamond Light Source (UK) equipped with a photon counting
detector. The beam was focused onto the detector placed at a distance of 1.25 m from the sample cell.
The covered range of momentum transfer was 0.03 < ¢ < 1.0 A™' (¢ = 4 7sin(6)/A where 26 is the
scattering angle and A= 1.00 A is the X-ray wavelength). The data were normalized to the intensity of
the incident beam; the scattering of the solvent was subtracted using an in-house program. To check
for radiation damage and aggregation during the SAXS experiment, the data were collected in 10
successive 60 s frames. All SAXS measurements were performed in either toluene or toluene/1%
pyridine at known concentrations (~10™* M) in a solution cell with mica windows.

HiPCO carbon nanotubes were purchased from Carbon Nanotech Inc. and 7,6-CoMoCat nanotubes
from SouthWest Nanotechnologies (SWeNT). Both types of tubes were used without further
treatment. For preparation of porphyrin-nanotube complexes we used a Branson 1510E-MT sonicator
bath (80 W, 40 kHz).

Molecular modelling was carried out using the MM+ force field (molecular mechanics) and the

semi-empirical AM1 and PM3 methods integrated in the HyperChem"™ 8.0 (Hypercube Inc.) package.

8.2 Synthetic Procedures for Previously Known Compounds

meso-B-Unsubstituted dipyrromethane 1"

H H

Formaldehyde (33% w/w solution in water, 5.4 mL, 60 mmol) was added to pyrrole (100 mL, 1.44
mol) and the solution degassed. Trifluoroacetic acid (0.54 mL, 3.09 mmol) was added with vigorous
stirring, and the reaction was allowed to proceed for 5 minutes before CH,Cl, (100 mL) was added,
followed immediately by NaCO; (aq) (sat., 100 mL). The organic layer was washed with NaCO; (aq)
(sat., 2 x 100 mL) and water (100 mL). Distillation of the oily residue in a Kugelrohr apparatus
yielded the product as a white crystalline solid (3.37 g, 39%).

'H NMR (250 MHz, CDCl;) 6y 3.96 (s, 2H, -CH.), 6.06 (m, 2H, -pyrroleH;), 6.17 (m, 2H, -
pyrroleHg), 6.66 (m, 2H, -pyrroleH,,), 7.83 (br. s, 2H, -NH). As lit.
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Free Base 5,15-bis-(3,5-bis-octyloxy-phenyl)-porphyrin 3a*!

CgH470 O OCgH17

CgH470 OCgH17

Dipyrromethane 1 (5.15 g, 28.0 mmol) and 3,5-bis-octyloxy-benzaldehyde 2a"*! (12.8 g, 28.0 mmol)
were dissolved in CH,Cl, (5.00 L). The reaction mixture was deoxygenated and TFA (1.80 mL,
57.5 mmol) was added. After stirring in the dark for 3 hours, DDQ (12.9 g, 53.5 mmol) was added and
the mixture stirred for 20 minutes before NEt; (15.0 mL, 108 mmol) was added to quench the acid.
The volume was reduced and the mixture passed through a short silica gel column using CH,Cl, to
separate the tary side products. The product was recrystallized by layer addition (CH,Cl,/methanol) to
give a bright purple powder (8.51 g, 48%).

'H NMR (400 MHz, CDCL3): dy -3.10 (s, 2H, NH), 0.91 (t, 12H, J= 6.5 Hz, -CH;), 1.33-1.63 (m,
40H, -CH,), 1.88-1.95 (m, 8H, -CH,), 4.18 (t, 8H, J=6.5 Hz, -OCH,), 6.97 (t, 2H, J=2.0 Hz, -
ArHy,r,), 7.48 (d, 4H, J = 2.0 Hz, -ArHouno), 9.18 (d, 4H, J = 4.5 Hz, -ArHp), 9.37 (d, 4H, J=4.5 Hz, -
ArHp), 10.33 (s, 2H, -AtHpes,). As lit.”!

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-porphyrin 4a'*!

CgH170 O OCgH17

CgH470 OCgH17

Zn(OAc),2H,0 (3.84 g, 17.5 mmol) was dissolved in MeOH (48 mL) and added to a solution of free
base 5,15-bis-(3,5-bis-octyloxy-phenyl)-porphyrin 3a (3.55 g, 3.56 mmol) in CHCl; (370 mL). The
reaction mixture was stirred at room temperature for 1 hour when UV/vis and TLC confirmed
metallation was complete. Chromatography on a short silica gel column (CH,Cl,) removed excess
Zn(OAc),. The product was recrystallized by layer addition (CH,Cl,/methanol) to give a purple
powder (3.70 g, 98%).

'H NMR (400 MHz, CDCl;): oy 0.91 (t, 12H, J = 6.5 Hz, -CH3), 1.25-1.61 (m, 40H, -CH.), 1.87-1.94
(m, 8H, -CH>), 4.18 (t, 8H, J=6.5Hz, -OCH,), 6.94 (t, 2H, J=2.0 Hz, -ArH,.), 7.46 (d, 4H,
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J=2.0 Hz, -ArHoup,), 9.25 (d, 4H, J = 4.5 Hz, -AtHp), 9.40 (d, 4H, J = 4.5 Hz, -ArH}), 10.23 (s, 2H -
ArH peo). As lit.1?)

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-dibromo-porphyrin 5a"*

CgH470 OCgH17

Br

CgH470 OCgH17

A solution of N-bromosuccinimide (3.05 g, 17.1 mmol) in CHCl; (200 mL) was added in the dark
dropwise over one hour to a solution of zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-porphyrin 4a (8.87 g,
8.56 mmol) in CHCl; (280 mL) and pyridine (4 mL). The reaction was quenched with acetone (1 mL).
The product was recrystallized (CHCl3/methanol) to give a purple crystalline solid (10.1 g, 98%).

"H NMR (400 MHz, CDCls): 5y 0.87 (t, 12H, J = 6.5 Hz, -CHj), 1.28—1. 63 (m, 40H, -CH>), 1.84-1.91
(m, 8H, -CH>), 4.13 (t, 8H, J=6.5Hz, -OCH>), 6.89 (t, 2H, J=2.0 Hz, -ArH,..), 7.31 (d, 4H,
J=2.0 Hz, -AtHuo), 8.99 (m, 4H, -ArHp), 9.63 (m, 4H, -ArHp). As lit.”!

Ethynyltrihexylsilane"’
=—Si(CeH13)s

Chlorotrihexylsilane (15.24 mL, 41.6 mmol) was added dropwise under N, to a stirred solution of
ethynylmagnesium bromide (0.5 mol I in THF, 100 mL, 50.0 mmol). The reaction mixture was
heated at reflux for 1 hr before HCI (aq) (10%, 80 mL) was added. The organic layer was washed with
water (80 mL) and dried over MgSOy to yield a yellow oil (10.7 g, 83%).

'H NMR (400 MHz, CDCls) dy; 0.63-0.56 (m, 6H, CH), 0.89-0.83 (m, 9H, CH), 1.41-1.26 (m, 24H, -
CH,), 2.35 (s, 1H, =CH). as lit.”
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Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-trihexylsilanylethynyl-porphyrin 1-P15™”

=—Si(CeH13)s

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-dibromo-porphyrin 5a (3.00 g, 2.50 mmol), tris-
(dibenzylideneacetone)-di-palladium(0) (147 mg, 0.16 mmol) PPh; (314 mg, 1.20 mmol) and Cul
(114 mg, 0.60 mmol) were dried under vacuum before dry toluene (100 mL) and NEt; (100 mL) were
added and the mixture deoxygenated. Ethynyltrihexylsilane (4.25 mL, 11.0 mmol) was added and the
reaction stirred at 40 °C for 2 hours when TLC (10:1:1, 40-60 petroleum ether : ethyl acetate :
pyridine) showed completion of the reaction. The volume was reduced and the mixture passed through
a short silica gel column (100:1, 40-60 °C petroleum ether : pyridine), to remove baseline impurities
and excess ethynyltrihexylsilane. Recrystallization by layer addition (CH,Cly/methanol) gave a dark
green solid (3.68 g, 89%).

'H NMR (400 MHz, CDCl3/1% ds-pyridine): dy 1.15-1.01 (m, 40H, -CH>,-CHs), 1.34-1.68 (m, 78H, -
CH,), 1.75-1.94 (m, 20H, -CH,), 4.15 (t, 8H, J= 6.5 Hz, -OCH,), 6.89 (t, 2H, J= 2.0 Hz, -ArH ),
7.32(d, 4H, J= 2.0 Hz, -ArHouo), 9.08 (d, 4H, J = 4.5 Hz, -ArH}), 9.76 (d, 4H, J = 4.5 Hz, -ArHp). As
lit."”

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin 6a'”
Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-ethynyl-porphyrin |-dP1g"!

=—Si(CeH13)3

CgH470 OCgHq7

Tetra-n-butylammonium fluoride (1 M solution in THF, 1.27 mL, 1.27 mmol) was added to a solution
of porphyrin monomer I-Pl¢cg (1.41 g, 0.85 mmol) in 1:1 solvent mixture of CH,Cl, and CHCl;
(180 mL) and the reaction mixture stirred for 30 minutes before CH;COOH (150 pL, 2.55 mmol) was
added. The volume was reduced and the reaction mixture passed through a short silica gel column
(CH,Cl,). Chromatography on silica gel (100:1:1, 40-60 °C petroleum ether : Ethyl acetate : pyridine)
and recrystallization by layer addition (CH,Cly/methanol) yielded:
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Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin 6a

(371 mg, 32%). '"H NMR (400 MHz, CDCl3/1% ds-pyridine): dy 0.86-0.95 (m, 21H, -CH3), 0.97-1.10
(m, 6H, -CH,),1.39-1.62 (m, 58H, -CH,), 1.75-1.83 (m, 6H, -CH,), 1.85-1.92 (m, 8H, -CH>), 4.14 (s,
1H, =CH), 4.15 (t, 8H, J= 6.5 Hz, -OCH>), 6.90 (t, 2H, J = 2.0 Hz, -ArH,.), 7.35 (d, 4H, J=2.0 Hz, -
AtH o), 8.99 (t, 4H, J = 4.5 Hz, -ArHj), 9.65 (m, 4H, -ArHp). As lit.”!

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-ethynyl-porphyrin I-dP1cs

(267 mg, 29%). '"H NMR (400 MHz, CDCl:/1% ds-pyridine): oy 0.87 (t, 12H, J= 6.5 Hz , -CH3),
1.22-1.55 (m, 40H, -CH,), 1.83-1.91 (m, 8H, -CH,), 4.14 (t, 8H, J=5.5 Hz, -OCH>; s, 2H, =CH),
6.89 (t, 2H, J=2.0 Hz, -ArH4), 7.33 (d, 4H, J=2.0 Hz, -ArHyo), 8.99 (m, 4H, -ArHg), 9.65 (m,
4H, -ArHp). As lit."”

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-trihexylsilanylethynyl-porphyrin dimer [-P2¢™”

CgH170 OCgH17

CuCl (1.18 g, 11.9 mmol) and N,N,N’,N -tetramethyl-ethylenediamine (1.35 mL, 11.1 mmol) were
added to a vigorously stirred solution of monodeprotected porphyrin monomer 6a (272 mg,
0.200 mmol) in dry CH,Cl, (80 mL), in a 5 L round bottom flask, and the reaction mixture stirred
10 minutes. The reaction mixture was passed through a short plug of silica gel using CH,Cl,.
Recrystallization by layer addition (CH,Cl,/methanol) gave the product as a green solid (231 mg,
85%).

'H NMR (400 MHz, CDCl3/1% ds-pyridine): 1 0.93—1.01 (m, 42H, -CH3), 1.03—1.17 (m, 12H, -CH,),
1.35-1.67 (m, 116H, -CH,), 1.82—-1.98 (m, 28H, -CH,), 4.20 (t, 16H, J= 6.5 Hz, -OCH,), 6.93 (s, 4H,
-ArHyra), 7.43 (d, 8H, J = 2.0 Hz, -ArH o), 9.06 (d, 4H, J = 4.5 Hz, -ArH}), 9.17 (d, 4H, J=4.5 Hz, -
ArHp), 9.74 (d, 4H, J = 4.5 Hz, -ArHj), 9.98 (d, 4H, J = 4.5 Hz, -ArHp). As lit.”!
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Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin dimer
7al!

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-ethynyl-porphyrin dimer [-dP2¢s”

CgH470. OCgHy7

=T1Si(CeH1a)s

CgH470 OCgH17

Tetra-n-butylammonium fluoride (1 M solution in THF, 0.29 mL, 0.29 mol) was added to a solution of
porphyrin dimer 1-P2¢g (524 mg, 0.19 mmol) in a 1:1 solvent mixture of CH,Cl, and CHCl; (34 mL)
and the reaction mixture stirred for 40 minutes before CH;COOH (34 pL, 0.60 mmol) was added. The
volume was reduced and the reaction mixture passed through a short silica gel column (CH,Cl,).
Chromatography on silica gel (18:1:1, 40-60 °C petroleum ether : ethyl acetate : pyridine) and
recrystallization by layer addition (CH,Cly/methanol) yielded:

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin dimer 7a
(142 mg, 31%). '"H NMR (400 MHz, CDCl3/1% ds-pyridine): 5y 0.96-1.04 (m, 33H, -CHj), 1.12-1.33
(m, 6H, -CH,), 1.42-1.70 (m, 98H, -CH,), 1.86-2.03 (m, 22H, -CH,), 4.25-4.29 (m, 17H, -OCH,,
=CH), 7.02 (s, 4H, -ArHpa), 7.49 (d, 8H, J = 2.5 Hz, -ArH o), 9.08 (d, 4H, J=4.5 Hz, -ArHj), 9.19
(d, 4H, J = 4.5 Hz, -AtHp), 9.74 (m, 4H, -ArHj), 10.00 (m, 4H, -ArHj). As lit.”!

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-ethynyl-porphyrin dimer |I-dP2¢s

(110 mg, 27%). "H NMR (400 MHz, CDCl3/1% ds-pyridine): oy 0.87 (t, 24H, J = 6.5 Hz, -CH), 1.29—
1.57 (m, 80H, -CH,), 1.90 (m, 16H, -CH>), 4.17 (t, 16H, J= 6.5 Hz, -OCH,), 4.18 (s, 2H, =CH), 6.92
(d, 4H, J=2.0 Hz, -ArH ), 7.38 (d, 8H, J = 2.0 Hz, -ArHy0), 9.03 (m, 4H, -ArHp), 9.10 (m, 4H, -
ArHp), 9.67 (m, 4H, -ArH), 9.91 (m, 4H, -ArHp). As lit.”!

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-trihexylsilanylethynyl-porphyrin trimer 1-P3¢4™"

CgH170 OCgH17

Monodeprotected porphyrin monomer [-dP1cg (128 mg, 93.7 umol) and monodeprotected porphyrin
dimer I-dP2¢s (230 mg, 93.7 umol) were dissolved in dry CH,Cl, (73 mL). The mixture was
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vigorously stirred in a flame dried flask equipped with a CaCl, drying tube for 25 min. Copper(I)
chloride (556 mg, 5.62 mmol) and N, N,N’,N -tetramethylethylenediamine (650 puL, 5.62 mmol) were
added and vigorous stirring was continued for 1 hour. The reaction mixture was filtered over a short
plug of silica using CH,Cl, and solvents were removed under vacuum. Size exclusion chromatography
on Biobeads SX-1 using tetrahydrofuran gave the trimer as a brown solid (109 mg, 30%); porphyrin
dimer (20%) and porphyrin tetramer (20%) were isolated as byproducts.

'H NMR (400 MHz, CDCl3/1% ds-pyridine): oy 0.86-0.94 (m, 54H, -CH3), 1.01-1.06 (m, 12H, -CH,),
1.29-1.45 (m, 120H, -CH,;), 1.50-1.58 (m, 36H, -CH,), 1.75-1.81 (m, 12H, -CH,), 1.87-1.94 (m, 24H,
-CH,), 4.16-4.21 (m, 24H, -OCH,), 6.91-6.94 (m, 6H, -ArH,.,), 7.39 (d, J = 2.0 Hz, 8H, -ArH ),
7.42 (d, J = 2.0 Hz, 4H, -ArH o), 8.97 (d, J = 4.5 Hz, 4H, -ArHj), 9.07-9.08 (m, 8H, -ArH), 9.65 (d,
J = 4.5 Hz, 4H, -ArHp), 9.87-9.89 (m, 8H, -ArH). As lit."!

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin trimer

944

CgH470 OCgH17

Tetra-n-butylammonium fluoride (IM in THF, 39.0 pL, 39.0 umol) was added to a deoxygenated
solution of Porphyrin-Trimer I-P3¢g (100 mg, 26.2 umol) in CH,Cl, (2.3 mL) and CHCI; (2.3 mL).
The progress of the reaction was followed by TLC (15% pyridine in petrol 40-60 as eluent). The
reaction was quenched with acetic acid (40 pL) and passed through a short plug of silica using
dichloromethane. Chromatography on flash silica gel using 15% pyridine / petrol 40-60 as eluent
afforded the desired product as a brown solid (36.1 mg, 39%).

"H NMR (400 MHz, CDCl3/1% ds-pyridine): dy 0.83—0.93 (m, 45H, -CHs), 1.00-1.05 (m, 6H, -CH,),
1.28-1.44 (m, 108H, -CH,), 1.49—-1.59 (m, 30H, -CH,), 1.74-1.82 (m, 6H, -CH,), 1.86-1.94 (m, 24H,
-CH,), 4.15-4.20 (m, 24H, -OCH,), 6.91-6.93 (m, 6H, -ArH,,), 7.37-7.41 (m, 12H, -ArH ), 8.96—
8.99 (m, 4H, -ArH), 9.06-9.08 (m, 8H, -ArHp), 9.63-9.66 (m, 4H, -ArHj), 9.86-9.90 (m, 8H, -ArHj).
As lit.¥
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Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-trihexylsilanylethynyl-porphyrin tetramer |-P4¢s™”

CuCl (306 mg, 3.09 mmol) and N,N,N’,N’-tetramethylethylenediamine (360 pL, 3.09 mmol) were
added to a vigorously stirred solution of monodeprotected porphyrin dimer 7a (253 mg, 0.103 mmol)
in dry CH,Cl, (40 mL). The reaction mixture was stirred for 10 minutes and then passed through a
short plug of silica gel (100:1, CH,Cl, : pyridine) and recrystallized by layer addition
(CH,Cl,/methanol) gave the product as a brown solid (175 mg, 69%).

'H NMR (400 MHz, CDCl3/1% ds-pyridine): i 0.85-1.08 (m, 78H, -CH3), 1.30-1.56 (m, 196H, -
CH,), 1.72-1.93 (m, 44H, -CH,), 420 (m, 32H, -OCH,), 6.93 (m, 8H, -ArH..), 7.39 (d, 8H,
J=2.0Hz, -ArHu,), 7.44 (d, 8H, J=2.0 Hz, -ArH ), 8.98 (d, 4H, J=4.5 Hz, -ArH}), 9.08 (m,
12H, -ArHp), 9.65 (d, 4H, J = 4.5 Hz, -ArH}), 9.90 (m, 12H, -ArHj). As lit.”

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin tetramer
8a”!

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-ethynyl-porphyrin tetramer |-dP4cg"!

CgH470 OCgH17

=1Si(CeH13)

CgH470 OCgH17

Tetra-n-butylammonium fluoride (1 M solution in THF, 71 pL, 0.071 mmol) was added to a solution
of porphyrin tetramer |-P4cg (230 mg, 0.047 mmol) in CH,Cl, (4 mL) and CHCl; (4 mL) and the
reaction mixture stirred for 30 minutes before CH;COOH (8 pL, 0.142 mmol) was added. The volume
was reduced and the reaction mixture passed through a short plug of silica gel (CH,Cl,).
Chromatography on silica gel (85:15, 40-60 °C petroleum ether : pyridine) and recrystallization by
layer addition (CH,Cly/methanol) gave:

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin tetramer 8a
(81 mg, 37%). '"H NMR (400 MHz, CDCl3/1% ds-pyridine): dy 0.91-1.11 (m, 63H, -CHs), 1.35-1.67
(m, 178H, -CH,), 1.81-1.88 (m, 6H, -CH;), 1.93-2.02 (m, 32H, -CH,), 4.24 (m, 33H, -OCH,, =CH),
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6.98 (s, 4H, -ArH,ur,), 7.00 (s, 4H, -AtH ), 7.45 (s, 8H, -AtHomo), 749 (d, 8H, J = 2.0 Hz, ~-ArHomno),
9.04 (m, 4H, -ArHp), 9.15 (m, 12H, -ArHj), 9.70 (m, 4H, -ArHp), 9.95 (m, 12H, -ArHp). As lit."”

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-ethynyl-porphyrin tetramer I-dP4¢g

(48 mg, 21%). 'H NMR (400 MHz, CDCl3/1% ds-pyridine): oy 0.87 (m, 48H, CH3), 1.29-1.53 (m,
160H, CH,), 1.90 (m, 32H, CH,), 4.18 (m, 32H, OCH,), 6.92 (m, 8H, Ar-H"*"), 7.38 (s, 8H, Ar-H"™),
7.42 (s, 8H, Ar-H""°), 8.98 (d, 4H, J = 4.5 Hz, -ArH}), 9.08 (m, 12H, -ArHp), 9.63 (d, 4H, J = 4.5 Hz,
-ArHp), 9.89 (m, 12H, -ArHp). As lit.”!

Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-trihexylsilanylethynyl-porphyrin hexamer |-P6¢5"!

CgH470 OCgH17

Porphyrin trimer 9a (30.0 mg, 8.48 umol) was dissolved in dry CH,Cl, (5.2 mL). The mixture was
vigorously stirred in a flame dried flask equipped with a CaCl, drying tube for 15 min. Copper(I)
chloride (25.2 mg, 254 umol) and N,N,N’,N’-tetramethylethylenediamine (29 uL, 254 pumol) were
added and vigorous stirring was continued for 2.5 hours. The reaction mixture was filtered over a short
plug of silica using CH,Cl, and solvents were removed under vacuum. Size exclusion chromatography
on Biobeads SX—1 using tetrahydrofuran afforded porphyrin hexamer as a brown solid (24.3 mg,
81%).

'H NMR (400 MHz, CDCl; / 1% ds-pyridine): dy 0.86-0.94 (m, 90H, -CHs), 1.01-1.05 (m, 12H, -
CH,), 1.26-1.42 (m, 192H, -CH,), 1.50-1.58 (m, 72H, -CH,), 1.75-1.81 (m, 12H, -CH,), 1.89-1.94
(m, 60H, -CH,), 4.16-4.20 (m, 48H, -OCH,), 6.91-6.92 (m, 4H, -ArH;.), 6.94-6.95 (m, 8H, -
ArH ), 7.38-7.39 (m, 8H, -ArH o), 7.42-7.44 (m, 16H, -ArHomo), 8.97 (d, J = 4.5 Hz, 4H, -ArH}),
9.07-9.10 (m, 20H, -ArHp), 9.65 (d, J = 4.5 Hz, 4H, -ArHp), 9.87-9.91 (m, 20H, -ArHj). As lit.!*
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Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10,20-trihexylsilanylethynyl-porphyrin octamer I-P8¢5™”

CuCl (40 mg, 0.40 mmol) and N,N,N’,N -tetramethylethylenediamine (46 pL, 0.40 mmol) were added
to a vigorously stirred solution of monodeprotected porphyrin tetramer 8a (192 mg, 0.042 mmol) in
dry CH,Cl, (8 mL) and stirred for 10 minutes. The reaction mixture was passed through a short plug of
silica gel (10:1, 40-60 °C petroleum ether : pyridine) and recrystallization by layer addition
(CH,Cl,/methanol) gave the product as a brown solid (165 mg, 86%).

'H NMR (400 MHz, CDCl3/1% ds-pyridine): g 0.86-0.94 (m, 114H, -CH5), 1.00-1.07 (m, 6H, -CH,),
1.25-1.61 (m, 372H, -CH,), 1.75-1.82 (m, 6H, -CH,), 1.87-1.96 (m, 60H, -CH,), 4.21 (m, 64H, -
OCH,), 6.91-6.95 (m, 32H, -ArHy,r), 7.38-7.44 (m, 32H, -ArH o), 8.97 (d, 4H, J = 4.5 Hz, -ArHp),
9.08 (m, 30H, -ArHp), 9.64 (d, 4H, J = 4.5 Hz, -ArHp), 9.89 (m, 30H, -ArHp). As lit."”

Zinc 5,15-Bis-(3,5-bis-octyloxy-phenyl)-10,20-trihexylsilanylethynyl-porphyrin octamer I-Pncg"

CgH470. OCgH17

CgH470 OCgHy7

1,4-Benzoquinone (15 mg, 0.13 mmol), copper(l) iodide (7.2 mg, 0.038 mmol) and Pd(PPh;), (4.8 mg,
0.004 mmol) were placed in a flask. The vessel was evacuated and refilled with argon. Toluene (10
mL) and diisopropylamine (4.8 mL) were added to the flask. A solution of fully deprotected porphyrin
monomer |-dP1cg (100 mg, 0.092 mmol) in toluene (5 mL) was added. The flask was closed and
heated to 60°C overnight. Then, a small amount of tetrahydofuran was added and the mixture was
precipitated into methanol and centrifuged (1500 rpm, 10 min). The polymer was purified by washing
and subsequent centrifugation in methanol, 40-60 petroleum ether and then dichloromethane.

'H NMR (400 MHz, CDCl3/1% ds-pyridine) oy 0.85-0.88 (m, 12H,-CH;) 1.25-1.41 (m, 16H, -CH,),
1.52-1.56 (m, 8H, -CH,), 4.20 (br s, 8H, -OCH,), 6.95 (br s, 2H, -ArH,,), 7.43 (br s, 4H, -ArH o),
9.09 (d, J=3.8 Hz, 4H, -ArHy), 9.90 (d, J=3.9 Hz, 4H, -ArHp); GPC (THF, Polymer Laboratories
PLgel 5 um MIXED-D column, calibrated using monodisperse porphyrin oligomers): M, = 43,000
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(corresponds to an average of about 40 porphyrin units); Ay« (THF) / nm (log €) 470 (4.87), 587
(3.77), 787 (4.61) [extinction coefficients per repeat unit]. As lit.”’

Hexakis(4-bromophenyl) benzene!®

Br Br
e e Weyw
RS,

Neat bromine (8.24 g, 51.6 mmol) was dropped very slowly to hexaphenylbenzene (2.00 g, 3.74
mmol). Stirring of the dark orange slurry was continued after the addition for 45 minutes. Ethanol (40
mL) was carefully added, while cooling the reaction flask in a dry-ice/acetone bath. The precipitate
was collected by filtration and washed with an aqueous Na,S,;0; solution. The crude product was
dissolved in CHCI; and washed with aq. Na,S,0; and water. Solvents were removed under vacuum
and the residue was recrystallized from hot CH,Cly/methanol to give the product as a white solid (3.52
g, 93%).

"H NMR (400 MHz, CDCl5): 8y 6.61 (d, J = 8.5 Hz, 12H), 7.07 (d, J = 8.5 Hz, 12H). As lit.["

Hexadentate template T6'"!

To a solution of hexakis-(4-bromophenyl)benzene (300.0 mg, 297 pmol) in dimethyleneglycol (9.0
mL) and tetrahydrofuran (21 mL) was added dichlorobis(triphenylphosphine)-palladium(II) (40.0 mg,
57.0 pmol). After addition of water (12 mL), NaHCO; (450 mg, 5.36 mmol) and 4-pyridineboronic
acid (882 mg, 7.18 mmol), the mixture was deoxygenated and stirred at 70 °C for 5 days. Solvents
were removed and the crude product was purified by column chromatography on flash silica gel
(dichloromethane : methanol : triethylamine = 10 : 1 : 0.05) to give the template as a white solid (148
mg, 50%).

'H-NMR (400 MHz, CDCls): g ppm 6.96 (d, J = 8.5 Hz, 12H), 7.18 (d, J = 8.5 Hz, 12H), 7.29 (d, J
= 5.5 Hz, 12H), 8.36 (d, J = 5.5 Hz, 12H). As lit.¥
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Zinc (3,5-bis-octyloxy-phenyl)-porphyrin[6] nanoring—template complex C-P6csT6!"

Hexadentate template T6 (12 mg, 12 pumol) and porphyrin monomer I-dP1¢g (50 mg, 46 umol) were
dissolved in toluene (40 mL) and sonicated for 30 min (bath sonicator). A catalyst solution was
prepared by dissolving Pd(PPh;),Cl, (2 mg, 3 umol), copper(I) iodide (3 mg, 15 umol) and 1,4-
benzoquinone (10 mg, 92 pumol) in toluene (10 mL) and freshly distilled diisopropylamine (0.3 mL).
The catalyst solution was added to the porphyrin solution, and the mixture was stirred at room
temperature for 2 h, and then for 1 h at 50 °C (under air). The mixture was passed through a plug of
alumina using CHCI; as eluent, and purified by size exclusion chromatography on Biobeads SX-1 in
toluene. The second band was isolated and recrystallized by layer addition (CH,Cl,/methanol) to give
C-P6cgT6 as a dark brown solid (18 mg, 31%).

"H NMR (400 MHz, CDCl;): oy 0.85-0.90 (m, 72H, -CHs), 1.26-1.56 (m, 240H, -CH>), 1.83—1.94 (m,
48H, -CH>), 2.26 (d, J = 6.5 Hz, 12H, -pyridylH,), 4.09 (t, J = 6.5 Hz, 24H, -CH,), 4.20 (t, J = 6.5
Hz, 24H, -CH,), 5.00 (d, J = 6.5 Hz, 12H, -pyridylHp), 5.47 (d, J = 8.5 Hz, 12H, -ArH), 5.55 (d, J =
8.5 Hz, 12H, -ArH), 6.89 (s, 12H, -ArHpur), 7.11 (s, 12H, -ArHouno), 7.38 (s, 12H, -ArH o), 8.85 (d, J
= 4.5 Hz, 24H, -ArH,), 9.54 (d, J = 4.5 Hz, 24H, -ArHp). As lit."!
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Zinc (3,5-bis-octyloxy-phenyl)-porphyrin[6] nanoring cP6¢s"

Cyclic hexamer—template complex ¢P6cs*T6 (2.7 mg, 0.36 umol) was passed through a size exclusion
column (Biobeads SX-1) containing a (40 mg mL™") solution of recrystallized DABCO in freshly
distilled tetrahydrofuran. The crude product was dissolved in chloroform and recrystallized by layer
addition with methanol to afford the template-free nanoring as a brownish solid (2.1 mg, 89%).

'H NMR (400 MHz, CDCl3/1% ds—pyridine): dy 0.85-0.90 (m, 72H, -CH3), 1.26-1.56 (m, 240H, -
CH,), 1.83-1.94 (m, 48H, -CH>), 4.08 (t, J = 6.5 Hz, 48H, -OCH,), 6.84 (s, 12H, -ArH,;), 7.22 (s,
24H, -AtH ), 8.87 (d, J = 4.5 Hz, 24H, -ArHj), 9.59 (d, J = 4.5 Hz, 24H, -ArHp); As lit."

Free Base 5,15-bis-(3,5-bis-tert-butyl-phenyl)-porphyrin 3b"”

g

3,5-Bis(tert-butyl)benzaldehyde 2b™ (1.79 g, 8.21 mmol) and dipyrromethane 1 (1.20 g, 8.21 mmol)
were placed in a dry flask under N, and dissolved in CH,Cl, (1600 mL). The solution was degassed
three times by repeated evacuation and purging with nitrogen. Trifluoroacetic acid (0.37 mL, 4.9
mmol) was added and the reaction mixture stirred in the dark for 3 h. DDQ (2.42 g, 10.7 mmol) was
added and stirring continued for 0.5 h. After quenching of the acid by addition of triethylamine (8.0
mL) the mixture was passed over a short silica plug (CH,Cl,). Recrystallization from CH,Cly/methanol

gave porphyrin 3b as a red solid (1.73 g, 56%).
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'"H NMR (400 MHz, CDCls): 0 -3.10 (br. s, 2H, NH), 1.58 (s, 36H, -tBuH), 7.85 (t, 2H, J = 2.0 Hz, -
ArHyr,), 8.16 (d, 4H, J = 2.0 Hz, -ArHom,), 9.15 (d, 4H, J = 4.5 Hz, -ArHp), 9.42 (d, 4H, J = 4.5 Hz, -
ArHp), 10.33 (s, 2H, -ArHpeso). As lit.”!

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-porphyrin 4b'”’

Q)

Zn(OAc),*2H,0 (1.67 g, 7.63 mmol) was dissolved in methanol (15 mL) and added to a solution of
free-base porphyrin 3b (1.02 g, 1.48 mmol) in CHCI; (150 mL). The reaction was stirred at room
temperature for 1 hour. The mixture was passed through a short plug of silica gel using CH,Cl,. The
crude product was recrystallized by layer addition (CH,Cl,/methanol) to give a purple powder (1.17 g,
95 %).

'H NMR (400 MHz, CDCls): y; 1.59 (s, 36H, -1BuH), 7.86 (t, 2H, J = 2.0 Hz, -ArHo), 8.17 (d, 4H, J
= 2.0 Hz, -ArHymo), 9.23 (d, 4H, J = 4.5 Hz, -ArHp), 9.45 (d, 4H, J = 4.5 Hz, -ArHp), 10.36 (s, 2H, -
ArH peo). As lit.1)

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-dibromo-porphyrin 5b'”

»

Br Br

To a solution of zinc porphyrin 4b (1.2 g, 8.2 mmol) in CHCI; (190 mL) and pyridine (0.8 mL) was
added dropwise N-bromosuccinimide (0.61 g, 3.4 mmol) dissolved in CHCl; (30 mL). After stirring in
the dark for 15 minutes, the reaction was quenched with acetone (1.0 mL). The solvent was removed
and the crude product recrystallized by layer addition from CH,Cly/methanol to give
dibromoporphyrin 5b as a purple solid (1.36 g, 92%).

'H NMR (400 MHz, CDCls): 8y 1.50 (s, 36H, -fBuH),7.80 (t, J = 2.0 Hz, -ArH,us), 7.99 (d, J = 2.0
Hz, 4H, -ArH o), 8.91 (d, J = 4.5 Hz, 4H, -ArH}), 9.66 (d, J = 4.5 Hz, 4H, -AtHpe0). As lit.”)
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Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-bis-trihexylsilanylethynyl-porphyrin [-P1"

= Si(CeH13)3

tris-(Dibenzylideneacetone)-di-palladium(0) (64 mg, 70 umol), copper(l) iodide (28 mg, 0.14 mmol),
triphenylphosphine (36 mg, 0.14 mmol) and dibromoporphyrin 5b (0.64 g, 0.7 mmol) were placed in a
dried Schlenk tube under argon. Toluene (45 mL), iPr,NH (24 mL) and pyridine (1.27 mL) were
added and the reaction mixture deoxygenated. Trihexylsilyl acetylene (0.81 mL, 2.1 mmol) was added
by syringe. The reaction mixture was stirred at 80 °C for 3 hours, solvents removed and the residue
passed through a short silica gel column using CH,Cl,. Recrystallization by layer addition
(CH,Cly/methanol) gave the product I-P1 as a green solid (0.96 g, 99 %).

'H NMR (400 MHz, CDCl5): dy 0.90 (t, 18H, J = 7.0 Hz, -CHs), 1.02 (m, 12H, -CH>), 1.39 (m, 24H, -
CH,), 1.58-1.51 (m, 48H, -CH,, -tBuH), 1.77 (m, 12H, -CH,), 7.83 (t, 2H, J = 1.5 Hz, -ArH ), 8.06
(d, 4H, J = 1.5 Hz, -AtHuo), 8.98 (d, 4H, J = 4.5 Hz, -ArH}), 9.74 (d, 4H, J = 4.5 Hz, -ArHj). As lit.”

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin 6b"”
Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-bis-ethynyl-porphyrin |-dP1""

=—Si(CeH13)s

Protected porphyrin monomer I-P1 (1.54 g, 1.13 mmol) was dissolved in CH,Cl, (280 mL) and CHCl;
(280 mL). Tetra-n-butylammonium fluoride (1.7 mL, 1.0 M solution in THF, 1.7 mmol) was added to
the stirred solution. The progress of the reaction was monitored by TLC until an optimal product
mixture was reached and the reaction then quenched with CH;COOH (0.2 mL, 3.4 mmol). The volume
was reduced and the mixture passed through a short plug of silica gel (CH,Cly). Column
chromatography (100:1:1, 40-60 petroleum ether : Ethyl acetate : pyridine) gave:

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin 6b

(474 mg, 37 %). 'H NMR (400 MHz, CDCl): dy 0.91 (t, 9H, J = 7.0 Hz, -CHs), 1.01-1.05 (m, 6H, -
CH,), 1.37-1.44 (m, 12H, -CH,), 1.52-1.57 (m, 42H, -CH,, -BuH), 1.76—1.81 (m, 6H, -CH>), 4.15 (s,
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1H, =CH), 7.81 (t, 2H, J = 2.0 Hz, -ArH4), 8.03 (d, 4H, J = 2.0 Hz, -ArHouno), 8.92 (m, 4H, -ArHj),
9.68 (m, 4H, -ArHj). As lit.”

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-bis-ethynyl-porphyrin I-dP1

(312 mg, 33 %). '"H NMR (400 MHz, CDCLy): dy 1.55 (s, 36H, -fBuH), 4.15 (s, 2H, =CH), 7.79 (t, 2H,
J=1.5Hz, -ArH,;.), 8.01 (d, 4H, J = 1.5 Hz, -AtH ), 8.91 (d, 4H, J= 4.5 Hz, -ArHj), 9.67 (d, 4H, J
= 4.5 Hz, -ArH). As lit.”

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-bis-ethynyl-porphyrin 1-dP1""}

THS-protected porphyrin monomer I-P1 (100 mg, 73.3 umol) was dissolved in CH,Cl, (10 mL) and
tetra-n-butylammonium fluoride (0.70 mL, 1.0 M solution in THF, 70 mmol) was added. After stirring
at room temperature for 15 minutes the mixture was immediately passed through a short plug of silica
gel (CH,Cl,). Recrystallization by layer addition (CH,Cl,/methanol) gave the product I-dP1 as a dark
green solid (54 mg, 92 %).

'H NMR (400 MHz, CDCls): dy 1.55 (s, 36H, -1BuH), 4.15 (s, 2H, =CH), 7.79 (t, 2H, J = 1.5 Hz, -
ArHyr,), 8.01 (d, 4H, J = 1.5 Hz, -ArHouo), 8.91 (d, 4H, J = 4.5 Hz, -ArHp), 9.67 (d, 4H, J = 4.5 Hz, -
ArHp). As lit.”

Zinc 5,15-bis-(3,5-tert-butyl-phenyl)-10,20-trihexylsilanylethynyl-porphyrin dimer |-P2"

=TSi(CeH13)s

CuCl (205 mg, 2.07 mmol) and N,N,N’,N’-tetramethyl-ethylenediamine (239 pL, 2.07 mmol) were
added to a vigorously stirred solution of monodeprotected porphyrin monomer 6b (74.5 mg,
68.9 pmol) in dry CH,Cl, (17mL), in a 1 L round bottom flask, and the reaction mixture stirred
30 minutes. The reaction mixture was passed through a short plug of silica gel (CH,Cl,).
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Recrystallization by layer addition (CH,Cl,/methanol) gave the product as a dark green solid (68.9 mg,
93%).

"H NMR (400 MHz, CDCl3/1% ds-pyridine): oy 0.91 (t, 18H, J = 7.0 Hz, -CHs), 1.00—1.04 (m, 12H, -
CH,), 1.35-1.45 (m, 24H, -CH,), 1.51-1.61 (m, 72H, -tBuH, -CH,), 1.73-1.82 (m, 12H, -CH,), 7.81—
7.82 (m, 4H, -ArH,,1), 8.05 (d, 8H, J = 1.5 Hz, -ArHqm,), 8.89 (d, 4H, J = 4.5 Hz, -ArHp), 8.99 (d, 4H,
J=4.5Hz, -AtHp), 9.66 (d, 4H, J = 4.5 Hz, -ArHy), 9.89 (d, 4H, J = 4.5 Hz, -ArH}). As lit.”!

Zinc 5,15-bis-(3,5-tert-butyl-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin dimer 7b"
Zinc 5,15-bis-(3,5-bis-octyloxy-phenyl)-10,20-bis-ethynyl-porphyrin dimer |-dP2"!

=T Si(CeH13)3

Tetra-n-butylammonium fluoride (10.5 pL, 1 M solution in THF) was added to a solution of porphyrin
dimer I-P2 (68 mg, 31 umol) in a mixture of CH,Cl, (7 mL) and CHCI; (7 mL). The reaction was
monitored by TLC and quenched after 30 minutes with CH;COOH (0.19 mL, 3.4 mmol). The volume
was reduced and the reaction mixture passed through a short silica gel column (CH,Cl,/1% pyridine).
Chromatography on silica gel (10:1:1, 40-60 °C petroleum ether : Ethyl acetate : pyridine) and
recrystallization by layer addition (CH,Cl,/methanol) yielded:

Zinc 5,15-Bis-(3,5-bis-tert-butyl-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin dimer 7b
(24 mg, 41%). '"H NMR (500 MHz, CDCl3/1% ds-pyridine): dy 0.91 (t, 9H, J= 6.5 Hz, -CH;), 1.03
(m, 6H, -CH,), 1.40 (m, 12H, -CH,), 1.56 (m, 6H, -CH,), 1.58 (s, 72H, -tBuH), 1.76 (m, 6H, -CH,),
4.18 (s, 1H, =CH), 7.82 (t, 2H, J =2.0 Hz, -ArH,), 7.83 (t, 2H, J =2.0 Hz, -ArH ), 8.06 (d, 4H,
J=2.0 Hz, -ArHs0), 8.07 (d, 4H, J = 2.0 Hz, -ArH ), 8.90 (d, 2H, J = 5.0 Hz, -ArH}), 8.94 (d, 2H,
J=5.0Hz, -ArHj), 9.00 (d, 2H, J=5.0 Hz, -ArHp), 9.01 (d, 2H, J=15.0 Hz, -ArHjp), 9.68 (d, 2H,
J=5.0Hz, -ArHj), 9.69 (d, 2H, J=5.0 Hz, -ArHp), 9.90 (d, 2H, J=5.0 Hz, -ArHjp), 9.92 (d, 2H,
J=15.0 Hz, -ArHp). As lit."”

Zinc 5,15-Bis-(3,5-bis-tert-butyl-phenyl)-10,20-bis-ethynyl-porphyrin dimer |-dP2

(5mg, 10%). '"H NMR (400 MHz, CDCl3/1% ds-pyridine): oy 1.56 (s, 72H, -fBuH), 4.17 (s, 2H,
=CH), 7.82 (br. s, 4H, -ArHy5,), 8.05 (br. s, 8H, -ArH o), 8.92 (d, 4H, J=4.5 Hz, -ArHjp), 9.00 (d,
4H, J = 4.5 Hz, -ArHp), 9.67 (d, 4H, J = 4.5 Hz, -ArH}), 9.90 (d, 4H, J = 4.5 Hz, -ArH}). As lit.”!

149



Zinc 5,15-bis-(3,5-tert-butyl-phenyl)-10,20-trihexylsilanylethynyl-porphyrin dimer [-P4"!

=TSi(CeH13)s

CuCl (76 mg, 0.77 mmol) and N,N,N’,N’-tetramethylethylenediamine (112 pL, 0.74 mmol) were
added to a vigorously stirred solution of monodeprotected porphyrin dimer 7b (24 mg, 13 pmol) in dry
CH,Cl1,/1% pyridine (32 mL). The reaction mixture was stirred for 10 minutes and then passed
through a short plug of silica gel (CH,Cly/1% pyridine) and recrystallized by layer addition
(CH,Cly/methanol) gave the product as a brown solid (18 mg, 75%).

'H NMR (500 MHz, CDCl3/1% ds-pyridine): dy 0.92 (t, 18H, J = 7.0 Hz, -CH;), 1.05 (m, 12H, -CH,),
1.42 (m, 24H, -CH,), 1.56 (m, 12H, -CH,), 1.59 (s, 72H, -tBuH), 1.61 (s, 72H, -(BuH), 1.81 (m, 12H, -
CH,), 7.85 (t, 4H,] = 2.0 Hz, -AtH4), 7.87 (t, 4H,J = 2.0 Hz, -ArH,r), 8.07 (d, 8H, J=2.0 Hz, -
ArHyno), 8.11 (d, 8H, J=2.0 Hz, -ArHmn,), 8.88 (d, 4H, J= 5.0 Hz, -ArHp), 8.98 (d, 4H, J=5.0 Hz, -
ArHp), 8.99 (d, 4H, J=5.0 Hz, -ArHjp), 9.00 (d, 4H, J=5.0 Hz, -ArHjp), 9.67 (d, 4H, J=5.0 Hz, -
ArHp), 9.90 (d, 4H, J=5.0 Hz, -ArHjp), 9.91 (d, 4H, J=5.0 Hz, -ArHjp), 9.92 (d, 4H, J=5.0 Hz, -
ArHp). As lit.”!

Zinc (3,5-bis-tert-butyl-phenyl)-porphyrin[6] nanoring—template complex c-P6-T6'"

Hexadentate template T6 (100 mg, 0.100 mmol) and porphyrin monomer I-P1 (370 mg, 0.463 mmol)
were dissolved in CHCI; (500 mL) and sonicated for 30 min (bath sonicator). A catalyst solution was
prepared by dissolving Pd(PPh;),Cl, (108 mg, 0.154 mmol), copper(l) iodide (147 mg, 0.772 mmol)
and 1,4-benzoquinone (334 mg, 3.09 mmol) in CHCI; (90 mL) and freshly distilled diisopropylamine
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(3.7 mL). The catalyst solution was added to the porphyrin solution, and the mixture was stirred at
room temperature for 2 h, and then for 1 h at 50 °C. The mixture was passed through a plug of alumina
using CHCI; as eluent, and purified by size exclusion chromatography on Biobeads SX-1 in toluene.
The second band was isolated and recrystallized by layer addition (CH,Cl,/methanol) to give c-P6-T6
as a dark brown solid (93 mg, 21%).

'H NMR (400 MHz, CDCL): oy 1.54 (s, 108H, -BuH), 1.58 (s, 108H, -fBuH), 2.33 (d, J = 7.0 Hz,
12H, -pyridylH,), 5.00 (d, J = 7.0 Hz, 12H, -pyridylHg), 5.48 (d, J = 9.0 Hz, 12H, -ArH), 5.52 (d, J =
9.0 Hz, 12H, -ArH), 7.81 (s, 12H, -ArH,ur), 7.86 (s, 12H, -ArHouno), 8.05 (s, 12H, -ArH ), 8.81 (d, J
= 4.5 Hz, 24H, -ArHp), 9.59 (d, J = 4.5 Hz, 24H, -ArH). As lit."!

Zinc (3,5-bis-tert-butyl-phenyl)-porphyrin[6] nanoring c-P6'"

Cyclic hexamer—template complex c-P6-T6 (3.7 mg, 0.64 umol) was passed through a size exclusion
column (Biobeads SX-1) containing a (50 mg mL™") solution of recrystallized DABCO in freshly
distilled tetrahydrofuran. The crude product was recrystallized by layer addition (CH,Cl,/methanol) to
afford the template-free nanoring as a brownish solid (2.5 mg, 81%).

"H NMR (400 MHz, CDCl3/1% ds-pyridine): oy 1.49 (s, 216 H, -fBuH), 7.75 (d, J = 1.5 Hz, 12 H, -
ArH ), 7.90 (d, J= 1.5 Hz, 24 H, -ArHmn,), 8.79 (d, J=4.5 Hz, 24 H, -ArHp), 9.62 (d, J= 4.5 Hz, 24
H, -ArHj). As lit.¥
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Octyl-4-formylbenzoate 60!'"

0sOCgH;7

¢

O

4-Formylbenzoic acid (5 g, 33.3 mmol) and 1-bromooctane (6.3 g, 33.3 mmol) were dissolved in
dimethylformamide (120 mL) and K,CO; (9.2 g, 66.6 mmol) added. After stirring at 70 °C for 12
hours the solvent was removed and the residue dissolved in CH,Cl, (100 mL). The solution was
washed three times with H,O (30 mL) and purified by column chromatography on silica gel to give the
product as an oily yellowish solid (7.7 g, 88%).

'H NMR (400 MHz, CDCls) d; 0.89 (t, J = 7.0 Hz, 3H, -CHs), 1.16-1.54 (m, 10H, -CH,), 1.72—1.87
(m, 2H, -CH,), 4.36 (t, 2H, J = 7.0 Hz, -OCH,), 7.96 (d, 2H, J = 8.0 Hz, -ArH), 8.20 (d, 2H, J = 8.0
Hz, -ArH), 10.11 (s, 1H, -COH). As lit.'""!

1,4-Benzenebis(N,N’-dicyclohexylamidine) BA'"

OO
ohde

£

1,4-Dibromobenzene (0.50 g, 2.1 mmol) was dissolved in tetrahydrofuran (10 mL) under inert
atmosphere and the solution cooled to -78° C. A solution of n-butyllithium (8.0 mL, 1.6 M in hexane,
13 mmol) was added and after stirring for 30 minutes the solution was allowed to warm up to room
temperature and was stirred for 1 h. The reaction mixture was cooled to 0° C and a solution of 1,3-
dicyclohexylcarbodiimide (2.6 g, 13 mmol) in tetrahydrofuran (5 mL) was added and the reaction
mixture was stirred for 12 h. After addition of H,O (0.25 mL) the mixture was stirred for 10 minutes
and the reaction mixture then washed twice with H,O. The aqueous phases were extracted with
diethylether and then the organic phases combined. The solvent was removed and the resulting orange
oil dried under high vacuum (190° C, 8 x 10 mbar) to remove volatile side-products. The residue was
crystallized from diethylether to afford the target compound as white crystals (0.47 g, 45%).

"H NMR (400 MHz, CDCl3) 6y 1.11-1.25 (m, 40H, -CH,), 2.98-3.15 (m, 4H, -NCH), 7.20 (d, 0.8H, J
= 6.0 Hz, -ArH), 7.23 (s, 2H, -ArH), 7.48 (s, 0.4H, -ArH), 7.51 (d, 0.8H, J = 6.0 Hz, -ArH). [comment:
at room temperature the compound exists in three conformations that lead to the three sets of signals
observed in the aromatic region (see ref. 11): E-E (singlet), Z-Z (singlet), E-Z (two doublets).
Addition of a carboxylic acid (e.g. benzoic acid) results in only one singlet from the bisamidine in the

aromatic region.] m/z (ESI) 491.4098 (C3,Hs Ny, [M+H]" requires 491.4108, 100%). As lit."""!
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8.3 Synthetic Procedures for Novel Compounds

Figure-of-eight complex c¢-P12+(T6),

Hexadentate template T6 (19.5 mg, 19.6 umol) and deprotected porphyrin tetramer I-dP4 (61.0 mg,
19.1 umol) were dissolved in CHCI; (88 mL) and sonicated for 1 h (bath sonicator). A catalyst
solution was prepared by dissolving Pd(PPh;),Cl, (17.7 mg, 25.2 umol), copper(I) iodide (24.2 mg,
0.127 mmol) and 1,4-benzoquinone (56.1 mg, 0.52 mmol) in CHCl; (12 mL) and freshly distilled
diisopropylamine (610 pL). The catalyst solution was added to the template and porphyrin tetramer
mixture. The reaction mixture was stirred at room temperature for 1 h and then for 1.5 h at 50 °C
under air. The mixture was passed through a plug of alumina using CHCI; as eluent, and purified by
size exclusion chromatography on Biobeads SX-1 in toluene. Recrystallization by layer addition
(CHCI;) gave the product as a dark brown solid (29.0 mg, 39%).

'H NMR (700 MHz, CDCls): Jy; -0.64 (s, 36H, -/BuH), 1.14 (s, 36H, -tBuH), 1.46 (s, 36H, -fBuH),
1.51-1.53 (m, 144H, -fBuH), 1.54—-1.55 (m, 72H, -tBuH), 1.58 (m, 72H, -BuH), 1.70 (s, 36H, -BuH),
2.19-2.22 (m, 24H, -pyridylH,,), 4.81 (d, 8H, J = 9.5 Hz, -pyridylHp), 4.94—4.97 (m, 16H, -pyridylHp),
5.22 (d, 4H, J=9.5 Hz, -ArH), 5.27 (d, 4H, J = 10.0 Hz, -ArH), 5.39 (d, 4H, J = 9.0 Hz, -ArH), 5.42—
5.49 (m, 32H, -ArH), 5.53 (d, 4H, J = 10.0 Hz, -ArH), 6.40 (s, 4H, Ar-H), 6.98 (s, 4H, -ArH), 7.37 (s,
4H, -ArH), 7.74-7.83 (m, 36H, -ArH), 7.89 (s, 4H, -ArH), 8.02-8.06 (m, 16H, -ArH), 8.08 (d, 4H, J =
4.0 Hz, -ArHp), 8.11 (s, 4H, -ArH), 8.32 (d, 4H, J = 3.5 Hz, -ArHp), 8.72 (d, 4H, J = 4.0 Hz, -ArHj),
8.75-8.80 (m, 28H, -ArH;), 8.86 (d, 4H, J = 4.5 Hz, -ArHp), 9.03 (d, 4H, J = 3.5 Hz, -ArH}), 9.30 (d,
4H, J = 3.5 Hz, -ArHp), 9.48 (d, 4H, J = 4.0 Hz, -ArHp), 9.53-9.57 (m, 32H, -ArHjp), 10.16 (d, 4H, J =
3.5 Hz, -ArHg), 10.92 (d, 4H, J = 4.5 Hz, -ArHp); m/z (MALDI-TOF) 11554 (CyssHg96NeoZn12, M
requires 11551, 100%); Amax (CHCL3) / nm (log €) 497 (5.88), 766 (5.45), 803 (5.54), 882 (5.85), 840
(5.59).

153



Zinc (3,5-bis-tert-butyl-phenyl)-porphyrin[12] nanoring c-P12

The figure-of-eight complex c-P12+(T6), (3.0 mg, 0.26 mmol) was dissolved in toluene (2 mL) and
pyridine (0.2 mL) and passed over a size exclusion column (Biobeads SX-1) using a mixture of
toluene and pyridine (10/1 v/) as eluent. Recrystallization by layer addition (CHCls/methanol) gave
the product as a dark brown solid (2.4 mg, 96%).

'H NMR (500 MHz, CDCls/1% ds-pyridine): 8y 1.56 (s, 432H, -BuH), 7.81 (t, 24H, J = 1.5 Hz, -
ArH,yr), 8.05 (d, 48H, J = 1.5 Hz, -ArHym,), 8.95 (d, 48H, J = 4.5 Hz, -ArHjp), 9.84 (d, 48H, J = 4.5
Hz, -ArHp); °C NMR (126 MHz, CDCly/1% ds-pyridine): dc 32.1, 35.4, 84.3, 100.5, 121.3, 124.0,
125.3, 128.6, 129.4, 131.0, 133.6, 136.3, 141.8, 148.9, 150.0, 150.8, 153.0; m/z (MALDI-TOF) 9563
(Ce24He0oN4gZn o, M requires 9556, 100%); Amax (toluene/1% pyridine) / nm (log €) 472 (5.89), 488
(shoulder, 5.86), 816 (5.69).

Zinc (3,5-bis-octyloxy-phenyl)-porphyrin[12] nanoring c-P12¢g

CgHy70 OCgH.7

Hexadentate template T6 (2.5 mg, 2.5 umol) and deprotected porphyrin tetramer I-dP4¢g (10.0 mg, 2.3

pmol) were dissolved in dichloromethane (5 mL) and sonicated for 15 min. The solvent was removed
and the residue redissolved in toluene (11 mL). A catalyst solution was prepared by dissolving
Pd(PPh;),Cl, (2.0 mg, 2.8 umol), copper(]) iodide (2.0 mg, 11 umol) and 1,4-benzoquinone (7.0 mg,
65 umol) in toluene (2 mL) and freshly distilled diisopropylamine (80 uL). The catalyst solution was
added to the reaction mixture. The reaction mixture was stirred at room temperature for 2 h and then
refluxed for 6 h under air. The mixture was passed through a plug of alumina using toluene as eluent,
and passed over a size exclusion column on Biobeads SX-1 in toluene. The first band was isolated and
passed over a short size exclusion column (toluene/pyridine = 10/1) to remove the template from
figure-of-eight. After drying under high vacuum for 1 h, the crude product was redissolved in CH,Cl,
and passed over a silica plug (eluent: CH,Cl,). Recrystallization by layer addition (CH,Cl,/methanol)
gave the product as a dark brown solid (3.0 mg, 30%).
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"H NMR (400 MHz, CDCl3/1% ds-pyridine): 0, 0.84 (t, 144H, J = 6.5 Hz, -CH;), 1.41-1.25 (m, 384H,
-CH,), 1.56-1.48 (m, 96H, -CH,), 1.93-1.86 (m, 96H, -CH>), 4.17 (s br, 96H, -OCH,), 6.91 (t, 24H, J
= 2.0 Hz, -ArH,ur), 7.38 (d, 48H, J = 2.0 Hz, -ArHymo), 9.03 (d, 48H, J = 4.5 Hz, -ArHj), 9.82 (d,
48H, J = 4.5 Hz, -ArHp); Amax (toluene/1% pyridine) / nm (log €) 473 (6.02), 491 (6.02), 810 (5.85).

Triethylenegycol-monomethyl-ether-4-formylbenzoate 53

(@)

G

0]

4-Formylbenzoic acid (1.84 g, 12.4 mmol), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (2.86 g, 14.9 mmol) and 4-(dimethylamino)pyridine (1.82 g, 14.9 mmol) were dried
under high vacuum with gentle heating (40—50 °C). Triethylene glycol monomethyl ether (2.45 g, 14.9
mmol) and dry CH,CI, (120 mL) were added under N, atmosphere and the reaction mixture stirred for
14 h. The solvent was removed and the residue dissolved in ethyl acetate (150 mL) and washed twice
with 1.0 M HCI (50 mL), twice with saturated aqueous NaHCO; (50 mL) and once with brine (50
mL). The organic phase was dried with Na,SO, and the solvent removed. The crude product was
purified by column chromatography on silica (CH,Cly/ethylacetate = 6/1) to yield the product as a
colourless oil (3.76 g, 95%).

R¢ = 0.25 in CH,Cl,/ethyl acetate = 4/1. '"H NMR (400 MHz, CDCl;) oy 3.37 (s, 3H, -OCHs), 3.49—
3.59 (m, 2H, -OCH,), 3.60-3.77 (m, 6H, -OCH,), 3.80-3.91 (m, 2H, -OCH,), 4.45-4.57 (m, 2H, -
OCH,), 7.95 (d, J= 8.5 Hz, 2H, -ArH), 8.22 (d, J = 8.5 Hz, 2H, -ArH), 10.11 (s, 1H, -CHO). >*C NMR
(101 MHz, CDCl3) d¢ 59.0, 64.9, 69.0, 70.6, 70.6, 70.7, 71.9, 129.4, 130.3, 135.1, 139.1, 165.5, 191.6.
m/z (ESI) 319.1156 (C;sHyNaOg, [M+Na]" requires 319.1152, 100%).

Free Base 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)
porphyrin 54

o] O(/\o);
®

CgH470 OCgH47

Triethylenegycol monomethyl ether 4-formylbenzoate 53 (2.74 g, 9.25 mmol), 3,5-bis-octyloxy
benzaldehyde 2a (3.05 g, 8.41 mmol) and dipyrromethane 1 (2.46 g, 16.8 mmol) were placed in a dry
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flask under N, and then dissolved in CH,Cl, (1700 mL). The solution was degassed three times by
repeated evacuation and purging with nitrogen. Trifluoroacetic acid (0.75 mL, 10.1 mmol) was added
and the reaction mixture stirred in the dark for 3 h. DDQ (5.72 g, 25.2 mmol) was added and stirring
continued for 0.5 h. After quenching of the acid by addition of triethylamine (10 mL) the solvent was
removed and the residue redissolved in CH,Cl, and passed over a short silica plug (CH,Cly/ethyl
acetate = 2/1). The crude product was purified by column chromatography on silica gel (CH,Cl,/ethyl
acetate = 10/1 to 2/1) and subsequent recrystallization from CH,Cl,/methanol by layer addition to give
the pure product as a pink powder (1.84 g, 23%).

Rf = 0.46 in CH,CI/EtOAc = 6/1; mp > 250 °C; "H NMR (400 MHz, CDCl;) 6y -3.11 (br. s., 2H, -
NH), 0.84-0.95 (t, J = 6.5 Hz, 6H, -CH3) 1.21-1.46 (m, 16H, -CH,), 1.48-1.61 (m, 4H,-CH,), 1.83—
1.99 (m, 4H, -CH,), 3.43 (s, 3H, -OCH;), 3.57-3.67 (m, 2H, -OCH>), 3.71-3.93 (m, 6H, -OCH,),
3.98-4.06 (m, 2H, -OCH,), 4.18 (t, J = 6.5 Hz, 4H, -ArOCH,), 4.67-4.78 (m, 2H, -COOCH,), 6.96 (t,
J=2.0 Hz, 1H, -ArH,,), 7.46 (d, J = 2.0 Hz, 2H, -ArHu,), 8.38 (d, J = 8.0 Hz, 2H, -ArH), 8.54 (d, J
= 8.0 Hz, 2H, -ArH), 9.05 (d, J = 4.5 Hz, 2H, -ArH), 9.23 (d, J = 4.5 Hz, 2H, -ArH}), 9.41 (m, 4H, -
ArHp), 10.33 (s, 2H, -ArHpeso); C NMR (126 MHz, CDCl;) dc 14.1, 22.6, 26.1, 29.2, 29.4, 31.8,
59.1, 64.5, 68.4, 69.4, 70.7, 70.8, 70.8, 72.0, 101.0, 105.4, 114.6, 117.5, 119.4, 127.8, 128.3, 129.5,
130.1, 130.5, 131.3, 131.6, 131.9, 134.8, 142.9, 145.2, 145.4, 146.4, 146.5, 147.1, 158.6, 166.8; m/z
(MALDI-TOF) 909.82 (Cs¢HgsN4O7, M+ requires 909.52, 100%); Amax (CHCl3) / nm (log €) 410
(5.58), 504 (4.25), 540 (3.83), 576 (3.81).

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate) porphyrin
55

CgH470 OCgH17

Zn(OAc),-2H,0 (388 mg, 1.77 mmol) in MeOH (5 mL) was added to a stirred solution of free base
porphyrin 54 (805 mg, 0.884 mmol) in CHCI; (70 mL) and the solution stirred for 1 h at room
temperature. The volume was reduced and the reaction mixture passed over a silica plug
(CHCl;/pyridine = 10/1) to remove excess Zn(OAc),. Recrystallization from CH,Cl,/methanol gave
the product as a red solid (857 mg, 99%).

R¢=10.10 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; 'H NMR (400 MHz, CDCl;) dy; 0.89 (t,
J=06.5Hz, 6H, -CH;), 1.17-1.46 (m, 16H, -CH,), 1.46-1.61 (m, 4H, -CH,), 1.81-1.97 (m, 4H, -CH,),
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3.21 (s, 3H, -OCH;), 3.34-3.43 (m, 2H, -OCH,), 3.47-3.55 (m, 2H, -OCH,), 3.56-3.64 (m, 2H, -
OCH.,), 3.66-3.78 (m, 2H, -OCH,), 3.82-3.94 (m, 2H, -OCH,), 4.16 (t, J = 6.5 Hz, 4H, -ArOCH>),
4.46-4.65 (m, 2H, -COOCH,), 6.92 (t, J = 2.0 Hz, 1H, -AtH,y), 7.45 (d, J = 2.0 Hz, 2H, ~AtHom,),
8.33 (d, J = 8.0 Hz, 2H, -ArH), 8.39 (d, J = 8.0 Hz, 2H, -ArH), 9.03 (d, J = 4.5 Hz, 2H, -ArHj), 9.25
(d, J = 4.5 Hz, 2H, -ArHj), 9.40 (d, J = 4.5 Hz, 4H, -AtHj), 10.25 (s, 2H, -AtHpnes,); °C NMR (126
MHz, CDCls) dc 14.1, 22.6, 26.1, 29.2, 29.4, 29.4, 31.8, 58.9, 64.3, 68.3, 69.3, 70.5, 70.5, 70.5, 70.6,
70.7, 71.8, 71.8, 100.5, 106.0, 114.7, 118.0, 119.9, 121.9, 127.7, 128.9, 130.1, 131.5, 131.7, 131.7,
132.5, 134.7, 135.5, 142.8, 144.7, 148.2, 149.3, 149.3, 149.6, 149.9, 158.2, 166.9; m/z (MALDI-TOF)
971.86 (CssHgsN4O-Zn, M+ requires 971.43, 100%); Amex (CHCL) / nm (log ) 411 (5.53), 504 (4.24).

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
dibromo porphyrin 56

o} o(/\o);
®

Br Br

CgH470 OCgH17

To a solution of zinc porphyrin 55 (840 mg, 0.865 mmol) in CHCIl; (90 mL) and pyridine (0.5 mL)
was added dropwise N-bromosuccinimide (307 mg, 1.73 mmol) dissolved in CHCI; (36 mL). After
stirring in the dark for 15 minutes, the reaction was quenched by addition of acetone (I mL). The
solvent was removed and the crude product recrystallized from CH,Cly/methanol to give the title
compound as a purple solid (944 mg, 97%).

R¢=10.19 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; 'H NMR (400 MHz, CDCl;) dy; 0.88 (t,
J=06.5Hz, 6H, -CH;), 1.20-1.45 (m, 16H, -CH,), 1.45-1.60 (m, 4H, -CH,), 1.81-1.91 (m, 4H, -CH,),
3.41 (s, 3H, -OCH;), 3.56-3.65 (m, 2H, -OCH,), 3.70-3.76 (m, 2H, -OCH,), 3.76-3.81 (m, 2H, -
OCH,), 3.82-3.89 (m, 2H, -OCH,), 3.97-4.04 (m, 2H, -OCH,), 4.14 (t, J = 6.5 Hz, 4H, -ArOCH,),
4.61-4.77 (m, 2H, -COOCH,), 6.89 (t, J = 2.0 Hz, 1H, -ArH,.), 7.31 (d, J = 2.0 Hz, 2H, -ArH o),
8.23 (d, /= 8.0 Hz, 2H, -ArH), 8.45 (d, J = 8.0 Hz, 2H, -ArH), 8.80 (d, J = 4.5 Hz, 2H, -ArHj), 9.00
(d, J = 4.5 Hz, 2H, -ArHjp), 9.60 - 9.73 (m, 4H, -ArH); C NMR (126 MHz, CDCL3) d¢ 14.1, 22.7,
26.1,29.2,29.4, 31.8, 58.9, 64.3, 68.4, 69.3, 70.5, 70.6, 70.7, 71.8, 100.7, 105.0, 114.6, 120.3, 122.2,
122.5,127.7,127.8, 129.2, 130.1, 132.8, 133.0, 133.2, 133.6, 134.5, 136.1, 142.9, 144.1, 147.5, 150.0,
150.1, 150.3, 150.7, 158.1, 166.7; m/z (MALDI-TOF) 1130.11 (Cs¢HgsBraN,O7,Zn, M+ requires
1129.25, 100%); Amax (CHCI;) / nm (log €) 431 (5.55), 436 (5.53), 572 (4.19), 612 (3.99).
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Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
bistriisopropylsilanylethynyl porphyrin 57

Bromoporphyrin 56 (2.05 g, 1.81 mmol), Pd(OAc), (50 mg, 0.22 mmol), PPh; (0.12 g, 0.44 mmol)
and Cul (35 mg, 0.18 mmol) were placed in a dry flask under N, atmosphere and dry tetrahydrofuran
(100 mL) was added. After three cycles of degassing by evacuation followed by purging with N,
(triisopropylsilyl) acetylene (1.20 mL, 5.44 mmol) and dry triethylamine (4.3 mL) were added and the
reaction mixture again degassed (3x). After stirring for 3 h at 40 °C TLC confirmed completion of the
reaction. The solvent was removed and the crude passed over a silica gel column (PE 40-
60/EtOAc/pyridine = 5/1/1). Recrystallization from CH,Cl,/methanol gave the product (2.19 g, 91%)
as a purple solid.

R¢= 0.6 in PE 40-60/EtOAc/pyridine = 4/1/1; mp > 250 °C; '"H NMR (400 MHz, CDCls) dy; 0.87 (t,
6H, J= 6.5 Hz, -CH,CH,), 1.27-1.53 (m, 62H, -SiCH, -CHCH;, -CH,;), 1.84-1.91 (m, 4H, -CH,), 3.24
(s, 3H, -OCH;), 3.43-3.46 (m, 2H, -OCH,), 3.53-3.55 (m, 2H, -OCH,), 3.59-3.62 (m, 2H, -OCH,),
3.72-3.74 (m, 2H, -OCH,), 3.87-3.89 (m, 2H, -OCH,), 4.13 (t, J = 6.5 Hz, 4H, -ArOCH,), 4.54-4.56
(m, 2H, -COOCH,), 6.88 (t,J =2.0 Hz, 1H, -ArH,u,), 7.33 (d, J = 2.0 Hz, 2H, -ArHoumo), 8.21 (d, J =
8.0 Hz, 2H, -ArH), 8.31 (d, J = 8.0 Hz, 2H, -ArH), 8.83 (d, J = 4.5 Hz, 2H, -ArHp), 9.05 (d, J = 4.5
Hz, 2H, -ArHp), 9.71 (m, 4H, -ArH,); "C NMR (126 MHz, CDCl;) éc 12.0, 14.2, 19.2, 22.8, 26.3,
29.4, 29.5, 29.6, 32.0, 58.6, 64.0, 68.5, 69.2, 70.0, 70.2, 70.5, 71.5, 98.8, 101.0, 102.0, 109.4, 114.4,
121.2,122.9,127.9, 129.1, 131.4, 132.4, 133.2, 134.3, 144.1, 147.2, 149.6, 150.2, 152.6, 152.7, 158 .4,
166.6; m/z (MALDI-TOF) 1332.35 (C75H,06N4O7Si,Zn, M+ requires 1333.70, 100%).
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Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-carboxy-phenyl)-10,20-bistriisopropylsilanylethynyl
porphyrin [-Plac

TIPS-protected porphyrin 57 (100 mg, 75.0 umol) was dissolved in tetrahydrofuran (18 mL) and
methanol (9 mL) followed by the addition of 8M NaOH (aqueous solution, 4.5 mL, 36 mmol). The
reaction mixture was stirred 3 h. CHCl; was added to form two phases and the organic phase was
separated, then washed twice with 1 M HCI (30 mL) and once with H,O (30 mL). The crude was
passed over a short size-exclusion column (tetrahydrofuran, Biobeads SX-1) and then recrystallized
from CH,Cly/methanol to afford the product as a green solid (76 mg, 86%).

mp > 250 °C; '"H NMR (400 MHz, CDCl;) dy; 0.88 (t, 6H, J = 6.5 Hz, -CH,CH3), 1.26-1.55 (m, 62H, -
SiCH, -CHCH,;, -CH,), 1.85-1.92 (m, 4H, -CH,), 4.14 (t, J = 6.5 Hz, 4H, -ArOCH,), 6.89 (t, J = 2.0
Hz, 1H, -ArH,), 7.34 (d, J = 2.0 Hz, 2H, -ArHym,), 8.34 (d, J = 8.0 Hz, 2H, -ArH), 8.54 (d, /= 8.0
Hz, 2H, -ArH), 8.92 (d, J = 4.5 Hz, 2H, -ArHj), 9.09 (d, J = 4.5 Hz, 2H, -ArHp), 9.78 (d, J = 4.5 Hz,
2H, -ArHj), 9.81 (d, J = 4.5 Hz, 2H, -ArHp); °C NMR (126 MHz, CDCl;) ¢ 11.0, 13.2, 18.3, 21.8,
25.3, 28.4, 28.5, 28.6, 31.0, 67.6, 98.2, 100.2, 101.3, 108.1, 113.4, 120.1, 122.1, 127.6, 127.7, 130.6,
130.8, 131.5, 132.3, 133.6, 142.8, 147.2, 148.5, 149.3, 151.6, 151.9, 157.5, 169.9; m/z (MALDI-TOF)
1186.35 (C71HgyN404S1,Zn, M+ requires 1187.60, 100%); Amax (CHCI3) / nm (log €) 438 (5.67), 576
(4.28), 618 (4.57).

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10-ethynyl-
20-triisopropylsilanylethynyl porphyrin 58

TIPS-protected porphyrin 57 (0.53 g, 0.40 mmol) under N, was dissolved in dry CH,Cl, (150 mL).
Tetra-n-butylammonium fluoride (1M in THF, 0.59 mL, 0.59 mmol) was added and stirred for 50 min
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when TLC showed a good ratio of products. The reaction was quenched with CH;COOH (60 pL) and
the solvent removed. The crude was passed over a silica gel column (PE 40-60/EtOAc/pyridine =
6/1/1 to 4/1/1) and the second band recrystallized (CH,Cly/methanol) to give the target compound as a
green solid (182 mg, 39%).

R¢ = 0.4 in PE 40-60/EtOAc/pyridine = 4/1/1; mp > 250 °C; 'H NMR (500 MHz, CDCly/1% ds-
pyridine) oy 0.86 (t, 6H, J= 6.5 Hz, -CH,CHj;), 1.25-1.53 (m, 41H, -SiCH, -CHCH;, -CH,), 1.84-1.89
(m, 4H, -CH>), 3.40 (s, 3H, -OCH,), 3.59-3.60 (m, 2H, -OCH,), 3.72-3.73 (m, 2H, -OCH,), 3.76-3.78
(m, 2H, -OCH,), 3.83-3.85 (m, 2H, -OCH,), 3.99-4.01 (m, 2H, -OCH,), 4.11-4.14 (m, 5H, =CH, -
ArOCH,), 4.67-4.69 (m, 2H, -COOCH,), 6.87 (br. s, 1H, -ArH,,), 7.31 (br. s, 2H, -ArH o), 8.23 (d,
J=28.0 Hz, 2H, -ArH), 8.43 (d, J = 8.0 Hz, 2H, -ArH), 8.78-8.79 (m, 2H, -ArHjp), 8.97-8.98 (m, 2H, -
ArHj), 9.63-9.66 (m, 2H, -ArHp), 9.68-9.70 (m, 2H, -ArHj); °C NMR (126 MHz, CDCl;) éc 12.0,
14.2, 19.2, 22.8, 26.2, 29.3, 29.5, 29.8, 31.9, 59.2, 64.5, 68.5, 69.5, 70.8, 70.9, 70.9, 72.1, 83.4, 86.8,
97.9, 99.2, 100.7, 101.6, 110.1, 114.6, 120.8, 122.1, 122.6, 127.9, 129.3, 131.0, 131.2, 131.3, 131.8,
132.2, 132.9, 133.0, 134.6, 136.1, 144.4, 147.9, 149.5, 150.2, 150.3, 152.3, 152.4, 152.4, 152.6, 158.2,
158.3, 167.0; m/z (MALDI-TOF) 1776.62 (CHgsN4sO;SiZn, M+ requires 1175.56, 100%).

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
triisopropylsilanylethynyl dimer 59

Mono-deprotected porphyrin 58 (0.18 g, 0.16 mmol) was placed in a dry flask equipped with a dry
tube, dissolved in dry CH,Cl, (60 mL) and stirred vigorously for 20 minutes. N,N,N’,N’-
tetramethylethylenediamine (0.69 mL, 4.6 mmol) and CuCl (0.46 g, 4.6 mmol) were added and the
reaction mixture stirred for 30 minutes when TLC confirmed completion. The reaction mixture was
passed over a short silica plug (CH,Cl,/1% pyridine) and purified by size-exclusion chromatography
(toluene/1% pyridine, Biobeads, SX-1). Recrystallization from CH,Cly/methanol gave the product as a
dark green solid (137 mg, 75%).

Ry = 0.35 in PE 40-60/EtOAc/pyridine = 4/1/1; mp > 250 °C; '"H NMR (400 MHz, CDCl3/1% d;s-
pyridine) dy 0.85 (t, 12H, J = 6.5 Hz, -CH,CH;), 1.25-1.54 (m, 82H, -SiCH, -CHCH;, -CH,), 1.84—
1.91 (m, 8H, -CH,), 3.39 (s, 6H, -OCH;), 3.58-3.60 (m, 4H, -OCH,), 3.71-3.73 (m, 4H, -OCH,),
3.75-3.78 (m, 4H, -OCH,), 3.84-3.85 (m, 4H, -OCH,), 3.98-4.01 (m, 4H, -OCH,), 4.14 (t, 8H, J= 6.5
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Hz, -AtOCH,), 4.67-4.69 (m, 4H, -COOCH,), 6.89 (t, 2H, J = 2.0 Hz, -ArH,,.,), 7.34 (d, 4H, J = 2.0
Hz, -ArHym,), 8.27 (d, 4H, J = 8.0 Hz, -ArH), 8.46 (d, 4H, J = 8.0 Hz, -ArH), 8.78 (d, 2H, J = 4.5 Hz,
-AtHy), 8.86 (d, 2H, J = 4.5 Hz, -ArHy), 8.97 (d,2H, J = 4.5 Hz, -ArHy), 9.06 (d,2H, J = 4.4 Hz, -
ArHp), 9.67-9.70 (m, 4H, -ArHy), 9.85-9.88 (m, 4H, -Arfy); °C NMR (126 MHz, CDCly/1% ds-
pyridine) dc 12.0, 14.2, 19.2, 22.7, 26.2, 29.3, 29.5, 31.9, 59.2, 64.5, 68.5, 69.5, 70.8, 70.9, 70.9, 72.1,
82.4, 88.4, 98.3, 99.6, 100.7, 102.2, 110.0, 114.6, 121.4, 123.2, 127.9, 130.9, 131.1, 131.2, 131.4,
132.1, 132.5, 132.9, 133.3, 134.6, 135.8, 136.0, 144.4, 147.8, 149.7, 149.9, 150.5, 152.4, 152.7, 153.1,
153.4, 158.3, 167.0; m/z (MALDI-TOF) 2357.87 (C13sH,70N5O14SiZn,, M+ requires 2352.10, 100%).

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
ethynyl dimer [-P2ac

TIPS-protected porphyrin dimer 58 (40 mg, 17.0 umol) was dissolved in tetrahydrofuran (8§ mL) and
methanol (4 mL) followed by the addition of 8M NaOH (aqueous solution, 2 mL, 17 mmol). The
reaction mixture was stirred 3 h when MALDI confirmed completion. CHCI; was added to form two
phases and the organic phase was separated, then washed twice with 1 M HCI (20 mL) and once with
H,O (20 mL). The crude was passed over a short size-exclusion column (tetrahydrofuran, Biobeads
SX-1) and then recrystallized from CH,Cl,/methanol to afford the product as a green solid (27 mg,
78%).

mp > 250 °C; 'H NMR (400 MHz, CDCl3/1% ds-pyridine) Jy 0.85 (t, 12H, J = 6.5 Hz, -CH,CH3),
1.25-1.54 (m, 82H, -SiCH, -CHCH,;, -CH,), 1.84-1.91 (m, 8H, -CH,), 4.14 (t, 8H, J = 6.5 Hz, -
ArOCH,), 6.89 (t, 2H, J = 2.0 Hz, -ArH,ur), 7.35 (d, 4H, J = 2.0 Hz, -ArH o), 8.29 (d, 4H, J = 8.0
Hz, -ArH), 8.53 (d, 4H, J = 8.0 Hz, -ArH), 8.84 (d, 2H, J = 4.5 Hz, -ArH;), 8.91 (d, 2H, J= 4.5 Hz, -
ArHg), 8.97 (d,2H, J = 4.5 Hz, -ArHp), 9.06 (d,2H, J = 4.4 Hz, -ArHj), 9.68-9.70 (m, 4H, -ArHj),
9.86-9.89 (m, 4H, -ArHp); °C NMR (126 MHz, CDCl3/1% ds-pyridine) dc 12.0, 14.2, 19.2, 22.7,
26.2, 29.3, 29.5, 29.5, 31.9, 68.5, 82.4, 88.5, 98.1, 99.5, 100.8, 102.1, 110.1, 114.6, 121.9, 123.8,
128.0, 130.9, 131.1, 131.2, 131.3, 132.3, 132.7, 132.8, 133.2, 134.5, 144.4, 147.0, 149.5, 150.4, 152.4,
152.6, 153. 1, 153.3, 158.3, 169.7; m/z (MALDI-TOF) 2057.86 (C;24H42NsOsSi,Zn,, M+ requires
2059.92, 100%); Amax (CHCL3) / nm (log €) 461 (5.63), 496 (5.37), 589 (4.37), 670 (4.92), 737 (5.07).
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Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
bistrihexylsilanylethynyl porphyrin 65a

Bromoporphyrin 56 (622 mg, 0.550 mmol), Pd(OAc), (7.5 mg, 0.033 mmol), PPh; (17.3 mg, 0.067
mmol) and Cul (5.2 mg, 0.028 mmol) were placed in a dry flask under N, atmosphere and dry
tetrahydrofuran (30 mL) was added. After three cycles of degassing by evacuation followed by
purging with N,, ethynyltrihexylsilane (0.64 mL, 1.65 mmol) and dry triethylamine (1.3 mL) were
added and the reaction mixture again degassed (3x). After stirring for 3 h at 40°C TLC confirmed
completion of the reaction. The solvent was removed and the crude passed over a silica gel column
(PE 40-60/EtOAc/pyridine = 5/1/1). Recrystallization from CH,Cly/methanol gave the product (672
mg, 77%) as a green solid.

R¢ = 0.52 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; "H NMR (400 MHz, CDCl;) oy 0.78—
0.97 (m, 24H, -CH3), 0.97-1.10 (m, 12H, -SiCH,), 1.16-1.63 (m, 56H, -CH,), 1.66—1.83 (m, 12H, -
CH,), 1.83-1.99 (m, 4H, -CH,), 3.31 (s, 3H, -OCH;), 3.47-3.56 (m, 2H, -OCH,), 3.58-3.66 (m, 2H, -
OCH,), 3.67-3.73 (m, 2H, -OCH,), 3.75-3.82 (m, 2H, -OCH,), 3.90-3.99 (m, 2H, -OCH,), 4.14 (t,J =
6.5 Hz, 4H, -ArOCH), 4.54-4.70 (m, 2H, -COOCH,), 6.90 (t, J = 2.0 Hz, 1H, -ArH,y), 7.34 (d, J =
2.0 Hz, 2H, -ArHm,), 8.25 (d, J= 8.0 Hz, 2H, -ArH), 8.41 (d, J= 8.0 Hz, 2H, -ArH), 8.84 (d, J=4.5
Hz, 2H, -AtHp), 9.05 (d, J = 4.5 Hz, 2H, -ArHp), 9.71 (m, 4H, -ArH,); “C NMR (126 MHz, CDCls) d¢
12.3, 12.8, 13.6, 13.8, 13.9, 14.1, 14.2, 22.1, 22.6, 22.7, 22.8, 23.2, 24.1, 24.4, 26.1, 29.2, 29.4, 30.9,
31.7, 31.7, 31.8, 32.5, 33.3, 33.7, 58.7, 64.2, 68.4, 68.4, 69.2, 70.2, 70.4, 70.5, 71.5, 100.4, 100.9,
101.7, 108.5, 114.2, 114.3, 121.0, 122.3, 122.7, 127.8, 129.2, 131.3, 131.5, 132.1, 132.8, 134.3, 143.1,
1439, 1473, 1494, 150.1, 152.3, 152.5, 158.3, 166.6; m/z (MALDI-TOF) 1587.33
(CosH142N407S1,Zn, M+ requires 1585.91, 100%); Amax (CHCl3) / nm (log €) 444 (5.53), 456 (5.25),
626 (sh, 4.15), 643 (4.50).
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Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10-ethynyl-
20-trihexylsilanylethynyl porphyrin 66a

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
bisethynyl porphyrin dé65a

H =—THS

CgH470 OCgH17

THS-acetylene porphyrin 65a (1.16 g, 0.728 mmol) under N, in a dry flask was dissolved in CH,Cl,
(90 mL) and CHCI; (90 mL). Tetra-n-butylammonium fluoride (1M in THF, 1.24 mL, 1.24 mmol)
was added and stirred for 30 min when TLC showed a good ratio of products. The reaction was
quenched with CH3;COOH (80 pL) and the solvent removed. The crude was passed over a silica gel
column (PE 40-60/EtOAc/pyridine = 10/1/1 to 5/1/1) and the three fractions recrystallized from
CH,Cly/methanol to give:

Recovered starting porphyrin 65a: 256 mg, 22%.

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10-ethynyl-20-
trihexylsilanylethynyl porphyrin 66a (361 mg, 38%): Ry = 0.49 in PE 40-60/EtOAc/pyridine = 5/1/1;
mp > 250 °C'H NMR (400 MHz, CDCl) d; 0.80-0.97 (m, 15H, -CHs), 0.97-1.09 (m, 6H, -SiCH,),
1.20-1.47 (m, 28H, -CH,), 1.47-1.64 (m, 10H, -CH>), 1.70-1.83 (m, 6H, -CH,), 1.83—1.96 (m, 4H, -
CH,), 3.41 (s, 3H, -OCHs5), 3.55-3.64 (m, 2H, -OCH,), 3.70-3.76 (m, 2H, -OCH,), 3.76-3.82 (m, 2H,
-OCH,), 3.82-3.91 (m, 2H, -OCH,), 3.96-4.06 (m, 2H, -OCH,), 4.13 (s, 1H, =CH), 4.14-4.20 (m, 4H,
-ArOCH,), 4.63—4.75 (m, 2H, -COOCH,), 6.89 (t, J = 2.0 Hz, 1H, -ArH,;.), 7.33 (d, /= 2.0 Hz, 2H, -
ArHono), 8.25 (d, J = 8.0 Hz, 2H, -ArH), 8.45 (d, J = 8.0 Hz, 2H, -ArH), 8.79 (m, 2H, -ArH;), 8.94—
9.02 (m, 2H, -ArHp), 9.60-9.73 (m, 4H, -ArHp); C NMR (126 MHz, CDCl3) ¢ 13.8, 14.1, 14.2,
22.7,22.7,24.4,26.1,29.2,29.4,30.09, 31.7, 31.8, 33.3, 59.1, 64.4, 68.4, 69.4, 70.7, 70.8, 70.8, 72.0,
83.3, 86.7, 99.1, 99.7, 100.6, 101.4, 109.2, 114.5, 120.7, 122.5, 122.8, 127.8, 129.2, 130.9, 131.0,
131.1, 131.3, 131.8, 132.1, 132.6, 132.8, 134.5, 135.9, 144.3, 145.3, 147.8, 149.4, 150.1, 150.1, 152.2,
152.2, 152.4, 152.5, 158.2, 166.9; m/z (MALDI-TOF) 1305.61 (C73H0sN4sO;SiZn, M+ requires
1303.71, 100%); Amax (CHCl3) / nm (log €) 441 (5.35), 578 (4.07), 637 (4.26).

Zinc  5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol ~monomethyl ether benzoate)-10,20-
bisethynyl porphyrin d65a (132 mg, 18%): Ry = 0.29 in PE 40-60/EtOAc/pyridine = 5/1/1; mp > 250
°C; '"H NMR (400 MHz, CDCl;) dy 0.79-0.97 (m, 6H, -CHs), 1.19-1.43 (m, 16H, -CH,), 1.43-1.70
(m, 4H, -CH,), 1.83-1.98 (m, 4H, -CH,), 3.41 (s, 3H, -OCH5), 3.57-3.66 (m, 2H, -OCH>), 3.70-3.76
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(m, 2H, -OCH,), 3.76-3.82 (m, 2H, -OCH,), 3.83-3.90 (m, 2H, -OCH,), 3.97-4.06 (m, 2H, -OCH,),
4.16 (s, 2H, =CH), 4.16 (t, J = 8.0 Hz, 4H, -ArOCH,), 4.63-4.75 (m, 2H, -COOCH>), 6.89 (s, 1H, -
ArH), 7.33 (d, J = 2.0 Hz, 2H, -AtHom,), 8.26 (d, J = 8.0 Hz, 2H, -ArH), 8.45 (d, J = 8.0 Hz, 2H, -
ArH), 8.81 (d, J = 4.5 Hz, 2H, -ArH), 9.00 (d, J = 4.5 Hz, 2H, -ArHp), 9.61-9.74 (m, 4H, -ArHp); °C
NMR (126 MHz, CDCl;) dc 14.1, 22.6, 26.1, 29.2, 29.4, 31.8, 59.1, 64.4, 68.4, 69.4, 70.7, 70.7, 70.8,
72.0, 83.4, 86.6, 99.4, 100.6, 114.5, 120.7, 122.4, 122.5, 127.8, 129.2, 130.1, 131.0, 131.2, 132.1,
132.9, 134.5, 135.9, 143.9, 144.3, 147.7, 149.5, 150.2, 152.2, 152.4, 158.1, 166.8; m/z (MALDI-TOF)
1020.06 (CeoHgsN4O7Zn, M+ requires 1019.43, 100%); Amax (CHCL) / nm (log €) 438 (5.27), 572
(4.15), 631 (4.12).

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
trihexylsilanylethynyl porphyrin dimer 67a

Mono-deprotected porphyrin 66a (85 mg, 0.0652 mmol) was placed in a dry flask equipped with a dry
tube, dissolved in dry CH,Cl, (25 mL) and stirred vigorously for 15 minutes. N, NN’ N -
tetramethylethylenediamine (0.29 mL, 1.96 mmol) and CuCl (194 mg, 1.96 mmol) were added and the
reaction mixture stirred for 15 minutes when TLC confirmed completion. The solvent was removed
and the product isolated by column chromatography on silica gel (PE 40-60/EtOAc/pyridine = 7/1/1).
Recrystallization from CH,Cly/methanol gave the product as a dark green solid (62 mg, 73%).

Ry = 0.40 in PE 40-60/EtOAc/pyridine = 5/1/1; mp > 250 °C; '"H NMR (400 MHz, CDCl3/1% ds-
pyridine) éy 0.77-0.98 (m, 30H, -CHs), 0.98-1.11 (m, 12H, -SiCH,), 1.25-1.47 (m, 56H, -CH,), 1.48—
1.63 (m, 20H, -CH,), 1.68—1.84 (m, 12H, -CH,), 1.84-1.98 (m, 8H, -CH>), 3.40 (s, 6H, -OCH5), 3.55—
3.65 (m, 4H, -OCH,), 3.69-3.75 (m, 4H, -OCH,), 3.75-3.82 (m, 4H, -OCH,), 3.82-3.90 (m, 4H, -
OCH,), 3.97-4.05 (m, 4H, -OCH,), 4.16 (t, J = 6.5 Hz, 8H, -ArOCH,), 4.64-4.77 (m, 4H, -COOCH,),
6.91 (t,J = 2.0 Hz, 2H, -ArH,a.), 7.37 (d, J = 2.0 Hz, 4H, -ArH ), 8.30 (d, J = 8.0 Hz, 4H, -ArH),
8.48 (d, J= 8.0 Hz, 4H, -ArH), 8.79 (d, J = 4.5 Hz, 2H, -ArHj), 8.88 (d, J = 4.5 Hz, 2H, -ArHj), 8.98
(d, J=4.5 Hz, 2H, -ArHjp), 9.08 (d, J = 4.4 Hz, 2H, -ArHjp), 9.63-9.70 (m, 4H, -ArHj), 9.85-9.93 (m,
4H, -ArHp); °C NMR (126 MHz, CDCly/1% ds-pyridine) dc 8.9, 11.4, 13.8, 13.9, 14.1, 14.1, 14.2,
14.3, 15.1, 18.8, 19.4, 20.4, 22.2, 22.3, 22.6, 22.7, 22.7, 24.4, 25.8, 26.1, 27.7, 28.9, 29.1, 29.2, 29 4,
29.7,30.3, 31.7, 31.8, 33.4, 33.7, 34.1, 36.1, 36.3, 41.3, 44.7, 59.0, 64.3, 64.4, 68.4, 69.3, 70.6, 70.7,
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70.8, 71.9, 82.3, 88.2, 99.6, 100.3, 100.7, 102.1, 103.6, 109.0, 114.5, 121.4, 122.5, 123.1, 127.9,
129.2, 130.9, 131.0, 131.3, 131.4, 132.0, 132.5, 132.7, 133.2, 134.4, 136.1, 143.2, 144.1, 147.6, 149.2,
149.6, 149.9, 150.4, 152.3, 152.5, 153.0, 153.2, 158.2, 166.8; m/z (MALDI-TOF) 2607.95
(C1s56H206Ng014S1,Zn,, M+ requires 2604.39, 100%); Amax (CHCI3) / nm (log €) 461 (5.56), 495 (5.18),
585 (4.28), 669 (4.84), 722 (4.85).

Zinc 5-(3,5-bis-octyloxy-phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-10,20-
bisethynyl porphyrin dimer 68a

Porphyrin dimer 67a (110 mg, 42.2 umol) under N, was dissolved in dry CH,Cl, (20 mL) and tetra-n-
butylammonium fluoride (1M in THF, 85 uL, 85 pumol) added. After stirring at 30°C for 30 minutes
the reaction was quenched by adding CaCl,. The volume was reduced and the reaction mixture passed
over a short silica plug (CH,Cl,/pyridine = 50/1). Recrystallization from CH,Cly/methanol gave the
title compound as a dark green solid (69 mg, 80%).

R¢=0.30 in PE 40-60/EtOAc/pyridine = 3/1/1; mp > 250 °C; Apnax (CHCI3) / nm (log €) 458 (5.39), 492
(5.07), 582 (4.17), 661 (4.72), 712 (4.74); "H NMR (400 MHz, CDCl) y; 0.87 (t, J= 7.0, 12H, -CH3),
1.19-1.42 (m, 32H, -CH,), 1.47-1.58 (m, 8H, -CH,), 1.83-1.94 (m, 8H, -CH>), 3.40 (s, 6H, -OCH;),
3.57-3.64 (m, 4H, -OCH,), 3.69-3.75 (m, 4H, -OCH,), 3.75-3.81 (m, 4H, -OCH,), 3.81-3.89 (m, 4H,
-OCH,), 3.97-4.05 (m, 4H, -OCH,), 4.16 (t, J = 6.5 Hz, 8H, -ArOCH,), 4.18 (s, 2H, =CH), 4.65-4.74
(m, 4H, -COOCH,), 6.91 (d, J =2.0 Hz, 2H, -AtHyur), 7.36 (d, J = 2.0 Hz, 4H, -ArH ), 8.29 (d, J =
8.0 Hz, 4H, -ArH), 8.48 (d, J = 8.0 Hz, 4H, -ArH), 8.80 (d, J = 4.5 Hz, 2H, -ArHp), 8.89 (d, J = 4.5
Hz, 2H, -ArHp), 8.99 (d, J = 4.5 Hz, 2H, -ArHp), 9.08 (d, J = 4.5 Hz, 2H, -ArHj), 9.67 (m, 4H, -ArHj),
9.87-9.94 (m, 4H, -ArH;); °C NMR (126 MHz, CDCly) dc 14.1, 22.6, 26.1, 29.2, 29.4, 31.8, 59.1,
64.4, 68.4, 69.4, 70.6, 70.7, 70.8, 72.0, 82.3, 83.6, 86.5, 88.2, 99.7, 100.0, 100.6, 114.5, 121.3, 123.0,
127.8, 129.3, 130.9, 131.0, 131.2, 132.1, 132.4, 132.9, 133.2, 134.5, 144.2, 147.6, 149.7, 150.0, 150.4,
152.2, 152.5, 152.9, 153.2, 158.2, 166.8; m/z (MALDI-TOF) 2041.70 (C,20H2sNsO14Zn,, M+ requires
2037.82, 100%); Amax (CHCI;) / nm (log €) 458 (5.39), 492 (5.07), 582 (4.17), 661 (4.72), 712 (4.74).
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Zinc 5-(3,5-bisoctyloxy phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-porphyrin|[6]

nanoring—template complex 69a-T6

Deprotected porphyrin dimer 68a (69 mg, 33.8 umol) and hexadentate template T6 (11 mg, umol)
were dissolved in dry CH,Cl, (10 mL) and sonicated for 20 minutes. The solvent was removed and the
residue dried under high vacuum. Pd(PPh;),Cl, (11 mg, 15 pumol), Cul (5.0 mg, 28 umol) and I, (33
mg, 0.13 mmol) were dissolved in dry toluene (16 mL) and Pr,NH (1.2 mL) added. The resulting
orange solution was added to the dried reactants (under air) and the mixture sonicated for 15 minutes.
The reaction mixture (in a flask with dry tube) was stirred at 60 °C for 2 h. The solvent was removed
and the crude passed over a short silica plug (toluene/triethylamine = 10/1). After purification by size
exclusion chromatography (tetrahydrofuran, Biobeads SX-1) and recrystallization from
CH,Cl,/methanol the pure product was obtained as a brown solid (25 mg, 32%).

R¢ = 0.30 in PE 40-60/EtOAc/pyridine = 3/1/1; mp > 250 °C; '"H NMR (500 MHz, CDCls) dy; 0.78—
0.95 (m, 36H, -CH;), 1.20-1.52 (m, 120H, -CH,), 1.78-1.98 (m, 24H, -CH,), 2.26 (d, J= 7.0 Hz, 12H,
-pyridylHy), 3.43 (m, 18H, -OCH5), 3.59-3.68 (m, 12H, -OCH,), 3.72-3.79 (m, 12H, -OCH,), 3.79—
3.84 (m, 12H, -OCH,), 3.86-3.91 (m, 12H, -OCH,), 4.00-4.06 (m, 12H, -OCH>), 4.09 (t, J = 6.5 Hz,
12H, -ArOCH,), 4.21 (t, J= 6.5 Hz, 12H, -ArOCH,), 4.69-4.76 (m, 12H, -COOCH,), 5.02 (d, /= 7.0
Hz, 12H, -pyrdiylHp), 5.48 (d, J = 8.5 Hz, 12H, -ArH), 5.55 (d, J=7.5 Hz, 12H, -ArH), 6.90 (s, 6H, -
ArH), 7.11 (s, 6H, -ArH), 7.38 (t, J = 4.5 Hz, 6H, -ArH), 8.08 (d, J = 6.5 Hz, 6H, -ArH), 8.28 (d, J =
6.5 Hz, 6H, -ArH), 8.40-8.50 (m, 12H, -ArH), 8.68 (d, J = 4.0 Hz, 12H, -ArH}), 8.86 (d, J = 2.5 Hz,
12H, -ArH}), 9.55 (d, J = 4.5 Hz, 12H, -AtHp), 9.57 (d, J = 4.5 Hz, 12H, -ArHj). °C NMR (126 MHz,
CDCl;) oc 12.3, 12.8, 13.6, 13.8, 13.9, 14.1, 14.2, 22.1, 22.6, 22.7, 22.8, 23.2, 24.1, 24.4, 26.1, 29.2,
29.4,30.9, 31.7, 31.7, 31.8, 32.5, 33.3, 33.7, 58.7, 58.8, 64.2, 64.3, 68.4, 68.4, 69.2, 69.3, 70.2, 70.4,
70.5, 70.7, 71.5, 71.7, 99.8, 100.1, 100.4, 100.6, 100.9, 101.7, 108.5, 114.3, 120.1, 121.0, 121.9,
122.3,122.7,127.8,129.2, 131.2, 131.3, 131.5, 132.1, 132.8, 134.3, 135.9, 143.1, 143.9, 147.3, 149.4,
150.1, 152.3, 152.5, 158.3, 166.6; m/z (MALDI-TOF) 7107.9 (C43,H43:N3004Zng, M+ requires
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7107.8, 100%); Amax (CHCls) / nm (log ) 485 (5.74), 432 (sh, 5.46), 612 (4.61), 719 (sh, 4.97), 762
(5.56), 798 (5.69), 839 (5.62), 891 (sh, 4.65).

Zinc 5-(3,5-bisoctyloxy phenyl)-15-(4-triethylenegycol monomethyl ether benzoate)-porphyrin|[6]

nanoring—template complex 69a

AI'1 Aﬁ

AH = @
Ar1 Ar1
v
CgH470 OCgH47

Cyclic hexamer—template complex 69a-T6 (4.0 mg, 0.56 umol) was passed through a size exclusion
column (Biobeads SX-1) containing a (50 mg mL™") solution of recrystallized DABCO in freshly
distilled tetrahydrofuran. The crude product was recrystallized by layer addition (CH,Cl,/methanol) to
afford the template-free nanoring as a brownish solid (3.0 mg, 8§7%).

mp > 250 °C; '"H NMR (500 MHz, CDCl3/1% ds-pyridine) oy 0.76 (t, 36H, J = 6.5 Hz, -CH;), 1.16—
1.32 (m, 96H, -CH,), 1.39-1.45 (m, 24H, -CH,), 1.76-1.83 (m, 24H, -CH,), 3.35 (s, 18H, -OCHs),
3.55-3.57 (m, 12H, -OCH,), 3.68-3.70 (m, 12H, -OCH,), 3.73-3.75 (m, 12H, -OCH,), 3.80-3.82 (m,
12H, -OCH,), 3.96-3.97 (m, 12H, -OCH,), 4.05 (t, 24H, J = 6.5 Hz, -ArOCH,), 4.64—4.66 (m, 12H, -
COOCH,), 6.83 (t, 6H, J=2.0 Hz, -ArH,zra), 7.19 (d, 12H, J = 2.0 Hz, -ArHyuo), 8.12 (d, 12H, J = 5.0
Hz, -ArH), 8.38 (d, 12H, J = 5.0 Hz, -ArH), 8.67 (d, 12H, J = 4.0 Hz, -ArHj), 8.86 (d, 12H, J = 4.0
Hz, -ArHp), 9.59 (d, 12H, J = 4.5 Hz, -ArH}), 9.62 (d, 12H, J = 4.5 Hz, -ArHp). >C NMR (126 MHz,
CDCl3/1% ds-pyridine) ¢ 14.1, 22.6, 25.7, 26.1, 29.2, 29.4, 29.7, 31.8, 46.6, 59.1, 64.5, 68.0, 68.4,
69.4, 70.6, 70.7, 70.8, 70.9, 72.0, 88.5, 94.5, 100.8, 114.3, 122.2, 122.8, 123.5, 127.9, 129.4, 130.8,
130.9, 132.5, 133.3, 134.3, 135.1, 135.8, 143.9, 147.3, 149.1, 152.1, 152.3, 158.3, 166.8; m/z
(MALDI-TOF) 6116 (C350H384N2404,Zng, M+ requires 6111, 100%).
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Free Base 5,15-bis(4-octyl benzoate) porphyrin 62b

04 0CgH47

&

J

07 0CgH,;

Octyl 4-formylbenzoate 60 (2.33 g, 8.89 mmol) and dipyrromethane 1 (1.30 g, 8.89 mmol) were
placed in a dry flask under N, and then dissolved in CH,Cl, (1500 mL). The solution was degassed
three times by repeated evacuation and purging with nitrogen. Trifluoroacetic acid (0.4 mL, 5.34
mmol) was added and the reaction mixture stirred in the dark for 3 h. DDQ (2.62 g, 11.6 mmol) was
added and stirring continued for 0.5 h. After quenching of the acid by addition of triethylamine (4 mL)
the solvent was removed and the residue redissolved in CH,Cl, and passed over a silica plug (CH,Cl,).
Recrystallization from CH,Cly/methanol by layer addition gave the pure product as a pink powder
(1.13 g, 33%).

R¢=0.5 in CH,Cl,; mp > 250 °C; 'H NMR (400 MHz, CDCl3) 8y -3.13 (br. s., 2H, -NH), 0.95 (t, 6H, J
= 6.5 Hz, -CH;), 1.25-1.54 (m, 16H, -CH,), 1.54-1.70 (m, 4H, -CH,), 1.89-2.04 (m, 4H, -CH,), 4.56
(t, 4H, J= 6.5 Hz, -COOCH,), 8.37 (d, 4H, J = 8.0 Hz, -ArH), 8.52 (d, 4H, J = 8.5 Hz, -ArH), 9.06 (d,
4H, J = 4.5 Hz, 4H, -ArHp), 9.42 (d, 4H, J = 4.5 Hz, -ArHp), 10.35 (s, 2H, -ArHpnes); C NMR (126
MHz, CDCl;) oc 14.1, 22.7,26.2, 28.9, 29.3,29.4, 31.9, 65.5, 105.7, 118.0, 128.1, 129.9, 130.8, 132.0,
134.8, 145.3, 146.0, 146.7, 166.9; m/z (MALDI-TOF) 775.61 (CsoHssN4O,4, M+ requires 775.42,
100%); Amax (CHCl3) / nm (log €) 410 (5.57), 504 (4.23), 539 (3.87), 578 (3.75).

Zinc 5,15-bis(4-octyl benzoate) porphyrin 63b

Oy _OCgH17

»

J

0%0CgHs7

Zn(OAc),-2H,0 (0.8 g, 3.65 mmol) in methanol (11 mL) was added to a stirred solution of free base
porphyrin 62b (1.13 g, 1.46 mmol) in CHCI; (110 mL) and the solution stirred for 1 h at room

temperature. The volume was reduced and the reaction mixture passed over a silica plug
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(CH,Cly/pyridine = 10/1) to remove excess Zn(OAc),. Recrystallization from CH,Cl,/methanol gave
the product as a red solid (1.23 g, 99%).

R¢=0.24 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; 'H NMR (400 MHz, CDCl;) dy; 0.95 (t,
6H, J= 6.5 Hz, -CH;), 1.26-1.54 (m, 16H, -CH,), 1.61 (m, 4H, -CH,), 1.88-2.01 (m, 4H, -CH,), 4.53
(t, 4H, J= 6.5 Hz, -COOCH,), 8.35 (d, 4H, J = 8.0 Hz, -ArH), 8.46 (d, 4H, J= 8.0 Hz, -ArH), 9.05 (d,
4H, J = 4.5 Hz, -AtHp), 9.41 (d, 4H, J = 4.5 Hz, -ArH}), 10.27 (s, 2H, -ArH ). “C NMR (126 MHz,
CDCl;) oc 14.1, 22.7, 26.2, 28.9, 29.3, 29.4, 31.9, 65.4, 106.2, 118.4, 127.6, 129.4, 131.9, 131.9,
134.8, 148.0, 149.5, 149.5, 167.1; m/z (MALDI-TOF) 837.74 (Cs50Hs2N4O4Zn, M+ requires 837.34,
100 %); Amax (CHCI3) / nm (log €) 411 (5.35), 538 (4.07).

Zinc 5,15-bis(4-octyl benzoate)-10,20-dibromo porphyrin 64b

Oy -0CgH47

»

Br Br

J

07 0CgHy7

To a solution of zinc porphyrin 63b (1.22 g, 1.46 mmol) in CHCI; (160 mL) and pyridine (1 mL) was
added dropwise N-bromosuccinimide (518 mg, 2.91 mmol) dissolved in CHCI; (65 mL). After stirring
in the dark for 15 minutes, the reaction was quenched by addition of acetone (1 mL). The solvent was
removed and the crude product recrystallized from CH,Cl,/methanol to give the title compound as a
purple solid (1.43 g, 98%).

R¢=0.31 in PE 40-60/EtOAc/pyridine = 10/1/1. ; mp > 250 °C; 'H NMR (400 MHz, CDCl3/1% ds-
pyridine) oy 0.92 (t,6H, J = 7.0 Hz, 6H, -CH3), 1.26-1.52 (m, 16H, -CH>), 1.53-1.66 (m, 4H, -CH,),
1.86-2.01 (m, 4H, -CH,), 4.52 (t, 4H, J = 6.5 Hz, -COOCH,), 8.22 (d, 4H, J = 8.0 Hz, -ArH), 8.43 (d,
4H, J = 8.5 Hz, -ArH), 8.81 (d, 4H, J = 5.0 Hz, -ArHp), 9.66 (d, 4H, J = 4.5 Hz, -ArHj); °C NMR
(126 MHz, CDCl3/1% ds-pyridine) dc 14.1, 22.7, 26.2, 28.9, 29.2, 29.3, 31.8, 65.5, 105.1, 120.6,
127.6, 129.7, 132.9, 133.2, 134.5, 1473, 150.2, 150.2, 166.9; m/z (MALDI-TOF) 997.86
(CsoHsoBraN4O4Zn, M+ requires 997.15, 100 %); Amax (CHCl3/1% pyridine) / nm (log €) 436 (5.61),
572 (4.28), 619 (4.12).
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Zinc 5,15-bis(4-octyl benzoate)-10,20-bistrihexylsilanylethynyl porphyrin 65b

Oy -0CgHq7

(CgH13)5Si =—8i(CsH13)3

07 0CgH,7

Bromoporphyrin 64b (713 mg, 0.716 mmol), Pd(OAc), (10 mg, 0.043 mmol), PPh; (23 mg, 0.086
mmol) and Cul (7 mg, 0.036 mmol) were placed in a dry flask under N, atmosphere and dry
tetrahydrofuran (40 mL) was added. After three cycles of degassing by evacuation followed by
purging with N, trihexylsilyl acetylene (552 mg, 1.79 mmol) and dry triethylamine (1.7 mL) were
added and the reaction mixture again degassed (3x). After 2 h at 40°C TLC confirmed completion of
the reaction. The solvent was removed and the crude passed over a silica gel column (PE 40-
60/EtOAc/pyridine = 10/1/1). Recrystallization from CH,Cly/methanol gave the product (814 mg,
78%) as a green solid.

R¢ = 0.58 in PE 40-60/EtOAc/pyridine = 10/1/1 ; mp > 250 °C; "H NMR (400 MHz, CDCl;) dy 0.78—
0.97 (m, 24H, -CH3), 0.97-1.10 (m, 12H, -SiCH,), 1.16-1.63 (m, 56H, -CH,), 1.66—1.83 (m, 12H, -
CH,), 1.83-1.99 (m, 4H, -CH,), 3.31 (s, 3H, -OCH5), 4.53 (t, 4H, J= 6.5 Hz, -COOCH,), 8.26 (d, 4H,
J=8.0 Hz, -ArH), 8.44 (d, 4H, J = 8.0 Hz, -ArH), 8.80 (d, 4H, J = 4.5 Hz, -ArHj), 9.67 (d, 4H, J=4.5
Hz, -ArHp); “C NMR (126 MHz, CDCl;) ¢ 13.8, 14.1, 14.2, 22.7, 22.7, 24.4, 26.2, 28.9, 29.3, 29.4,
31.6, 31.9, 33.3, 65.5, 100.3, 101.6, 108.8, 121.2, 122.4, 127.7, 129.7, 131.5, 132.1, 134.4, 136.0,
143.1, 147.3, 149.6, 152.4, 167.0; m/z (MALDI-TOF) 1453.11 (CoH;2sN404SiZn, M+ requires
1451.89, 100 %); Amax (CHCI3) / nm (log €) 444 (5.38), 456 (5.35), 590 (4.13), 619 (sh, 4.18), 642
(4.60).
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Zinc 5,15-bis(4-octyl benzoate)-10-ethynyl-20-trihexylsilanylethynyl porphyrin 66b
Zinc 5,15-bis(4-octyl benzoate)-10,20-bisethynyl porphyrin dé65b

THS-acetylene porphyrin 65b (1.60 g, 1.104 mmol) under N, in a dry flask was dissolved in CH,Cl,
(140 mL) and CHCI; (140 mL). Tetra-n-butylammonium fluoride (1M in THF, 1.8 mL, 1.767 mmol)
was added and stirred for 30 min when TLC showed a good ratio of products. The reaction was
quenched with CH;COOH (0.13 mL) and the solvent removed. The crude was passed over a silica gel
column (PE 40-60/EtOAc/pyridine = 10/1/1 to 5/1/1) and the three fractions recrystallized from
CH,Cly/methanol to give:

Recovered starting porphyrin 65b: 323 mg, 20%

Zinc 5,15-bis(4-octyl benzoate)-10-ethynyl-20-trihexylsilanylethynyl porphyrin 66b: 543 mg, 42%

R¢ = 0.34 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; "H NMR (400 MHz, CDCl;) oy 0.85—
0.98 (m, 15H, -CHj3), 0.98-1.08 (m, 6H, -SiCH>), 1.32-1.61 (m, 38H, -CH,), 1.70-1.84 (m, 6H, -CH,),
1.89-2.02 (m, 4H, -CH,), 4.17 (s, 1H, =CH), 4.53 (t, 4H, J = 6.5 Hz, -COOCH,), 8.26 (d, 4H, J = 8.0
Hz, -ArH), 8.44 (d, 4H, J = 8.0 Hz, -ArH), 8.74-8.89 (m, 4H, -ArHp), 9.68 (d, 4H, J = 4.0 Hz, -ArHj);
BC NMR (126 MHz, CDCLy) dc 13.8, 14.1, 14.2, 22.7, 22.7, 24.4, 26.2, 28.9, 29.3, 29.4, 31.6, 31.9,
33.3, 65.5, 83.5, 86.5, 99.5, 100.1, 101.7, 109.0, 121.1, 127.6, 129.7, 131.2, 131.5, 132.1, 132.3,
134.5, 147.4, 149.6, 149.7, 152.4, 152.4, 167.0; m/z (MALDI-TOF) 1171.45 (C7,HgoN4O4SiZn, M+
requires 1169.61, 100 %); An.x (CHCl3) / nm (log €) 441 (5.19), 582 (4.07), 636 (4.17).

Zinc 5,15-bis(4-octyl benzoate)-10,20-bisethynyl porphyrin d65b: 290 mg, 30%

Ry = 0.23 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; 'H NMR (400 MHz, CHCl3/1% d;-
pyridine) oy 0.93 (t, 6H, J= 6.5 Hz, -CH3), 1.30-1.53 (m, 16H, -CH,), 1.55-1.67 (m, 4H, -CH,), 1.89—
2.00 (m, 4H, -CH,), 4.17 (s, 2H, =CH), 4.53 (t, 4H, J = 6.5 Hz, -COOCH,), 8.25 (d, 4H, J= 8.0 Hz, -
ArH), 8.44 (d, 4H, J= 8.0 Hz, -ArH), 8.83 (d, 4H, J = 4.5 Hz, -ArHp), 9.69 (d, 4H, J = 4.5 Hz, -ArHj);
BC NMR (126 MHz, CHCl3/1% ds-pyridine) dc 14.1, 22.7, 26.2, 28.9, 29.3, 29.3, 31.8, 65.5, 83.6,
86.5, 99.7, 121.1, 127.6, 129.7, 131.3, 132.3, 134.5, 147.4, 149.7, 152.4, 166.9; m/z (MALDI-TOF)
885.78 (Cs54Hs:N4O4Zn, M+ requires 885.34, 100 %); Amax (CHCli/pyridine 1%) / nm (log €) 437
(5.51), 450 (5.45), 5.83 (4.25), 631 (4.42).
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Zinc 5,15-bis(4-octyl benzoate)-10,20-trihexylsilanylethynyl porphyrin dimer 67b

Oy -0CgHq7

=7Si(CsH13)3

07 0CgH,7

Mono deprotected porphyrin 66b (62 mg, 0.053 mmol) was placed in a dry flask equipped with a dry
tube, dissolved in dry CH,Cl, (20 mL) and stirred vigorously for 15 minutes. N,NN’,N’-
tetramethylethylenediamine (0.24 mL, 1.59 mmol) and CuCl (158 mg, 1.59 mmol) were added and the
reaction mixture stirred for 15 minutes when TLC confirmed completion. The reaction was quenched
by addition of water and the solution passed over a short plug of silica (PE 40-60/EtOAc/pyridine =
10/1/1) and the crude product isolated by size-exclusion chromatography (tetrahydrofuran). The
obtained dark green solid was recrystallised from CH,Cl,/methanol to give the pure product (49 mg,
79%).

Ry = 0.22 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; 'H NMR (400 MHz, CDCl3/1% d;-
pyridine) oy 0.83-0.97 (m, 30H, -CH3), 0.99-1.09 (m, 12H, -SiCH>), 1.21-1.67 (m, 76H, -CH,), 1.70—
1.85 (m, 12H, -CH,), 1.89-2.02 (m, 8H, -CH,), 4.54 (t, 8H, J = 6.5 Hz, -COOCH,), 8.29 (d, 8H, J =
8.0 Hz, -ArH), 8.47 (d, 8H, J = 8.0 Hz, -ArH), 8.80 (d, 4H, J = 4.5 Hz, -ArHp), 8.89 (d, 4H, J = 4.5
Hz, -ArHy), 9.67 (d, 4H, J = 4.5 Hz, -ArH,), 9.90 (d, 4H, J = 4.5 Hz, -ArHp); °C NMR (126 MHz,
CDCl3/1% ds-pyridine) oc 13.8, 14.1, 14.2, 22.7, 24.4, 26.2, 28.9, 29.3, 29.3, 31.6, 31.8, 33.3, 33.3,
65.5, 82.3, 88.3, 99.6, 100.4, 102.3, 109.0, 121.7, 127.7, 129.7, 131.1, 131.5, 132.1, 132.6, 134.5,
135.2, 135.6, 147.3, 148.6, 149.4, 149.8, 152.4, 153.1, 167.0; m/z (MALDI-TOF) 2337.01
(C174H,7sNgOsS1,Zn,, M+ requires 2337.20, 100 %); Amx (CHCl3) / nm (log €) 461 (5.47), 495 (5.11),
585 (4.39), 668 (4.74), 721 (4.74).
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Zinc 5,15-bis(4-octyl benzoate)-10,20-bisethynyl porphyrin dimer 68b

Porphyrin dimer 67b (132 mg, 56.5 pmol) under N, was dissolved in dry CH,Cl, (20 mL) and tetra-n-
butylammonium fluoride (1M in THF, 120 pL, 118.7 umol) added. After stirring at room temperature
for 30 minutes, the reaction was quenched with CH;COOH (50 pL). The volume was reduced and the
reaction mixture passed over a short silica plug (CH,Cly/pyridine = 50/1). Recrystallization from
CH,Cly/methanol gave the title compound as a dark green solid (80 mg, 80%).

R = 0.05 in PE 40-60/EtOAc/pyridine = 10/1/1; mp > 250 °C; '"H NMR (400 MHz, CDCl3/1% ds-
pyridine) dy 0.89-0.98 (m, 12H, -CH;), 1.24-1.52 (m, 32H, -CH,), 1.52-1.66 (m, 8H, -CH,), 1.88—
1.99 (m, 8H, -CH>), 4.53 (t, 8H, J = 6.5 Hz, -COOCH,), 8.29 (d, 8H, J = 8.0 Hz, -ArH), 8.47 (d, 8H, J
= 8.0 Hz, -ArH), 8.82 (d, 4H, J = 4.5 Hz, -ArHp), 8.91 (d, 4H, J = 4.5 Hz, -ArHp), 9.69 (d, 4H, J = 4.5
Hz, -ArH}), 9.92 (d, 4H, J = 4.5 Hz, -ArHp); "C NMR (126 MHz, CDCly/1% ds-pyridine) dc 14.1,
22.7,26.2, 28.9, 29.2, 29.3, 29.4, 31.8, 65.5, 67.9, 82.4, 83.9, 86.4, 88.2, 99.9, 100.4, 121.7, 127.7,
129.7, 131.2, 131.4, 132.4, 132.7, 134.5, 147.2, 149.5, 149.9, 152.4, 153.1, 166.9; m/z (MALDI-TOF)
1772.88 (Ci0sH102NgOsZn,, M+ requires 1771.65, 100 %); Anax (CHCI3) / nm (log €) 458 (5.31), 492
(5.04), 579 (4.33), 661 (4.59), 710 (4.62).

2-Hexyldecyl 4-formylbenzoate 61

CgHy7
0,0

j \/\CsHm
o

O

4-Formylbenzoic acid (6.00 g, 40.0 mmol), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (9.20 g, 48.0 mmol) and 4-(dimethylamino)pyridine (5.86 g, 48.0 mmol) were dried
under high vacuum with gentle heating. 2-Hexyl-1-decanol (11.6 g, 48.0 mmol) and dry CH,Cl, (390
mL) were added under N, atmosphere. The reaction mixture was stirred for 14 h at room temperature.
The mixture was washed twice with 1M HCI (50 mL), once with H,O (50 mL) and once with brine (50
mL). The solvent was removed and the crude product purified by column chromatography on silica

(PE 40-60/EtOAc = 20/1) to yield the product as a colorless oil (11.7 g, 78%).
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Re=0.35 in PE 40-60/EtOAc = 20/1; "H NMR (400 MHz, CDCL;) dy; 0.85-0.89 (m, 6H, -CHj), 1.28—
1.43 (m, 24H, -CH,), 1.75-1.83 (m, 1H, -CH), 4.26 (d, 2H, J = 5.5 Hz, -OCH,), 7.96 (d, 2H, J = 8.0
Hz, -AtH), 8.19 (d, 2H, J = 8.0 Hz, -ArH), 10.11 (s, 1H, -COH); “C-NMR (126 MHz, CDCL;) 8¢
14.4, 14.5, 23.0, 23.0, 27.1, 27.1, 29.6, 29.9, 29.9, 30.3, 31.8, 32.2, 32.2, 37.8, 68.8, 129.9, 130.5,
135.9, 139.4, 166.1, 192.0; m/z (ESI) 397.2707 (C,;H3sNaOs, [M+Na]" requires 397.2713, 100%).

Free Base 5,15-bis(4-(2-hexyldecyl) benzoate) porphyrin 62c¢

0% o~y Ceths
CsH17

2-Hexyldecyl 4-formylbenzoate 61 (5.56 g, 14.8 mmol) and and dipyrromethane 1 (2.17 g, 14.8
mmol) were placed in a dry flask under N, and then dissolved in CH,Cl, (2.5 L). The solution was
degassed three times by repeated evacuation and purging with nitrogen. Trifluoroacetic acid (0.66 mL,
8.9 mmol) was added and the reaction mixture stirred in the dark for 3 h. DDQ (5.05 g, 22.2 mmol)
was added and stirring continued for 30 minutes. After quenching of the acid by addition of
triethylamine (6.7 mL) the solvent was removed and the crude passed over a silica plug (CH,Cl,).
Recrystallization from CHCl;/methanol by layer addition yielded the pure product as a pink solid (3.0
g, 41%).

R¢ = 0.87 in DCM; 'H NMR (400 MHz, CDCl3) dy -3.13 (s, 2H, -NH), 0.88-0.96 (m, 12H, -CH),
1.32-1.64 (m, 48H, -CH,), 1.91-2.00 (m, 2H, -CH), 4.46 (d, 4H, J= 5.5 Hz, -OCH,), 8.37 (d, 4H, J =
8.0 Hz, -ArH), 8.50 (d, 4H, J = 8.0 Hz, -ArH), 9.06 (d, 4H, J = 4.5 Hz, -ArHp), 9.43 (d, 4H, J = 4.5
Hz, -ArHjg), 10.36 (s, 2H, -ArH e0); C NMR (126 MHz, CDCl;) dc 14.5, 14.5,27.2, 27.3, 29.7, 30.0,
30.1, 30.4, 31.9, 32.3, 32.3, 38.0, 68.5, 106.0, 118.4, 128.5, 130.4, 131.2, 132.4, 135.2, 145.7, 146.4,
147.1, 167.4; m/z (MALDI-TOF) 999.04 (C4cHssN4O4, M+ requires 999.66, 100 %).
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Zinc 5,15-bis(4-(2-hexyldecyl) benzoate) porphyrin 63c

0o~y Csths
CgH47

Zn(OAc),-2H,0 (6.35 g, 29.0 mmol) in methanol (76 mL) was added to a solution of free base
porphyrin 62¢ (5.79 g, 5.79 mmol) in CHCl; (760 mL). The solution was stirred for 30 min when TLC
confirmed completion. The solvent was removed and the crude product passed over a silica plug
(CH,Cly/pyridine = 20/1) to remove excess Zn(OAc),. Recrystallization from CHCl;/methanol by
layer addition yielded the product as a red solid. (6,00 g, 98%).

R¢=0.67 in DCM; '"H NMR (400 MHz, CDCl3) dy; 0.87-0.95 (m, 12H, -CHs), 1.31-1.63 (m, 48H, -
CH,), 1.90-1.99 (m, 2H, -CH), 4.44 (d, 4H, J = 5.5 Hz, -OCH.,), 8.35 (d, 4H, J = 8.0 Hz, -ArH), 8.45
(d, 4H, J = 8.0 Hz, -ArH), 9.05 (d, 4H, J = 4.5 Hz, -ArHp), 9.40 (d, 4H, J = 4.5 Hz, -ArH}), 10.26 (s,
2H, -ArHpeso); "C NMR (126 MHz, CDCLy) dc 14.5, 14.5, 23.1, 27.2, 27.3, 29.7, 30.0, 30.1, 30.4,
32.0, 32.3, 32.3, 38.0, 68.4, 106.5, 118.7, 127.9, 129.8, 132.2, 132.3, 136.2, 143.7, 148.4, 149.8,
167.6; m/z (MALDI-TOF) 1060.05 (CesHgsN;O4Zn, M+ requires 1060.58, 100 %).

Zinc 5,15-bis(4-(2-hexyldecyl) benzoate) 10,20-dibromo porphyrin 64c

CgHi7
e O\/'\Cans

®

Br Br

e
CeHiy
To a solution of zinc porphyrin 63c¢ (1.50 g, 1.41 mmol) in CHCI; (150 mL) and pyridine (1 mL) was
added dropwise N-bromosuccinimide (505 mg, 2.84 mmol) dissolved in CHCIl; (60 mL). After stirring
in the dark for 20 minutes, the reaction was quenched by addition of acetone (10 mL). The solvent was
removed and the crude product recrystallized from CH,Cl,/methanol to give the pure compound as a

green solid (6.75 g, 98%).
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Re = 0.4 in PE 40-60/EtOAc/pyridine = 10/1/1; 'H NMR (400 MHz, CDCls) Jy; 0.86-0.94 (m, 12H, -
CH;), 1.30-1.62 (m, 48H, -CH>), 1.89-1.98 (m, 2H, -CH), 4.43 (d, 4H, J = 5.5 Hz, -OCH,), 8.23 (d,
4H, J = 8.0 Hz, -ArH), 8.42 (d, 4H, J = 8.0 Hz, -ArH), 8.82 (d, 4H, J = 4.5 Hz, -ArHp), 9.67 (d, 4H, J
= 4.5 Hz, -ArHp); °C NMR (126 MHz, CDCly) dc 14.5, 14.5, 23.0, 27.2, 27.2, 29.7, 30.0, 30.0, 30.4,
31.9, 32.2, 32.3, 38.0, 68.4, 105.5, 121.0, 127.9, 130.1, 133.3, 133.6, 134.9, 147.7, 150.6, 150.6,
167.4; m/z (MALDI-TOF) 1222.15 (CsHg:BroN,OuZn, M+ requires 1220.40, 100 %).

Zinc 5,15-bis(4-(2-hexyldecyl) benzoate)-10,20-trihexylsilanylethynyl porphyrin 65c

CgHiz
\/\CeHm

(CeH13)3Si—= =—Si(CgH13)3

0% oy Cefts

CeHiz
Dibromo porphyrin 64¢ (800 mg, 0.655 mmol), Pd,(dba); (60 mg, 66 umol), PPh; (68 mg, 0.26 mmol)
and Cul (25 mg, 0.13 mmol) were placed in a dry flask under N, atmosphere and dry toluene (38 mL),
freshly distilled trietylamine (38 mL) and pyridine (1.8 mL) were added. After three cycles of
degassing by evacuation followed by purging with N,, ethynyltrihexylsilane (0.51 g, 1.6 mmol) was
added and the reaction mixture again degassed (3x). After stirring for 3 h at 80°C the solvent was
removed and the crude passed over a silica gel column (PE 40-60/EtOAc/pyridine = 20/1/1).
Recrystallization from CHCls/methanol gave the product (989 mg, 90%) as a green solid.
R¢=0.38 in PE 40-60/EtOAc/pyridine = 10/1/1; 'H NMR (400 MHz, CDCl) 6y 0.87-0.94 (m, 30H, -
CH;), 0.98-1.02 (m, 12H, -SiCH,), 1.29-1.57 (m, 84H, -CH,), 1.71-1.79 (m, 12H, -CH,), 1.90-1.97
(m, 2H, -CH), 4.43 (d, 4H, J = 5.5 Hz, -OCH,), 8.25 (d, 4H, J = 8.0 Hz, -ArH), 8.42 (d, 4H, J = 8.0
Hz, -ArH), 8.80 (d, 4H, J = 4.5 Hz, -ArHp), 9.66 (d, 4H, J = 4.5 Hz, -ArHj); C NMR (126 MHz,
CDCl) oc 14.2, 14.5, 14.5, 23.0, 23.1, 24.7, 27.2, 27.3, 29.7, 30.0, 30.1, 30.4, 31.9, 32.0, 32.3, 32.3,
33.7, 38.0, 68.4, 100.6, 102.0, 109.2, 121.5, 128.0, 130.1, 131.8, 132.5, 134.8, 147.1, 149.9, 152.8,
167.4; m/z (MALDI-TOF) 1673.56 (Cy06H160N404S1,Zn, M+ requires 1675.13, 100 %).
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Zinc 5,15-bis(4-(2-hexyldecyl) benzoate)-10-trihexylsilanylethynyl-20-ethynyl porphyrin 66¢

CgH17

CgH17

THS-protected porphyrin 65¢ (0.98 g, 0.59 mmol) was placed in a dry flask under N, and dissolved in
CH,Cl, (75 mL) and CHCI; (75 mL). Tetra-n-butylammonium fluoride (1M in THF, 0.88 mL, 0.88
mmol) was added and the reaction mixture was stirred for 30 min when TLC showed a good ratio of
products. The reaction was quenched with CH;COOH (0.1 mL) and the solvent removed. The crude
product was passed over a silica column (PE 40-60/EtOAc/pyridine = 15/1/1). Recrystallization from
CHCls/methanol gave the product (180 mg, 22%) as a green solid.

R¢=0.30 in PE 40-60/EtOAc/pyridine = 10/1/1; 'H NMR (400 MHz, CDCl;) dy 0.87-0.94 (m, 21H, -
CH3), 0.99-1.04 (m, 6H, -SiCH,), 1.31-1.62 (m, 66H, -CH,), 1.72-1.80 (m, 6H, -CH,), 1.89—1.98 (m,
2H, -CH), 4.18 (s, 1H, =CH), 4.42 (d,4H, J = 5.5 Hz, -OCH,), 8.27 (d, 4H, J = 8.5 Hz, -ArH), 8.43 (d,
4H, J = 8.0 Hz, -ArH), 8.86-8.88 (m, 4H, -ArH,), 9.73 (d, 4H, J = 4.5 Hz, -ArH); "C NMR (126
MHz, CDCL) oc 14.2, 14.5, 14.5, 23.0, 23.1, 24.7, 27.2, 27.2, 29.7, 30.0, 30.1, 30.4, 31.9, 32.0, 32.3,
32.3, 33.7, 38.0, 68.4, 84.5, 86.5, 100.2, 101.0, 102.5, 108.9, 121.6, 128.1, 130.2, 131.8, 132.0, 132.6,
132.9, 134.8, 147.5, 150.1, 150.1, 152.8, 152.8, 167.4; m/z (MALDI-TOF) 1391.61 (CgsH2,N404SiZn,
M-+ requires 1392.85, 100 %).

Zinc 5,15-bis(4-(2-hexyldecyl) benzoate)-10,20-trihexylsilanylethynyl porphyrin dimer 67c

CgHi7
\/\CeHm

=TSi(CgH13)3
0 O/\(CGHB
CgHi7

Mono-deprotected porphyrin 66¢ (180 mg, 0.129 mmol) was placed in a dry flask under inert
atmosphere. Pd(PPh;),Cl, (4.5 mg, 6.5 umol), Cul (12.3 mg, 64.6 umol) and 1,4-benzoquinone (27.9
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mg, 0.258 mmol) were dissolved in dry toluene (11 mL) and diisopropylamine (4.2 mL). The catalyst
solution was added to the porphyrin with a syringe under N, and the reaction mixture was stirred for
30 minutes. The solvent was removed and the crude passed over a short silica plug (CH,Cl/1%
pyridine) and a size-exclusion column (tetrahydrofuran). Recrystallization from CHCl3/methanol gave

the product as a dark green solid (140 mg, 73%).

The dimer 67¢ was also synthesized by the following route:

Porphyrin dimer 67b (1.16 g, 0.497 mmol) was dissolved in 2-hexyl-1-decanol (24.0 mL, 82.8 mmol)
under inert atmosphere and titanium(IV) isopropoxide (110 uL, 0.373 mmol) was added. The reaction
mixture was stirred for 15 min at 120 °C and 20 mbar and then for 1 h at 120° C and 0.05 mbar. Then
the 2-hexyl-1-decanol was distilled off (160 °C, 0.05 mbar) and the residue dissolved in petroleum
ether 40-60 passed over a plug of silica (PE 40-60 then PE 40-60/EtOAc/pyridine = 10/1/1). The crude
product was recrystallized from CH,Cly/methanol to give the target compound as a dark green solid.
(1.35 g, 97%).

R¢=0.24 in PE 40-60/EtOAc/pyridine = 10/1/1; '"H NMR (400 MHz, CDCl3/1% ds-pyridine) dy; 0.84—
0.93 (m, 42H, -CH;), 1.00-1.04 (m, 12H, -SiCH,), 1.30-1.58 (m, 132H, -CH,), 1.73-1.80 (m, 12H, -
CH,), 1.90-1.98 (m, 4H, -CH), 4.44 (d, 8H, J = 5.5 Hz, -OCH,), 8.28 (d, 8H, J = 8.0 Hz, -ArH), 8.45
(d, 8H, J=8.0 Hz, -ArH), 8.79 (d, 4H, J = 4.5, -ArHj), 8.89 (d, 4H, J = 4.5 Hz, -ArHp), 9.66 (d, 4H, J
= 4.5, -ArH}), 9.88 (d, 4H, J = 4.5 Hz, -ArHp); °C NMR (126 MHz, CDCl3/1% ds-pyridine) d¢ 13.9,
14.2, 14.3, 14.3, 22.8, 22.8, 24.5, 27.0, 27.0, 29.5, 29.7, 29.8, 30.1, 31.7, 31.8, 32.0, 32.0, 33.4, 37.7,
69.2, 82.5, 88.4, 99.8, 100.5, 102.4, 109.1, 121.8, 123.8, 127.8, 129.9, 131.2, 131.6, 132.3, 132.7,
134.6, 147.5, 150.0, 152.6, 153.3, 167.2: m/z (MALDI-TOF) 2782.07 (C,76H24,NgOsSi,Zn,, M+
requires 2784.69, 100 %).

Zinc 5,15-bis(4-(2-hexyldecyl) benzoate)-10,20-ethynyl porphyrin dimer 68c

CgHq7

CgHi7

Porphyrin dimer 67¢ (100 mg, 35.9 umol) under N, was dissolved in dry CH,Cl, (18 mL) and tetra-n-
butylammonium fluoride (1M in THF, 75 puL, 75 umol) added. After stirring at room temperature for

30 minutes, the reaction was quenched with CH;COOH (50 pL). The reaction mixture was passed
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over a short silica plug (CH,Cl,/pyridine = 50/1). Recrystallization from CH,Cly/methanol gave the
title compound as a dark green solid (78 mg, 98%).

'"H NMR (250 MHz, CDCl3/1% ds-pyridine) i 0.84-0.94 (m, 24H, -CH;), 1, 1.25-1.57 (m, 96H, -
CH,), 1.87-1.98 (m, 4H, -CH), 4.19 (s, 2H, =CH), 4.43 (d, 8H, J = 5.5 Hz, -OCH,), 8.27 (d, 8H, J =
8.0 Hz, -ArH), 8.45 (d, 8H, J = 8.0 Hz, -ArH), 8.81 (d, 4H, J = 4.5, -ArHjp), 8.90 (d, 4H, J= 4.5 Hz, -
ArHg), 9.68 (d, 4H, J = 4.5, -ArHjp), 9.90 (d, 4H, J = 4.5 Hz, -ArHp); C NMR (126 MHz, CDCl3/1%
ds-pyridine) oc 14.2, 14.2, 22.8, 26.9, 27.0, 29.4, 29.7, 29.8, 30.1, 31.6, 32.0, 32.0, 37.7, 68.2, 82.5,
84.0, 86.5, 88.3, 100.0, 100.5, 121.8, 123.8, 127.8, 129.9, 131.3, 131.5, 132.5, 132.8, 134.6, 147.3,
150.1, 152.5, 153.2, 167.1; m/z (MALDI-TOF) 2220.10 (C,4H;6NsOgZn,, M+ requires 2220.15, 100
%).

Zinc 5,15-bis(4-(2-hexyldecyl) benzoate)-porphyrin[6] nanoring—template complex 69¢-T6

Hexadentate template T6 (4.2 mg, 4.2 umol) and porphyrin dimer 68¢ (28 mg, 12.6 umol) were
dissolved in CH,Cl, (5 mL) and sonicated for 30 min. The solvent was removed, the residue dried
under high vacuum and dissolved in toluene (4 mL). A catalyst solution was prepared by dissolving
Pd(PPh3),Cl, (2.7 mg, 3.8 umol), copper(l) iodide (7.2 mg, 38 umol) and 1,4-benzoquinone (5.5 mg,
50 umol) in toluene (2 mL) and freshly distilled diisopropylamine (0.45 mL). The catalyst solution
was added to the porphyrin solution, and the mixture was stirred at room temperature for 2 h, and then
for 1 h at 50 °C. The mixture was passed through a plug of alumina using toluene as eluent, and
purified by size exclusion chromatography on Biobeads SX-1 in toluene. The second band was
isolated and recrystallized by layer addition (CH,Cl,/methanol) to give 69¢-T6 as a dark brown solid
(15.0 mg, 47%).

"H NMR (400 MHz, CDCl;) dy 0.89-0.97 (m, 72H, -CHs), 1.31-1.61 (m, 288H, -CH,), 1.95-2.01 (m,
12H, -CH), 2.27 (d, 12H, J = 5.5 Hz, -pyridylH,), 4.47 (d, 24H, J= 5.0 Hz, -OCH,), 5.02 (d, 12H, J =
5.5 Hz, -pyridylHg), 5.48 (d, 12H, J = 8.5 Hz, -ArH), 5.54 (d, 12H, J = 8.5 Hz, -ArH), 8.07 (d, 12H, J
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= 7.5 Hz, -ArH), 8.28 (d, 12H, J = 7.5 Hz, -ArH), 8.41 (d, 12H, J = 7.5 Hz, -ArH), 8.45 (d, 12H, J =
7.5 Hz, -ArH), 8.70 (d, 24H, J = 4.5 Hz, -ArHp), 9.58 (d, 24H, J = 4.5 Hz, -ArHp); °C NMR (126
MHz, CDCl;) ¢ 14.3, 14.3, 22.9, 27.0, 27.0, 29.5, 29.8, 30.2, 31.7, 32.1, 32.1, 37.8, 68.3, 89.8, 96.4,
100.7, 119.3, 122.8, 123.9, 127.8, 128.1, 130.0, 130.4, 131.2, 132.1, 132.4, 134.3, 134.8, 138.8, 140.1,
142.9, 146.5, 147.0, 149.4, 151.8, 167.1; m/z (MALDI-TOF) 7652 (C49,Hs40N30024Zng, M+ requires
7650, 100 %).

Zinc 5,15-bis(4-(2-hexyldecyl) benzoate)-porphyrin|[6] nanoring 69c¢

Cyclic hexamer—template complex 69¢-T6 (2.0 mg, 0.26 pmol) was passed through a size exclusion
column (Biobeads SX-1) containing a (50 mg mL™") solution of recrystallized DABCO in freshly
distilled tetrahydrofuran. The crude product was recrystallized by layer addition (CH,Cl,/methanol) to
afford the template-free nanoring as a brownish solid (1.5 mg, 8§7%).

'"H NMR (400 MHz, CDCl3/1% ds-pyridine) dy 0.84-0.93 (m, 72H, -CH;), 1.28-1.61 (m, 288H, -
CH,), 1.95-2.01 (m, 12H, -CH), 4.42 (d, 24H, J = 5.0 Hz, -OCH,), 8.15 (d, 24H, J = 8.0 Hz, -ArH),
8.38 (d, 24H, J = 8.0 Hz, -ArH), 8.71 (d, 24H, J = 4.5 Hz, -ArHp), 9.63 (d, 24H, J = 4.5 Hz, -ArH});
BC NMR (126 MHz, CDCl3y/1% ds-pyridine) dc 14.2, 14.3, 22.8, 26.9, 29.5, 29.7, 29.8, 30.1, 31.7,
32.0, 32.0, 37.7, 44.9, 68.2, 88.7, 94.5, 101.0, 122.6, 127.8, 129.9, 131.1, 132.8, 134.4, 147.0, 152.3,
167.1; m/z (MALDI-TOF) 6654 (C420H49:N240,4Zn4, M+ requires 6653, 100 %).
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SAXS analysis: Porphyrin tetramer (I-P4cg) aggregate

In the absence of coordinating ligands I-P4cg forms aggregates which, according to NMR analysis,
seem to consist of three tetramer units. This structure can be confirmed by SAXS.

Linearity in the Guinier region confirms monodispersity of the sample and gives a radius of
gyration R, = 15.1 A (from both Primus and Gnom analysis) which matches the value obtained from
the model (R, = 15.8 A). The extrapolated scattering intensity at ¢ = 0 was used to calculate the
molecular weight of the aggregate using cyclic hexamer as a standard. The molecular weight MW =
15.6 £ 0.3 kDa matches very well the expected weight for an aggregate consisting of three tetramer
units (MW = 15.5 kDa). The pair distribution function matches the one calculated for the model
(Figure 1c) well. All features are reproduced and the two peaks at longest distance can be confidently

assigned as the distance along one tetramer and diagonally across the aggregate.
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0.5+

0.0

Figure 1. a) Experimental scattering curve (black circles) of |-P4cg in toluene (3.0 mg/L). b) Experimental
scattering (black circles) and Guinier fit (red line). ¢c) MM+ minimized structure of the tetramer aggregate used for
data fitting. d) Pair distribution function of the experimental scattering data (black circles) and the model (red line).
The peaks at 37 and 49 A correspond to the calculated longest Zn-Zn distances along one molecule (38 A) and
diagonally across the aggregate (50 A).
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SAXS analysis: NDI Assemblies

The group of Professor Jeremy Sanders (Cambridge) synthesized chiral naphthalene diimide (NDI)
derivatives that assemble into helical tubes, as demonstrated by crystal structure analysis. In order to
show that these tubes also form in solution SAXS analysis was carried out. The data suggest that only
very short tubes form in solution.

The radius of gyration (R,) of the NDI assembly was determined to be 10.8 A (Figure 1b).

a) ] b) -84-
IC O exp
4 :)OOO —— Guinier fit
1E-4 4
864 F\’g =10.8 A
G G
o =
= £
1E-5 4
] -8.8-
]
0.004 0.008 0.012 0.016
g/A’ q

Figure 1. a) Experimental scattering curve. b) Guinier plot and fit of experimental scattering data.

Scattering data of four models, all based on the crystal structure of NDI, were simulated and the R,
values determined using the Guinier plot. The four models are shown in Figure 2b. Model “4tube”
consists of a helix with 4 turns (each turn has 3 NDI units), “3tube” has 3 turns and “2tube” has 2
turns. Model “Itube” consists of one turn plus one more NDI unit to form a closed loop by interaction

between two adjacent NDIs. The R, values deduced from these models are listed in the table below.

NDI exp 1tube 2tube 3tube 4tube

R,in A 10.8 10.2 10.8 12.2 14.1
The best agreement is obtained for the model “2tube”.

The absence of significant probability for an electron-electron distance beyond 30 A in the pair
distribution function is a first indication that the length of the tubes is relatively small. When
simulating PDFs for the models we find the best agreement for “ltube” and ‘“2tube”, whereas the

models for longer tubes clearly fail to reproduce the experimental curve (Figure 2a).
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Figure 2. a) Pair distribution functions from experimental data (black circles), 1tube (purple line), 2tube (red line),
3tube (blue line) and 4tube (black line). b) Models used for simulation of SAXS data.

The results of the SAXS experiments strongly suggest that under the chosen experimental
conditions (in toluene, mM concentration) the length of self-assembled helical tubes does not exceed
two turns. This conclusion is supported by the excellent agreement of experimental data with

simulations for R, and PDF based on the corresponding models.
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SAXS analysis: Porphyrin Bowtie

The “bowtie” is a porphyrin-based receptor that can bind two fullerene molecules. The compound was
characterized by NMR and MS but SAXS analysis can give additional information about the shape of
the molecule. The distance between the two receptor sites may be of particular importance in regard of
planned experiments on spin entanglement between two molecules of N@Ce.

Both, the experimental scattering data and the pair distribution function, cannot be reproduced
satisfactorily by using a rigid model (Figure 1c, top). It is well known, that the butadiyne linker that
connects the two receptor sites is not highly rigid and thus we used a combination of six molecular
models with different bending angles (Figure lc, bottom) to fit the experimental data. The simulated
scattering curve fits the experimental scattering very well at small scattering angles. The slight
deviation at higher g-values may be associated with the background subtraction since the shape is
generally well reproduced. The radii of gyration calculated for the models are spread over 3 A and are
slightly smaller than the experimental value determined using Gnom. The averaged pair distribution

function, based on the six models, reproduces the features of the experimental PDF well.
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Figure 1. a) Experimental scattering curve (black circles) in toluene/1% pyridine (1.7 mg/L) and simulated curve
(red line). b) Experimental scattering (black circles) and Guinier fit (red line). ¢c) MM+ minimized structure of the
bowtie (top) and structures constrained to a smaller bending angle (bottom),d) Pair distribution function from the
experimental scattering data (black circles), the rigid model (blue line) and a combination of bent models (red
line).
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SAXS analysis: Triphenyl amine functionalized B-cyclodextrin (TPA-CD)

B-Cyclodextrin is a commonly used macrocyle in the synthesis of conjugated polyrotaxanes. Giuseppe
Sforazzini functionalized this macrocycle with 21 triphenyl amine groups that should act as hole
transport groups in such polyrotaxanes. SAXS analysis was carried out to acquire information on the
solution structure of the macrocycle, particularly to determine its diameter. This parameter can then be
used to determine the structure of the polyrotaxane using SAXS.

Linearity over a wide range in the Guinier region confirms monodispersity of the sample and gives
a radius of gyration R, = 11.9 A (Figure 1b, from Gnom analysis) which matches the value obtained
from the MD minimized structure (Figure lc, R, = 12.1 A). We also found prefect matches of the
experimental scattering data (Figure 1a) as well as the pair distribution function (Figure 1d) with data
based on a MD simulation (10 000 frames). From the model and the pair distribution function we can

deduce the longest intramolecular distance (d = 35 A) which corresponds to the diameter of TPA-CD.

a) _ b)

1000 % R, (exp) =119 A

R, (model) = 12.1 A

(q)

100 o

In Kq)

6.4

10 4

0.004 0.008 0.012 0.016 0.020
qZ , AVZ

c)

p(r)

r/A

Figure 1. a) Experimental scattering curve (black circles) of TPA-CD in toluene (14.6 mg/L) and simulated
scattering from MD (red line). b) Experimental scattering (black circles) and Guinier fit (red line). ¢) Snapshot of
TPA-CD from MD simulation. d) Pair distribution function of the experimental scattering data (black circles) and
the model (red line).
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SAXS analysis: Polyfluorenebiphenylene rotaxane functionalized with triphenyl amine

(PFBP-TPA)

Triphenyl amine functionalized polyrotaxanes were designed to act as coaxial molecular wires with an

electron transporting conjugated polymer in the center surrounded by a hole transporting TPA layer.
Knowledge of the average length of this wire is crucial to understand its charge transport behavior. Gel
permeation chromatography, the standard technique to determine MW of polymers, fails here because
of the high rigidity. Length determination by SAXS is challenging because the polymer is
polydisperse, so no indirect Fourier transformation can be carried out to obtain the pair distribution
function. The rigid structure of the polyrotaxane in Figure 1c is slightly misleading. The dynamics in
solution result in a more uniform distribution of TPA units around the polymer backbone. Our attempt
to analyze the data is thus based on simulating scattering data for a generic cylindrical object using the
program “scatter” (Professor Stephan Forster, Universitit Hamburg). The polyrotaxane is best
represented by a cylinder with a homogenous core (polymer backbone) and an inhomogenous shell
(TPA) since the electron density ¢ decreases at larger distances from the core (R), as observed in
cylindrical polymer brushes (Figure 1b). We chose the radius of the inner core (R, = 4 A) according to
the inner radius of cyclodextrin and the outer radius (R, = 17 A) according to the radius of TPA-CD
determined by SAXS (see previous sample). For the standard deviation of the radius o(R) we used the
default setting of the program and p, the ratio of electron densities of the core ¢. and at the interface to
the shell ¢.; were assumed to be 1. We then varied the length of the cylinder (L) and the decay factor
for the electron density in the shell o (¢ ~ #*) to obtain the best fit with the experimental scattering
data. This leads to a cylinder length of 150 A which is slightly shorter than expected from the
polymerization conditions (180 A). The fit of the model to the experimental scattering data is only
good up to g = 0.5 A corresponding to a distance of 12.6 A. This distance is by about a factor of three
smaller than the diameter of the cylinder and thus most of the scattering intensity in this area must be
due to short range interactions for example distances between individual TPA units. Such distances are
not incorporated in the coarse model of an inhomogenous cylinder which may explain the poor fit in

this area.
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Figure 1. a) Experimental scattering curve (black circles) of PFBP-TPA in toluene (12.4 mg/L) and scattering data
simulated for a cylinder with core and inhomogenous shell using the program “scatter”. b) Model and parameters
used to fit the experimental data. ¢c) MM minimized structure of PFBP-TPA fo illustrate its dimensions. The
determined length of 150 A corresponds to 9 repeat units.
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