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Chapter 6

Summary and prospects



Summary
The presence of a cyclic, m-conjugated, i.e. aromatic, system in organic molecules has

a drastic impact on their physicochemical behavior. On the one hand, aromaticity is
responsible for the many useful properties of these molecules, ranging from having
vibrant colors, to their use in nano-electronic devices. On the other hand, aromaticity
can be a burden, as it can make the synthesis and handling of these molecules a difficult
endeavor. The problems with polycyclic aromatic hydrocarbons (PAHs) become larger
with the size of the molecule. Due to their planar structure, molecules can approach
each other at short distances, resulting in amplification of the van der Waals forces,
also known as m-Tt stacking interactions, acting between them, thus seriously limiting
their solubility. To circumvent this problem, several strategies, outlined in Chapter 1,
have been devised.

Pyrene non-planar precursor Circum(30)triphenylene

Figure 6.1 Retrosynthetic analysis of the synthesis of circum(30)triphenylene from pyrene via
a non-planar, propellerene, intermediate.

In the present Thesis, a ,non-planar precursor strategy” was used, with the aim to
synthesize the large, planar, PAH circum(30)triphenylene (Fig. 6.1). Synthesis of this
molecule was deemed most efficient by ring closure of the non-planar precursor,
tripyrenylene 1. As evidenced throughout this thesis, synthesis of trifold symmetric,
propeller-shaped PAHs, i.e. propellerenes, can be achieved in different ways (Fig. 6.2).
In Chapter 4, perfluorotriphenylene, the first ever propellerene, was synthesized by the
Ullman coupling of a 1,2-diiodo precursor, whereas in Chapter 5, decacyclene was
synthesized by the condensation reaction of
acenaphthenone. To obtain tripyrenylene 1,
however, more exotic conditions were needed.
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In this case, 1 was obtained via the palladium
catalyzed trimerization of in situ generated alkyne.
This route is described in detail in Chapter 2, and
in brief here.
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Figure 6.2 Schematic illustration of different ways in
which trimeric PAHs can be obtained, as used in
different Chapters in this Thesis. From top to bottom:
tripyrenylene 1 (Ch. 2/3), perfluorotriphenylene (Ch.
4), and decacyclene (Ch. 5).
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Figure 6.3 Schematic representation of the conversion of pyrene to 4-hydroxypyrene via a ring
contraction/ring expansion sequence.

One of the initial hurdles in the synthesis of the non-planar precursor was the
inaccessibility of 4-hydroxypyrene. As direct oxidation protocols on pyrene are unable
to yield 4-hydroxypyrene, a novel two-step procedure, involving ring contraction and
ring expansion, was developed (Fig. 6.3). Bromination and subsequent conversion into
an ortho-TMS triflate in a three-step-one-pot reaction gave the required intermediate.
A palladium catalyzed trimerization then gave the desired propellerene 1 (Fig. 6.4).
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Figure 6.4 Schematic representation of the conversion of 4-hydroxypyrene to propellerene 1
via an ortho-TMS triflate.

Although on first inspection tripyrenylene 1 might seem to be flat, steric hindrance
actually forces the so-called ,,wings” of the molecule to bend out-of-plane, causing
the molecule to adopt a non-planar shape. Because of their non-planarity, combined
with their trifold symmetry, propellerenes can adopt two possible geometrical
configurations. These are the C, and D3 conformation, each of which have their mirror
images (Fig. 6.5).

Figure 6.5 The different conformations of propellerene 1. Structures are given of the Cz2 and D;
conformation, together with their two enantiomers. Chirality of the helical motifs in the
molecules are labelled.
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The physicochemical properties of propellerenes are dictated by their conformation. A
proper understanding of the relationship between the two is thus imperative if they
are to be used in a device setting, for example in solar cells. Chapter 3 details the
spectroscopic properties of the different conformations of propellerene 1 as well as
the (positional) effect of extension of the m-conjugated system. It shows that the
presence of helical motifs is the dictating factor when it comes to the physicochemical
properties. Moreover, although extension of the 1t-conjugated system has a significant
impact, the exact position of this extension is of lesser importance.

The conformation propellerenes adopt is, however, no trivial matter, with some
propellerenes preferring a C; conformation, and others preferring a D3 conformation.
It was Pascal et al who first proposed rules of thumb, aimed at explaining the
dichotomy observed between ortho-substituted propellerenes and benzoid
propellerenes, which prefer a C; and D3 conformation, respectively.! These rules are:

- The conformational preference is related to the central ring circumference.
- The conformation of the central ring is not a product of the wings.
- The C»/Ds dichotomy is a purely electronic (and not steric) effect.

What is interesting is that they proposed a molecule, colloquially known as , Pascal’s
super propellerene”, which defies these rules, by having a circumference greater than
8.6 A (Fig. 6.6), yet which was computationally predicted to still preferentially adopt a
D3 conformation.

Figure 6.6 Schematic and molecular structure of Pascal’s super propellerene.

Despite its daunting structure, it should be feasible to synthesize this molecule using
the methodology outlined in this Thesis (Figure 6.7). The key step is the ring expansion
of the known 17H-tetrabenzo[a,c,g,ilfluoren-17-one with TMS-azidomethane, to yield
a phenol, which can be turned into an ortho-TMS triflate. Palladium-catalyzed aryne
trimerization then yields the super propellerene.

Br Og g OH
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Figure 6.7 Synthetic scheme for the synthesis of Pascal’s super propellerene.

120



Despite the efforts of Pascal et al. and others, no comprehensive model exists to date
that can explain the origins of the conformation preference of propellerenes. Chapter
4 of this Thesis changes this. By computationally dissecting propellerene molecules the
preference of their constituent parts was unravelled. It was found that the wings of
propellerenes prefer a D; conformation, yet their size and rigidity dictate the degree of
this preference: the more flexible the wings, the weaker the preference. Combined with
a preference of the core and radials bonds for a C, conformation, the overall result is
ortho-substituted propellerenes preferentially adopting a C, conformation, and
benzoid propellerenes adopting a D3 conformation. Combined, Chapters 3 and 4 thus
describe the origin of the conformational preference of propellerenes and the effect
this preference has on the spectroscopic properties of these molecules, which will
ultimately enable the rational design of propellerenes with desired properties.

The strong -1t stacking interactions aromatic molecules can engage in was classified
above as a cumbersome property, because of the poor solubility it engenders. Chapter
5, however, makes use of this property, showing the formation of a molecularly thin
film from the small propellerene decacyclene. The collective action of van der Waals
forces acting between the decacyclene molecules allows the formation of a
mechanically stable thin film, able to be free-standing over micrometer distances,
despite being only 2.5 nm thick. The strength of these thin films could be quantified
using state-of-the-art atomic force microscopy (AFM) nano-indentation experiments,
showing it to be on par with known 2D membranes. Although no applications of these
particular thin films were shown yet, they constitute a first of their kind, showing that
covalent cross-linking under harsh conditions is not a prerequisite to form stable
membranes from aromatic molecules.
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Perspective — PAHs in Astrochemistry

The target molecule of this Thesis was circum(30)triphenylene, a large, planar PAH with
Dsn symmetry. The electronic nature of the PAH periphery, as well as the symmetry and
shape of an aromatic molecule all influence its properties,®> and within the family of
planar PAHs, those possessing a D3, symmetry constitute a particularly elusive sub-
family. To date, only a handful of homocyclic, unsubstituted PAHs belonging to this
sub-family have been synthesized®® They are especially stable with
tribenzo(a,g,m)coronene, e.g., having a reported Ty life time of over 10 seconds.?
Similarly, the Raman signal intensity of CoeH3o was predicted to be greater when the
atoms are arranged in a Dsp, fashion versus a Dgh one.®

The spectroscopic properties of PAHs are of critical importance in the astrochemistry
field. The first observations of broad emission bands in the mid-IR range of many
emitting stellar regions posed a mystery as to their origins, earning them the title of
unidentified infrared emission bands (UIRs).1%-'® Where the first spectra were recorded
with ground-based and airborne studies, later studies with the Infrared Space
Observatory (ISO; 1995-8) and the Spitzer Space Telescope (SST; 2003-20) much
improved the resolution (Fig. 6.8A and B), and showed their ubiquitous presence in the
interstellar medium (ISM). The hypothesis that PAHs could be the carriers of these UIRs
was first put forward by Allamandola, Tielens and Baker in 1985.77-20 Some 35 years
later, the presence of PAHs in the ISM is now well-established. However, the actual
composition, i.e. the specific molecules, making up these bands, remains uncertain, and
only in 2018 was strong evidence provided for the presence of one specific aromatic
molecule (benzonitrile) in the ISM.2!
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Figure 6.8 The mid-IR spectrum of the photo-dissociation region of NGC 7027 from 1977 (A)
and 2002 (B) (Reproduced and adapted from refs. "¢ and % respectively).

A further refinement of the PAH hypothesis was made by Alexander Tielens in 2013.
From analysis of the energetics involved in the IR emissions, as well as numerous
computed reference spectra, a size range of 50 — 150 carbon atoms was estabilished.??
25 The lower limit of Cso was additionally supported from the fact that PAHs smaller
than this are unstable in the UV field, due to their poor heat capacity.?® This necessity
of PAHs to be big in order to serve as emitters of the IR bands is known as the grand-
PAH hypothesis,?” and much recent research has been divulged in this direction.
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The missing link. One question that is central to the grand-PAH hypothesis is: how are
they formed? The present axiom is that larger PAHs are formed from smaller ones via
so-called Hydrogen-Abstraction/Acetylene Addition (HACA) and Hydrogen
Abstraction/Vinylacetylene Addition (HAVA) reactions (Fig. 6.9). In this way, C;H, and
C4H4 fragments can be introduced. In PAH terminology, these represent K-region
installation and benzene fusion, respectively. It was recently proposed, by Wnuk et al,,
that the Dsn PAHs tribenzo(a,g,m)coronene and circum(30)triphenylene could serve as
intermediates in the formation of the stable Cs4 PAH circum(30)coronene in the
interstellar medium (ISM).282° These molecules can be regarded as symmetrical
expansions upon a central triphenylene core and their formation is thought off as
starting from triphenylene and proceeding via a series of consecutive HACA's and
HAVA's (Fig. 6.9). Combined with their aforementioned stability and dependence of the
vibrational modes on their size, shape and symmetry, the relative scarcity of D3, PAHs
makes them ideal candidates for detection in the ISM. A study as to their spectroscopic
peculiarities is thus much warranted.

Circum(30)coronene

Triphenylene Coronene Tribenzo[a,g,m]coronene Circum(30)triphenylene

O 3x HACA ‘O 3x HAVA
S

3h sh

Dy
Figure 6.9 Formation of circum(30)coronene as proposed by Zhao et al.?® Chemical structures
of PAHs are drawn in their Clar structure with the symmetry group they belong to given below.
HACA = Hydrogen-Abstraction/Acetylene Addition; HAVA = Hydrogen
Abstraction/Vinylacetylene Addition. HACA results in the net introduction of a C;H: unit, HAVA
results in the net introduction of a C4H4 unit.

With 48 carbon atoms, circum(30)triphenylene lies at the lower limit of the definition
of a grand-PAH. Of the Dsn PAHs shown in Fig. 6.9, only of circum(30)triphenylene the
IR spectrum remains unknown. In light of its potential implications in the hypothesis
outlined above, it is desirable to study the IR properties of circum(30)triphenylene both
experimentally and computationally.

Apart from constructive PAH transformations, destructive transformations are equally
of interest. When excited PAHs are unable to relax via IR emission, they undergo photo-
fragmentation, mainly via the sequential loss of H, and C;H, fragments from the
molecule. For neutral PAHs larger than Cs3H,, IR radiative relaxation is predicted to be
the dominant mode. For cationic PAHs, formed upon photoionization, relaxation via IR
emission is dominant regardless of size of the molecule.° In order to understand the
dynamics of PAH(-cation) dissociation, dedicated studies are used that can identify
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characteristic fragmentation patterns upon photo-excitation, and the dependence of
different fragmentation pathways on, e.g., wavelength and photon intensity. Intuitively,
the K-regions in circum(30)triphenylene are the most labile part of the molecule,?' and
one would therefore expect, upon irradiation, sequential loss of C;H, fragments to yield
hexabenzocoronene, which then fragments further (Figure 6.10). This hypothesis can
be neatly tested, as the fragmentation pathways of the latter are now well
documented 323

sequential

fragmentation
R C(Az-zmHus»an

[ P Captig"
circum(30)triphenylene hexabenzocoronene

Figure 6.10 Hypothesized fragmentation of circum(30)triphenylene to hexabenzocoronene and
beyond. Note that PAHs are drawn as their cationic species, rather than neutral. This aspect
will not be considered further here.

Synthesis. The synthesis of circum(30)triphenylene has not been reported before,
although its existence was suspected as a high molecular weight pyrolysis product in
the combustion of methane3® A number of substituted’3” and a perchlorinated3?
derivative of circum(30)triphenylene have been reported and characterized before, yet
the synthetic routes employed there are not amendable for synthesis of the parent
structure. Interestingly, circum(30)triphenylene has also been used as a model
compound, to computationally study the first-order hydrogenation of graphene.® It
was tried to synthesize circum(30)triphenylene via ring closure of tripyrenylene 1
synthesized in Chapter 2 (Figure 6.11).240 Several methods to achieve such aromatic
ring closures are known, which are collectively known as the Scholl reaction, after
Roland Scholl, who reported the synthesis of perylene from naphthalene upon
treatment with AICls. Since then, many different conditions have been developed to
affect ring closure of aromatic molecules,*' these include irradiation with UV-light in
the presence of iodine, treatment with inorganic oxidizers (e.g. AlCls, FeCls, MoCls),*
organic oxidizers (e.g. DDQ),** and acids (e.g. PIFA).#? Of these, only photo-irradiation
of 1 as a dilute solution in DCM with a low-pressure mercury vapor lamp was tried,
which unfortunately did not yield the desired circum(30)triphenylene. Other reaction
conditions remain to be tested.

Scholl reaction
_

1 circum(30)triphenylene

Figure 6.11 Synthesis of circum(30)triphenylene by the Scholl reaction of tripyrenylene 1.

124



Infrared. The IR spectra of D3, PAHs can be roughly divided into three regions: i) 700 —
900 cm™, ii) 1200 — 1600 cm™ and, iii) 3100 — 3300 cm™ (Fig. 6.12A)." Absorptions
below 700 cm 1 originate from vibrations related to ring deformations which will not
be discussed here. Region i) contains out-of-plane C — H waging modes, and can be
further refined to solo (900 — 850 cm™), duo (850 — 800 cm™) or trio/quarto (800 — 700
c¢m™) vibrations.#4 Region ii) contains C — H waging modes, and region iii) contains C —
H stretching modes. To identify the vibrations associated with difference absorption
lines, spectra were computed using DFT computations at the B3LYP/4-31G level of
theory, using geometries optimized at the same level. Although seemingly a rather low
level of theory, spectra obtained at this level benefit from requiring only a single scaling
factor of 0.958 to bring the computed harmonic frequencies into good agreement with
experimental fundamentals. It is for this reason its use has become standard in the
astro-chemistry field,*>#” and all spectra in the NASA Ames PAH spectral database are
computed at this level.*® The major absorptions and vibrations in the different regions
will now be discussed separately for the different PAHs.

i) The low wavelength IR region for the fully benzoid PAHs 1 — 3 each has
a major absorption corresponding to a collective in-phase, out-of-plane
C - H waging vibration (O, situated at 776, 785 and 794 cm™,
respectively. For circum(30)triphenylene 4, the frequency of the
corresponding vibration is significantly upshifted to 888 cm™.
Compounds 2 and 3 additionally show an absorption corresponding to
a collective duo C — H waging mode at 842 cm™ (2). In triphenylene 1
and 4 such a mode is, obviously, absent, although there are several anti-
phase duo waging modes.

ii) In the middle wavelength region, the number of absorptions increases
greatly with the size of the molecule. Absorptions in this region
correspond to different collections of duo C — H rocking (3) and
scissoring (4) vibrations. Circum(30)triphenylene 4 shows an additional
absorption at 1675 cm™, corresponding to an anomalous scissoring
mode (Fig. S6.1).

iii) In the high wavelength region two main absorptions are found, each
corresponding to different collective anti-phase (5) and in-phase (&) C -
H stretching modes. Interestingly, for the fully benzoid PAHs 1 -3 the
frequency of these absorptions are found to increase only nominally with
an increase in size of the molecule. For the larger PAHs 2 — 4 a particular
kind of duo "through ring” asymmetric C — H stretching vibration is found
@), with circum(30)triphenylene 4, in turn, uniquely showing a major
absorption at 3188 cm™, corresponding to a mono “through ring” C - H
asymmetric stretching vibration (8).

1 In astrochemistry this region is more commonly discussed in terms of 3 — 14 um (cf. Fig. 6.2).
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Figure 6.12 (A) Computed IR spectra (at B3LYP/4-31G) of Ds» PAHs 1 - 4 (top-to-bottom). (B)
Selected regions of the computed IR spectra shown in (A) with the main absorptions in each
region labelled. All spectra are to the same scale and arbitrarily offset. Images on the right
show the vibrations associated with the corresponding absorption. Vectors not drawn to scale
and with arbitrary absolute phase.
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From the computational IR study it can be concluded that, although there are broad
similarities between the IR spectra of Ds, PAHs, the non-fully benzoid
circum(30)triphenylene deviates from the general fingerprint, showing distinct features
at 888, 1552 and 1675 cm™". The 888 cm™ vibration in particular (mode (@) in Fig. 6.8B)
is significantly shifted compared to the corresponding mode in the other PAHs,
coinciding with a bright feature in the IRIS nebula (Fig. 6.13). This 11.2 um band is one
of the so-called “unidentified infrared bands” (UIB), and which is currently assumed to
be composed of a number of closely packed vibrational modes.*®
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Figure 6.13 Comparison between (A) the experimentally recorded IR spectrum of the dense
medium of the northwest photon dominated region of NGC7023; reproduced from ref. >, and
(B) computed IR spectra of selected Dsn PAHs. Note the coincidence of the 11.2 pm feature in
the experimental spectrum, with that computed for circum(30)triphenylene. Note that MJy/Sr
in (A) stands for megaJansky per steradian, which is a unit for spectral flux density.

To conclude, with these preliminary results in hand, the next step will be to synthesize
circum(30)triphenylene and record its IR spectrum and photo-dissociation spectrum in
astronomically similar conditions, in order to confirm or disprove its astrochemical
relevance.
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Experimental

Computations. Equilibrium geometries of all structures were computed at the DFT level of
theory using the Gaussian 09 Rev. D.01 program,>' using the B3LYP functional and 4-31G basis
set. For all computations the convergence criteria were set to tight (Opt = tight; Max. Force =
1.5-107, Max. Displacement = 6.0-107), and an internally defined super-fine grid size was used
(SCF = tight, Int = VeryFineGrid), which is a pruned 175,974 grid for first-row atoms and a
250,974 grid for all other atoms.% All stationary points found were checked to constitute true
local minima, by the absence of negative frequencies.
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Figure S6.1 Computed anomalous vibrations observed for circum(30)triphenylene.
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