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1. Introduction

1.1 Pyrene

K-REGION K-REGION

I-1: Ball and stick model of pyrene (DFT calculation). The atom numbering and the designation of the
K-regions (Cy4, Cs/ Cq, Cp) are given according to IUPAC recommendations.'"’

Pyrene is a polycyclic hydrocarbon consisting of four fused aromatic rings. Its sum
formula is C;¢Hjo. LAURENT was the first to isolate the hydrocarbon from coal tar. The
name “pyrene” derives from the ancient Greek word 7vp (pyr) meaning fire, as LAURENT

21 About one

believed pyrene to be formed when organic substances react with fire.
hundred and twenty years later, advances in industrial chemistry turned pyrene into a

readily available, inexpensive building block for dye industry.m Coke-oven coal tar is an
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abundant source of polycyclic aromatic hydrocarbons (approx. 20%10° t/a) which is
relatively rich in pyrene (2 - 2.1 %). Nowadays, pyrene is prepared on a multi-ton scale
and utilized in its own right, especially due to its outstanding photophysical properties (e.g.
as optical brightener Fluolite XMF™ reactive dye C.I. Direct Blue 1 09"! or fluorescent
dye Pyranine! o1y,

The carbon atoms in pyrene are labeled according to the [UPAC recommendation of 1998
as shown in figure I-1.""! Pyrene can be considered as biphenyl bridged with two ethenyl
units in positions 2,2’ and 6,6’. The commonly used expression K-region collectively
describes these ethenyl bridges, i.e. the positions 4,5,9 and 10 of pyrene. Recently, the
expression non-K-region was used by ZOU et al. to collectively identify the biphenyl

positions (1,2,3,6,7 and 8) of pyrene.[ 71

.11 Properties

I-2: Frontier orbitals of pyrene (HOMO left, LUMO center left) and the corresponding orbital densities
(HOMO center right, LUMO right) as calculated by DFT (B3LY, 6-311G").

Pyrene is an archetypical polycyclic aromatic hydrocarbon. Its flat geometry offers full
delocalization of the m-electron cloud extending above and below the carbon backbone as
shown in figure I-2. The nodal plane along the molecular long axis (C2, CBal, C5a1, C7)
has significant effects on the reactivity, which will be discussed in chapter 1.1.2. The
photophysical properties of pyrene have been studied extensively. In the UV-vis absorption
spectrum (figure I-3) four transitions can be resolved.™ ®* A full assignment of the
transitions is given by YOSHINAGA et al.'” The Sy->S; transition is very weak
(A=372nm, £€=510 L*mol'l*cm'l) whereas the higher Syo->S,4 transitions are intense
(A =334 nm, €59.550= 5.5%10° L*mol "*cm™, A =272nm, €s05s3 = 5.4%10° L¥mol ' *cm™
and A =243 nm, 830_>S4=8.8*105 L*mol'l*cm'l).[“] Furthermore, it was shown by
dichroism studies that the Sop->S; and Sy->S; transitions are polarized along the molecule’s

short axis, while So->S, and Sy->S, are polarized along the molecule’s long axis. 12 13!
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I-3: Left: UV-vis absorption spectrum of pyrene in cyclohexane. The respective transitions are labeled
[figure adapted from CRAWFORD et al."""']. Right: Fluorescence spectrum of pyrene in cyclohexane."”

Its deep blue, intense fluorescence (Amax cyclohexane = 380 nm, ¢prgron = 0.65) is one property
that pyrene is well known for.""! Furthermore, the fluorescence life time of T~ 300 ns is
remarkably long.' The fluorescence fine structure is very sensitive to the solvent
environment. It was shown by DONG that this can be exploited to define an experimental

scale of solvent polarities (Py-scale).!"”!

20r
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I-4: Fluorescence spectra of pyrene at different concentrations in cyclohexane (concentration (in mol/l):
A =107 B=775%107 C=55*%10" D=3.25%10" E = 107, F = 10*) [figure adapted from BIRks'"*].

Even more interesting were the findings by FORSTER and KASPER!'"”). They describe the
formation of excited dimers (excimers) in pyrene solutions of higher concentration
(>1*10™ mol/l). In figure I-4 the development of the unstructured, very intense excimer

fluorescence band with increasing concentration (from F to A) is clearly visible.

An excimer is formed between an electronically excited- and a ground state molecule. As
both species approach each other at close distances (3.37 A) a bound state can be

formed.!>"

M+ M 2 Y(MM)* (I-1)

Eq. (I-1): M’ denotes an electronically excited molecule, M a molecule in the ground state and (MM)* the
excimer.
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This process is diffusion controlled so that the long lived excited state in pyrene is essential
for this mechanism.

Fluorescence quenching by excimer formation has been frequently used as a distance probe

[21-23] [24]

in biochemical studies or to investigate phase transitions in bilamellar vesicles.

Recently, pyrene-based molecular beacon DNA probes have been developed by CONLON et
al®

Besides excimer formation, p-type delayed fluorescence' constitutes a second, bimolecular

15,261 The long lived pyrene triplet states

luminescence process in pyrene solutions.
(13 = 54107 s at ¢ = 3*10° mol/l) can form a vibrationally excited dimer which, in turn,
splits into an excited and a ground state molecule. The excited moiety finally relaxes to the

ground state under emission of a (delayed) fluorescence photon.'**

TH+T->S*->S"+S+hv (I-2)

Eq. (I-2): T denotes triplet state, S, a vibrationally excited dimer, S~ an excited singlet state, S a ground
state pyrene molecule and hv a photon.

Not only does pyrene hold great promise as a fluorescence probe, its high thermal and
photochemical stability, deep blue fluorescence and planar geometry make it an ideal
candidate for applications in the area of organic electronics.””™ The use as emitter in
organic light emitting diodes is hampered, however, by the complex photo-physics of
pyrene. This is especially true for the bathochromic shift of the electroluminescence due to

excimer formation.””’

1.1.2 Reactivity of pyrene

This work’s main topic is the development of new, selective functionalization procedures
for pyrene. In this section, the reactivity of pyrene and some of its derivatives will briefly
be discussed.

As mentioned in the introduction to this chapter, pyrene behaves like an archetypical
hydrocarbon, especially when its reactivity towards electrophiles is considered. Already in
the early days of pyrene chemistry it became clear that many reactions that will transform
benzene will also affect pyrene.”” Yet, the regioselectivity of these reactions is more

complex.

In order to understand the reactivity of pyrene it is useful to consider two different

[31] [32,33]

formalisms (figure 1-5): CLAR’s sextet rule *”"* and the frontier orbital theory.

" This type of delayed fluorescence was first observed in pyrene solutions and designated accordingly p-type.
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CLAR’s sextet HOMO LUMO
formalism Frontier Orbital Model

I-5: Models of pyrene according to the CLAR’s sextet formalism (left) and frontier orbital model (red and
blue) (right).

Using CLAR’s sextet rule pyrene can be represented with two full aromatic rings and two
double bonds (the K-region of pyrene) i.e. as biphenyl annulated by two double bonds."*"
The frontier orbital theory indicates high electron densities in positions 1,3,6 and 8 as well
as moderate densities in position 4,5,9 and 10. Significant is the nodal plane bisecting

pyrene and passing through positions 2 and 7 (fig. I-5, right).

1.1.2.1 Selective functionalization of pyrene

As a polycyclic hydrocarbon pyrene can be functionalized by electrophiles, oxidants,
reducing agents and transition metal mediated C-H activation to give a few examples.
Depending on the agent acting on pyrene, different positions of the hydrocarbon can be
addressed.

CASAS-SOLVAS, HOWGEGO and DAVIS recently published an excellent overview of current

[34]

methods to prepare functionalized pyrenes. Pyrene-based materials for organic

electronics were comprehensively reviewed by FIGUEIRA-DUARTE and MULLEN in 2011.1%%

1.1.2.1.1 Functionalization in positions 1,3,6 and 8

Pyrene’s reactivity towards electrophiles can easily be understood if frontier orbital theory
is employed and its HOMO distribution is considered. As shown in figure I-5 (right), the
highest electron densities are predicted for positions 1,3,6 and 8. In figure I-6 the stepwise

1,3,6,8-functionalization using bromine as a common electrophile is presented.

* o ==

1-3X,Y=Br,Z=H
1-1 1-2 1-4X,Z2=Br,Y=H 1-6 1-7
1-5Y,Z2=Br,X=H

1-6: Bromination of pyrene. The degree of bromination is dependent on the equivalents of bromine added
(i=1eq,ii=2eq, iii = 3 eq and iv = 4 and more eq).
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The addition of elemental bromine was described as early as 1871 by GRABE in his
ground-breaking work on pyrene. He was able to identify 1-3 and 1-4 as a mixture of
isomers as well as 1-6.°” 1-5 is formed in small amounts (=5 %) and was only later
isolated.”®" VOLLMANN er al. later reported that, depending on the reaction conditions,
either one-, two-, three- or fourfold functionalization is possible.m] As bromine
substituents deactivate pyrene due to their electron withdrawing effect, it is necessary to
employ more drastic conditions to prepare higher functionalized pyrene derivatives. This

holds generally true for electrophiles.

Good availability of 1-2 and 1-7 make these compounds widely used building blocks for

pyrene based materials. 1-2 is commonly used when pyrene is introduced as a pennant

group e.g. in conjugated polymers*®

[38, 39]

, T-binding anchor groups for graphene/carbon

[40, 41] [42, 43]

nanotube functionalization , organometallic complexes or in biochemistry.

[44-47]

In contrast, 1-7 is often used as a central building block for dendrimers and materials

for organic electronics **! due to its Dy, symmetry.

1,6- and 1,8-functionalized pyrenes can be prepared according to scheme I-6 by partial
bromination. The isomers can be separated by a lengthy recrystallization procedure.*”’ For
the synthesis of functionalized materials it was often advantageous to isolate the desired

isomer by chromatographic methods at a later stage of the synthetic route.* !

\ , & &

11 1-8 1-9 1-3 1-4 1-5

[-7: Nitration-reduction-bromination protocol.

A three step protocol of nitration, reduction, chromatographic isomer resolution and

SANDMEYER reaction gives an alternative access to 1-3, 1-4 and 1-5. The isomers of 1-9

can be isolated in an 2:2:1 ratio by column chromatography.”*

Electrophilic substitutions on pyrene exceeding fourfold functionalization in a single

reaction step are rarely reported. Instances are for example FRIEDEL-CRAFTS alkylation

(53]

reactions with secondary alkyl halides "' or perhalogenation reactions (vide infra).
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1.11.2.1.2 Functionalization in positions 4,5,9 and 10
ii (o)
_—
o

1-10 11

I-8: Selective functionalization in positions 4,5,9 and 10. i: Pd/C, H,, 100 bar. ii: RuCl; NalO, MeCN,
CH,Cl, 4 h.

In order to understand the selective functionalization of the K-region of pyrene, i.e.
positions 4,5,9 and 10, CLAR’s sextet rule is very helpful. According to this formalism
(recalling figure I-5), the K-region has an alkene-like character. Thus, reagents like

154

palladium on charcoa or osmium tetroxide, which are known to act on alkene double

bonds, also selectively transform pyrene.

The reduction to 1-10 by hydrogen and palladium on carbon was extensively used as

access to 2,7-dibromopyrene (figure I-11).1°”

OBERENDER and DIXON state that oxidation of pyrene can be specific to the K-region if the
oxidation has a cyclic transition state.”®® This was initially reported for OsO, and soon
expanded to RuO4.[5 6581 Both reagents provided 4,5,9,10-tetrahydropyrene-4,5,9,10-tetraol
as the main outcome and 1-11 as a mere side product. HU et al. revisited this reaction in
2004 and found that the addition of acetonitrile stabilizes the transition state sufficiently to
prepare 1-11 in gram scale quantities.””! HU’s report is central for this work and will be
discussed in further detail in chapter /1. More recently, KASSAEE reported the synthesis of
1-11 in 92 % yield by benzyltrimethylammonium fluorochromate.®” This seems surprising
as chromate reagents are generally known to oxidize pyrene in 1,6 or 1,8 position.”” It was

not possible to verify this claim due to the unavailability of the reagent.

t-Bu t-Bu t-Bu
,, Brm O O HO
0 HO
t-Bu t-Bu t-Bu
-1 112 113 114 1-15

1-9: YAMATO’s 2,7-bistertbutylpyrene-4,5,9, 10-tetraone synthesis. i: 'BuCl, AICl;, CH,CL. ii: 6 eq. Bry, FeCl;.
iii. NaOMe, Cul, DMF. iv: BBr;, CH,CL. v: SiO,, air.

The synthesis of 1-16 by YAMATO et al. can give further insights into selective pyrene
functionalization.'"! In order to block the otherwise active positions 1,3,6 and 8 from

nucleophilic attacks, tert-butyl groups are introduced (vide infra) to afford 1-12. This, in
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turn, enables a regioselective bromination in the K-region to give 1-13.> While it is
problematic to convert 4,5,9,10-tetrahydropyrene-4,5,9,10-tetraol to 1-11,
pyrene-4,5,9,10-tetraol 1-15 can be prepared by air oxidation on SiO,. This procedure was
further improved by WASSERFALLEN et al. by using salcomine as oxygen transfer agent.!”!
They found that 1-16 can be useful in the preparation of extended PAHs. 1-13 is also a
versatile building block for pyrene-fused pyrazaacenes, as recently reviewed by MAETO-
ALONSO.[®

.1.2.1.3 Functionalization in positions 2 and 7

Once more, it should be stressed that the nodal plane in pyrene makes the synthesis of
2,7-functionalized pyrene derivatives difficult (FOM-theory). To address these positions,
three basic concepts have emerged: Exploitation of the favorable steric of positions 2 and
7, the total synthesis of a pyrene and elimination of the nodal plane. For each of these

concepts representative examples will be discussed below.

For sterically demanding substituents, positions 2 and 7 are thermodynamically favored.
FRIEDEL-CRAFTS alkylation with fert-butyl chloride and aluminum chloride gives
2,7-di-tert-butylpyrene (1-12) in good regioselectivity as the thermodynamic product (see
fig. 1-9).1" The same reaction gives a broad mixture of isomers if isopropyl chloride is

used instead.>™

o~ -
0 OH OH OH 0
S O w O w 2 v O
i i i iv v vi ‘
& s~ J=C O~ I~ 1]
IOEATAE i P P Cdah s
) e OH OH OH 0
'
117 1-18 1-19 1-20 1-21 122 1-23

1-10: Attempted pyrene-2,7-dione total synthesis according to BOLDT and BRUHKE. %! i: m-MeOPh(CH,Br),
KOH. ii: hv, (CH;0);P. iii: BBr3. iv: AgCOy/celite. v: Pd/C. vi: Pb(OAc),.

For a long time, only multi-step synthesis provided access to the 2-7 substitution pattern
(other than 1-12).1°! Often thiocyclophanes (e.g. 1-18) have been prepared that yielded the
desired pyrene derivative after sulfur extrusion (1-19) and a subsequent 3,'-5,' bond
formation (1-20) followed by a final oxidation step to the aromatic pyrene derivative
(2-21).7 BoLDT and BRUHKE presented a total synthesis of 2,7-dihydroxypyrene (2-21)
based on this concept.'®’ Their attempt to form the quinoidal 1-22 failed.

% 1-10 can only be prepared if iron powder and an excess of bromine (6 eq.) are added to the reaction
mixture. If 2.2 eq. of bromine are added functionalization in positions 1, 6 and 1, 8 is observed.
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S
OOO

11 1-10 1-24 1-25

I-11: Left: 2,7-dibromopyrene (1-25) synthesis according to LEE and HARVEY.” i: H,, Pd/C. ii: Br,/ CHCI;.
iii: Bry, CS, Right: HOMO of 1-10 (DFT-B3LYP 6-31G*).

In their three step route to 2,7-dibormopyrene (1-25), LEE and HARVEY use the concept of
the elimination of the nodal plane.”®' 1-10 behaves in principle like a 2,2’,6,6’-tetraalkyl-
1,1’-biphenyl. DFT calculations (HOMO of 1-10 shown in figure I-11) predict high
frontier orbital densities in the positions attacked by the electrophile. The rearomatization

can be carried out by bromine in carbon disulfide in an “unusual method of

dehydrogenation” as the authors describe it.">! 1-25 has been a useful building block for
[68-71]

[72,73]

synthetic and polymer chemistry.

———

b) % ) & d)
2 P 'n# - O -
: LUMO“(-“I.,‘TO) O‘ fz?fv

i L

HOMO (-5.18) o -5.34 oV

I-12: Two cycloparaphenylenes based on 1-23. A: Structure of [4]CPY. B: Frontier orbital distribution in
[4]CPY. C: Cycloparaphenylene-2,7-pyrenylene. D: Frontier orbital distribution (figure A and B adapted

yctoparapnemny pyreny 8 D
from IWAMOTO et al.[74]ﬁgure C and D adapted from OMACHI et al. [75]).

A fascinating application of 1-24 was recently reported.[74] The YAMAGO group prepared a
[4]cyclo-2,7-pyrenylene ([4]CPY) via a tetranuclear platinum complex with four 1-24
units. Rather surprisingly, the electronic properties of [4]CPY were very similar to those of
[8]cycloparaphenylene. DFT calculations show that in [4]CPY conjugation extends over
the 2,7-positions of pyrene, the nodal plane is removed. This was explained by a large
quinoidal character of the pyrene moieties in [4]CPY."* The ITamI group reported an
cycloparaphenylene-2,7-pyrenylene that was prepared by stepwise transition metal
mediated macrocyclization of 1-24 followed by a rearomatization to the final product.[76] In
contrast to [4]CPY it behaved similar to a combination of hexaparaphenylene and pyrene

due to weak conjugation over the nodal plane in pyrene.[75 ]
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The 2,7-bromination of pyrene-4,5,9,10-tetraone (1-11) also utilizes the elimination of the
nodal plane concept. This reaction is essential for this work. It gives access to
2,4,5,7,9,10-hexa-functionalized pyrene derivatives which will be discussed further in
chapter /1 L7

TREf - et

1-26 1-27
I-13: Iridium catalyzed borylation of pyrene. i:[Ir(1--OMe)(COD)],, tBuBipyr, Hex. 60 °C, 24 h.

The advent of transition metal C-H activation in organic chemistry also had a significant
impact on direct pyrene functionalization. COVENTRY et al. adapted an iridium/bipyridyl
catalyst system for borylation of arenes, initially presented by ISHIYAMA et al.l”®, for the
2,7 borylation of pyrene./”” Pyrene boronate esters (1-27) can thus be prepared in excellent
yields. SUZUKI-MIYAURA reactions with 1-27 have been used to prepare numerous small

[7-89) and polymers.”®* CRAWFORD et al. reported a series of pyrene derivatives

molecules
prepared by boronate ester exchange.™ 1-27 can further be brominated in 1,3,6 and 8
position yielding the only 1,2,3,6,7,8-functionalized pyrene derivative so far described in
literature.'® The borylation can be extended to introduce an additional boronate ester in

the 4 position of 1-27.1%¢

This reaction was central in the synthesis of Py series OLED emitters as discussed in
chapter V.

.1.21.4 Desymmetrization of pyrene

Recently, the desymmetrization of pyrene has attracted some academic interest. In order to
afford the desired functionalization pattern careful planning of the synthetic procedure is
essential. Reactive positions can be chemically (de)activated either by stepwise

substitution or steric blocking.

5 M

o Br
— T 1

o) Br

R

1-30 R = Alyl
1-31 R = Triflat

I-14: Pyrene-4,5-dione bromination according to ZOPHEL. '*”!

Starting from the pyrene-4,5-dione (1-28) it is possible to address the 9,10 (1-29) or the 1,8
(1-33) positions of pyrene. In 1-28 the 9 and 10 positions are activated towards
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electrophilic attacks® and can selectively be brominated by NBS in sulfuric acid to afford

1-29. ZOPHEL successfully used this to prepare push-pull dyes®’! [88]

and phthalocyanines
based on 1-30. Furthermore, 1-31 can be used for transition metal catalyzed cross coupling
reactions to prepare 4,5,9,10-functionalized pyrene derivatives without the need for

tert-butyl blocking units in positions 2 and 7 (see figure I-9).1*% %"

Ak = Br Alk @
*Alk *Alk ‘O‘

1-32 1-33 1-34

I-15: Synthesis of 1,8-pyrenylene-ethynylene macrocycles according to VENKATARAMANA et al.

VENKATARAMANA et al. showed that in 1-32 the 1 and 8 position is activated and can be
brominated selectively to afford 1-33. This was exploited to prepare a series of

1,8-pyrenylene-ethynylene macrocycles (1-35) by GLASER-type coupling reaction.”

2-%-5-8

t-Bu
11 1-36 1-37 1-38

I-16: Steric blocking strategy used to prepare 1,3-polypyrenes (1-38).

Desymmetrization of pyrene is also possible by steric blockage of active positions. The
tert-butyl group in 1-36 hinders the electrophilic attack to positions 1 and 3 to afford 1-37
selectively.'*”! 1-37 proved very useful in the preparation of 1,3-poly-pyrenes for OLED
applications (1-38). Recently, 1-37 was also used as a building block for efficient small
molecule OLED emitters.”” It can be functionalized further in the K-region by oxidation

31 or selective 4,9—br0mination.[94] In

[95]

to the corresponding pyrene-4,5,9,10-tetraone

combination with 1,3,6,8-tetrabromopyrene dendrimers and hyperbranched poly-

pyrenes were prepared.[%] The BODWELL group used a similar blocking strategy to prepare

1,1,8,8-tetramethyl[8](2,1 l)teropyrenophane.[97]

3 While the diketo-substitution in 1-30 generally deactivates the molecule, the 9 and 10 positions have a high
frontier orbital contribution. Therefore, selective electrophilic substitution is possible.
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I-17: Pyrene total synthesis according to WALKER et al.'*

Finally, a pyrene total synthesis as for example reported by WALKER ef al. can provide
access to non-symmetric pyrene derivatives.'”® LORBACH et al. used a similar strategy to
prepare a series of 4,10-functionalized pyrenes with the goal to improve the reactivity of

pyrenes in SCHOLL type reactions.”””!

A new non-symmetric pyrene derivative will be discussed in chapter VI.

1.1.2.2 Perfunctionalization of pyrene

Cl

Cl Cl
SocilNe
sesplve
wealihe
Cl Cl
Cl
1-45 11

I-18: Literature reported pyrene perfunctionalization reactions.

Perhalogenation reactions are a synthetic approach to 1,2,3,4,5,6,7,8,9,10-functionalized
pyrenes. Perchloropyrene (1-45) can be prepared from pyrene in a wet-chemical process
that has also been used to perchlorinate the periphery of larger PAHs.!'® !l In contrast,
synthesis of perfluoropyrene (1-46) requires a specifically designed fluorination reactor
set-up.!'% Alternatively, 1-46 was prepared by a halogen exchange (HALEX) process
from 1-45 in the KF melt."'*”
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1.2 Organic semiconducting materials

.2.1 Historic overview

Electrical conductivity in anthracene crystals was initially reported by KOENIGSBERGER
and SCHILLING in 1910."® For semiconductor application organic materials were first
considered with the observation of electroluminescence of single crystalline materials in
the mid-1950s to the mid-1960s. High driving voltage and the limited availability of
organic single crystals restricted the practical use of these findings.!"® '° In the following
decade the research focus shifted to the field of conducting polymers. By doping
polyacetylene the first organic materials with metallic conductivity were presented.!'*’%!
The 1980s saw the advent of organic thin-film technology."'” Thus, (cost-)efficient
fabrication of organic light emitting diodes (OLEDs), organic field effect transistors
(OFETs)!"!'" "2 and organic photovoltaic cells (OPVs) became possible.!''* "' Inorganic
nanoparticles were intensively studied in the 1990s and are of high interest to this day e.g.
in dye sensitized solar cells (DSSCs).!"""""®! Recently, developments split into two main
directions. Conjugated polymers are a current topic of academic polymer research.!''*'?!l
They can be processed from solution which enables low cost processing e.g. by ink-jet or
roll-to-roll printing.!'*? So far, printed electronics have enjoyed only limited industrial
success due to low reproducibility."*! Small molecules based organic electronics is a
current topic of organic chemistry.'** Higher reproducibility due to easier materials
purification led this academic field to quick industrial success. Industrial scale production
of hand-held (monochromatic) device displays started in 1997, early in the new
millennium the first full color displays were mass produced. In 2013 OLED based
television sets have become available.'"*' The discovery of isolated graphene sheets by
GEM and NOVOSELOV in 2005"?%! (Nobel Prize in 2010), a material’s outstanding physical

properties, gave a new direction to the academic field of organic electronics.!'*"*!
1.2.2 Electron deficient / electron rich organic materials
NeutralPAH ~DONOR ACCEPTOR  DONOR
ACCEPTOR
—
- = 5 '
P Pl
N HOMO
e W W W

I-19: Schematic energy level diagram of organic materials (blue: HOMO, red: LUMO).
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Generally speaking, donors provide energetically high lying occupied molecular orbitals
(HOMO). Thus, oxidation of these compounds is easy as they are prone to donate
electrons. Acceptors on the other hand provide energetically low lying unoccupied
molecular orbitals (LUMO). Accordingly, these molecules are readily reduced as they are
prone to accept electrons. Figure I-19 gives a schematic donor-acceptor compound. The
energetic proximity of the high lying (donor) HOMO and the low lying (acceptor) LUMO
results in a reduced energy gap. In case of a donor-acceptor complex the band-gap of the

new material is significantly reduced compared to the pure components (vide infra).!'*"’

.2.2.1 Classical donors and acceptors in organic electronics

For the past twenty years interest in electron acceptors mostly stems from the field of
organic electronics.”'*'""** Some typical donors / acceptors and their use in the field of
organic electronics are collected in table I-1. For the sake of brevity only a few

representative examples are given.

Table I-1: Typical acceptors (drawn in red) and donors (in blue) and their use in organic electronics.

NC._CN o) fo) R)—'(R R
R D sD_:s ©
N
s LU0,

o”N<o" R R
R Tetrathia-
TCNQs Rylenes Fullerenes fulvalenes  Triphenylamines

OLED -
Charge +4++
transport
OLED -
Dopant
OPV - Bulk
heterojunction
OFET -
Active layer

+++ +

+ + +++ + +

++ + + +

With the advent of organic electronics these new donors and acceptors attract considerable
scientific and industrial interest. Weak donors (e.g. functionalized triphenylamines) are
frequently used as hole-transport materials (HTL) and weak acceptors (e.g. oxadiazoles or
pyridines) as electron-transport material (ETL).!'**"**) The need of dopants for charge
transport layers in OLEDs is a significant driving force in the search for new strong donors
and acceptors.!'** *"l They are also utilized as injection layers in work-function tuning of

metal electrodes."*® Small molecule acceptors (e.g. fullerenes, rylenediimides'™ or

(sub)phthalocyanines!'*”) are indispensable for bulk-heterojunction solar cells.!!'* *!
Depending on the choice of the active material (donor or acceptor), field effect doping can

generate (varying amounts) of p- or n-type charge carrier in OFETs (p-type or n-type).
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Typical examples for p-type OFET materials are thia- and seleno-fulvalene derivatives.!'**!

Rylene dyes[143] and TCNQ derivatives are used in n-type OFETs. 144 143]

1.2.2.2 TCNQ type acceptors

For organic electronic applications tetracyanoquinodimethane (TCNQ) or one of its
derivatives are frequently utilized, as indicated in table I-1. The quinoid structure of this
class of materials makes them exceptionally well suited for uptake of one or even two
electrons from their (electron rich) environment in single electron transfer (SET) steps.
While oxidizing its redox partner, the TCNQ derivative is reduced; in the first step to a
stable radical anion TCNQ *and in the second to the dianionic structure TCNQ?* (see figure
1-20).

NC._CN [ “17 NCLCN [ It NC“CN
| NC /CN NCy2CN
+e [~ e
- — —_— ). —
| -e ‘) -e
| o ~
NC”CN @ oN NC c[q NCACN NCACN
TCNQ _ TCNQ L i TCNQ?

1-20: Two step single electron reduction of TCNQ to TCNQ” (adapted from '"*").

The radical anion TCNQ™ is stabilized by the high electron affinity of dicyanomethylene
as well as the re-formation of an aromatic system and its stabilization energy.
Rearomatization as a means to stabilize the reduced species after electron uptake is
generally applicable to quinoidal organic molecules. As a consequence of their chemical
usefulness, a large variety of quinoidal dicyanomethylene derivatives has been prepared

(some examples are shown figure I-21).1'4°!

CN
NC._CN
ne_en  eyeN ' i\ NC._CN
|
S o QR |
3 | Q) o
| @ |
NC” CN | i \ NC” CN
NC” CN CN
NC” CN NC
TCNQ TCNN 1977 TCNA TCNP TCNPe
1962 1962 Addison 1992 1985 1989
Diekmann Acker Yanagimoto Maxfield Martin

I-21: TCNQ derivatives with extended 7-systems.

As shown in figure 1-21 it was attempted to enlarge the parent aromatic system in TCNQ
derivatives. It was expected that, by enlarging the =-system of the acceptor, its
T-T-interactions in charge-transfer complexes would improve and that new organic metals

could be developed,[152’ 153]
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1.2.3 Charge-transfer complexes
(donor-acceptor complexes)

According to the IUPAC Compendium of Chemical Terminology, 2nd ed. a charge-transfer

complex* (CT-complex) is:

“An electron-donor—electron-acceptor complex, characterized by electronic
transition(s) to an excited state in which there is a partial transfer of electronic
charge from the donor to the acceptor moiety. !>

This definition summarizes several important facts about charge-transfer complexes. In
order to make a CT-complex an electron rich donor and an electron deficient acceptor

moiety are needed (figure 1-19).

If the donor and the acceptor are covalently bound, charge-transfer is likely to occur within
that molecule; this is called intramolecular charge-transfer (ICT).'°® This type of
transition is for example often observed in organometallic complexes between the metallic
center and a ligand (MLCT).""®” One prime example is the Z907 dye’ frequently used in
DSSCs."*% 1) While the ICT has experienced an outstanding amount of attention in the

field of organic electronics, this work is not concerned with this type of CT-interactions.

Instead, the focus lies on the intermolecular charge-transfer phenomena. CT-complexes are
formed between a (small molecule) donor and an acceptor. Upon contact, an electron is
partially or fully transferred from the donor to the acceptor. They form a (weakly) bound
D/A dimer. Charge-transfer complexes are characterized by a broad, featureless band in the
absorption spectra. The shape of the band is a consequence of the spatial arrangement of
donor and acceptor which can undergo strong fluctuations in solution.'®”

In the solid state two donor-acceptor arrangements are generally distinguished: alternating
stacks’ and segregated stacks (figure I-22). Probably the best known examples of
donor-acceptor complexes are TTE-TCNQ’ and (TMSTF),-PE¢".'®! In its crystalline state
TTF-TCNQ adopts a segregated stack arrangement. This packing confers a high electrical
conductivity on the crystals. This material is commonly referred to as the first organic
metal."** The conductivity is highly anisotropic, along the packing axis it is as high as
o1 =400+ 100 (Q cm)'1 (at RT). Perpendicular to this axis the conductivity is by orders of

magnitude lower.'® Along the packing axis the electrons are located in the acceptor stack,

* In the chemical vernacular the termini donor—acceptor complex and CT-complex are used interchangeably.
Yet, the term donor—acceptor complex is also used to refer to LEWIS acid/base adducts or in biochemistry for
hydrogen bond molecular complexes .'**!

5 (cis-di(thiocyanato)bis(2,2-bipyridyl-4,4’-dicarboxylate) ruthenium(II))

® Also known as mixed stack.

’ Tetrathiofulvalene / tetracyanoquinodimethane.

¥ Tetramethyl-tetraselenafulvalene - phosphorus hexafluoride
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whereas (electron-)holes are located within the donor stack. Thus, both charge carriers can
move freely along this axis resulting in high conductivity. Perpendicular to the packing
axis, charge carriers are not free to move, but must hop from stack to stack.!"%%! This
discovery sparked massive academic interest in the field and a large number of fulvalenes
and quinodimethanes was studied."">* '>*! In 1980 this led to the discovery of the first
organic superconductor TMTSF,-PFs. The field of organic conductors and organic
superconductors was recently reviewed by ISHIGURO, YAMAIJI and Sarro.!'%!

Segregated stack Alternating (mixed) stack

1-22: Typical donor-acceptor arrangements in the solid state. Blue squares symbolize donors, red ovals
symbolize acceptors.

The alternating stack arrangement is more often found for CT-complexes in the solid
state."* MAYERLE e al. devised a frontier orbital argument to predict whether segregated
or mixed stack arrangement is probable.!'®! They state that opposite orbital symmetries of
the donor and the acceptor will diminish the donor-acceptor interaction in an eclipsed
arrangement. Thus, if no other donor-acceptor overlap is possible, a segregated stack
arrangement will be adopted. Furthermore, they state that for neutral solids (i.e. non-ionic
CT-complexes) the charge-transfer stabilization in a segregated stack is very low, thus a
mixed stack arrangement is likely to be adopted. In this arrangement charge carriers are
strongly localized and not free to move along the stacking axis. Movement along this axis

would rather lead to a recombination of opposite charges.

Yet, under certain circumstances CT-complexes in the alternating stack arrangement can
give a mixed valent state."® Upon an external stimulus (pressure and/or temperature) the
complex undergoes a neutral/ionic transition (NI), i.e. changes from an uncharged (A°,D°)
to a charged radical state (A ,D* s = V3) or vice versa.'®" 1t is noteworthy that the NI is a
collective CT-process of the whole crystal. This transition is accompanied by a significant
change in electronic conductivity.!"® The TTF — p-chloranil system was the first reported
example possessing an NI transition.'®! As this transition can be triggered by external

stimuli it is highly interesting as a nano-scale switch.
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The so called TORRANCE plot (figure 1-23) gives a guideline for which CT-complexes the

mixed valent state can occur.

hver (108 em™1)

| idonic qulm neutral
0\ 1 ! 11 [ Lt
0.5 0 +0.5
AEDA)/ (V)

1-23: TORRANCE plot [figure adapted from SAITO and MURATA!'*].

TORRANCE et al. found that for CT-complexes with a HOMOpono/ LUMO pcceptor €nErgY gap
AEpay=0-0.5V and a CT-band maximum between A~ 1200 nm and A= 1800 nm
(near-IR region) a mixed valent state may occur.!'®!

In the framework of the Sonderforschungsbereich-Transregio 49 (SFB/TR 49) new
charge-transfer complexes containing a pyrene donor were investigated. The neutral/ionic

transition was one property studied. This work will be discussed in chapter V.
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1.3 Organic light emitting diodes (OLEDS)

Organic light emitting diodes (OLEDs) have been the driving element in the development
of organic electronics. In their wake OPV and OFET technology developed.!'** Research
now reached a point at which large scale industrial production of OLEDs for display
application has become possible. Current OLED display technology was reviewed by
KWON et al. in 2013."") OLEDs are further investigated for lighting applications.''** 7!
While technology samples do exist since 2008, this technology is evolving at a slower

pace. 72

1.3.1 The operational principle

Cathode

1-24: Left: Schematic OLED device architecture (not drawn to scale). Right: Working principle. Black:
Electrodes. IL (deep red): Hole injection layer. HTL (red): Hole transport layer. EML (yellow): Emissive
layer. HBL (green): Hole blocking layer. ETL (purple): Electron transport layer.

The components and the working principle of an OLED are illustrated in figure 1-24. In a
typical device a thin layer of indium-tin-oxide (ITO) is deposited as transparent electrode
on a glass substrate. On top of ITO a hole-injection-layer (HIL) and a hole-transport-layer
(HTL) are deposited. The emissive layer (EML) is then followed by a hole blocking layer
(HBL) and the electron transport layer (ETL). All is covered with a reflective metal
cathode. The HBL (often combined with an electron BL) is aimed at confining the

generated exciton in the EML.

When a current is applied to the OLED, electrons (holes) are injected at the cathode (anode
to the HIL) and carried by the ELT (HTL) to the emissive layer. In the EML hole and
electron recombine to form an excited state (exciton) that can decay to the ground state
under the emission of a photon (figure I-24 right). During this process it is three times

more likely to generate a triplet (T;) over a singlet exciton (S;).'”* ' In OLEDs with
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traditional fluorescent emitters this poses a severe limitation. Only 25 % of the electrical
excitation energy can be harvested for fluorescence. The energy “frapped”’ in triplet states
slowly dissipates in the form of heat. This limitation is typically circumvented by the use
of phosphorescent emitter materials. Commonly, platinum group metal complexes with
very strong spin-orbit coupling are wused. These materials provide very high
phosphorescence quantum yield. Fast ISC minimizes losses due to fluorescence
deactivation. Therefore, 100 % of the electrical energy can be used for light generation.
The stability of blue phosphorescent emitters is still insufficient for technological
applications. Hence, blue fluorescent materials are used in commercial products.'””
Recently, fluorescence mechanisms (e.g. thermally activated delayed fluorescence TADF
and triplet-triplet annihilation TTA) that allow the harvesting of triplet states have attracted

significant academic interest.

1.3.2 Efficiency of OLEDs

The external quantum efficiency mgoe is the ratio of emitted photons to the number of

injected charge carriers (either hole or electron).

Therefore, Ng: can be expressed in terms of the PL quantum yield ¢PL:[175]

Nege =V X X X ¢Pp, X & (I-3)

Eq (I-3): y denotes the charge balance factor, y the exciton spin factor, ¢p;, the PL quantum yield, £ the out-
coupling efficiency.

The charge balance y describes the probability that an injected charge carrier finds a carrier
with opposite polarity and forms an exciton. In a balanced device y = 1. If the device uses a
fluorescent emitter exciton spin factor x =(0.25, in the case of a phosphorescent emitter
x = 1. The out-coupling efficiency & gives the number of photons that are able to leave the

device instead of being trapped in either the glass or organic mode.

In an OLED device as illustrated in figure 1-25 light is reflected on the ITO/glass and

glass/air interface, leading to a glass mode (1) and an organic (total reflection) mode (2).

¢ is usually considered to be ~ 20 % following the works of GREENHAM et al.!'’®

Cathode
Organic

I-25: Internal reflection on the air/glass and glass/organic interfaces [figure adapted from MEERHEIM et
al.].l"”"
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In a hypothetical electronically balanced (y=1) OLED using a fluorescent emitter
(x = 0.25) with ¢pp. = 1 and an out-coupling efficiency § = 0.2:

Nege = 1% 0.25X1x0.2=0.05 (I-4)

The maximum EQE for such a device is Ngoe = 5 %.

The luminous efficacy n, gives a relationship between the energy of the injected charge
carriers and the energy of the emitted photons. It is usually reported in photometric
quantities, i.e. measured by the sensitivity of the human eye.

hv

Np = NEege X o7 (I-5)

Eq. (I-5): h*v gives the average energy of an emitted photon, e*V the energy of an injected charge carrier.

Modern high performance OLEDs reach m,>100 Im/W, similar to fluorescent light
bulbs.!'”®

1.3.3 Thermally activated delayed fluorescence (TADF)

Thermally activated delayed fluorescence (TADF) is a unimolecular fluorescence
mechanism. Excitation energy is transferred from the triplet to the singlet manifold by
thermal activation and is then dissipated as fluorescence.!'”! This mechanism requires a
small singlet-triplet energy difference AEgsr, long lifetime of the triplet state and a
modicum of thermal energy. Strong TADF is for example observed in the fullerenes Cep
and especially C70."®" In their landmark publication ADACHI ez al. (2011) demonstrated

that TADF can be exploited in organic light emitting diodes.'®"

e Y
N
Electrical
25%

S, excitation
/ s
e T, l ~0.5-1.0eV

4

Fluorescence

TADF

Phosphorescence
S, l

1-26: Schematic representation of TADF mechanism (yellow pathway) [figure adapted from UOYAMA et
al."¥].

In a first step the OLED’s electrically populated S;-state relaxes under fluorescence to the
ground state Sy. Subsequently, S; «— T reversed inter system crossing (RISC) repopulates
the S;-state which, in turn, relaxes under fluorescence to the ground state. The second

process is considerably slower than regular fluorescence (thus delayed fluorescence). The
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RISC has to occur from a high vibrational state within the triplet multiplicity, which is
reached by thermal activation. Therefore, the designation thermally activated delayed
fluorescence. The RISC is a forbidden process according to the spin selection rule and as
such not likely to happen. In consequence transfer rates are usually quite slow so
radiationless deactivation (ISC followed by vibronic relaxation) is a competing
mechanism.

First Generation Emitter Second Generation Emitter

1-27: Two TADF chromophores for OLEDs reported by ADACHI group. The donor moiety is colored blue, the
acceptor red.

In their first publication ADACHI et al. reported 30 % RISC and 70 % radiationless
deactivation from the excited triplet state. The external fluorescence quantum yield is
given with nggg =35.3 %."* In just under two years of research the group was able to
prepare working OLED devices based on TADF with an external quantum yield of
Nege = 19.3 + 1.5%.!1821 Assuming an outcoupling efficiency of § =20 to 30 % the internal

electroluminescence quantum yield reaches 64.3-96.5 P 1183- 184]

In their 2011 publication it was suggested that the energy difference between S; and T,
should be AEst < 0.5 eV in the chromophore to enable efficient TADF. To achieve this
goal, the use of donor-acceptor chromophores was encouraged. In a later publication they
reported a AEgt < 0.1 eV in combination with a high radiative decay rate (>106 s'l). This

made it possible to suppress non-radiative deactivation processes.

In their molecular design they used a rigid, conformationally locked molecule (to suppress
non-radiative deactivation) with a push-pull arrangement (orbital partitioning to reduce
AEgr). In the first generation chromophore 1,3,5-triazine was used as acceptor and
N-phenyl-indolocarbazole as donor (figure I-27). The phenyl substituent on the donors
ensures twisted molecule geometry for efficient orbital partitioning. In the recent design
dicyanobenzene was used as acceptor. It was argued that this further suppresses the
non-radiative decay. Additionally, it induces a change from S; to T, geometry which, in
turn, ensures high fluorescence quantum yields.[m] Significant academic interest has
recently arisen in this topic.[lgs’ 186]

An alternative process of harvesting the energy of triplet states generated during electric
excitation in OLEDs is triplet-triplet annihilation (TTA). In this bimolecular process two

triplet states interact to give an S; and Sy state.!"*”! The high energy S, state can decay to
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the ground state by fluorescence. This mechanism has also been exploited in highly
efficient fluorescent OLEDs.!'® " 1.uo and Aziz investigated a series of host:guest
emitter OLEDs. They found that TTA can play an important role in the OLED and
contributes significantly to the EQE."®” MONKMAN recently reviewed this research
field.!""

In chapter V the design, synthesis and characterization of low AEgst chromophores for
TADF OLED emitters is discussed.
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1.4 Objects and motivation
In this work, synthetic approaches to highly functionalized pyrene derivatives will be
explored. On the basis of K-region oxidation the selective functionalization of the 2 and 7-

or 1,3,6 and 8 positions was investigated. The extension of the K-region has been

comprehensively studied before.'®”! Yet, only few works investigate the functionalization

of the pyrene scaffold.”””* 1%
N4

2

)
Ir%ri X
) 7R

1-28: Schematic illustration of pyrene functionalization patterns investigated in this work.

The functionalization of positions 2 and 7 aimed at the synthesis of new pyrene based
acceptors. Quinoid structures are excellent for accepting electrons. Thus, it was planned to
prepare exceptionally strong acceptors by introducing a quinoidal structure to
pyrene-4,5,9,10-tetraone. According to quantum chemical calculations these materials are
among the strongest acceptors reported. While 2,7-functionalized pyrene acceptors have
been reported in literature (figure II-3) the functionalization of pyrene-4,5,9,10-tetraone
(an electron deficient molecule in its own right) will give a significantly stronger acceptor.
K-region functionalized pyrenes can also serve as useful building blocks for extended
PAHs as shown by WASSERFALLEN''" and later ZOPHEL.™ Yet, the versatility of

2,4,5,7,9,10-functionalized pyrenes to prepare extended PAHs was so far overlooked.

In addition to the 2,7-functionalization a 1,3,6,8-functionalization of K-region substituted
pyrene was investigated. A few examples of 1,3,4,5,6,8,9,10-functionalized pyrene
derivatives are known in the literature (as discussed in section //I-1). The route of ZOPHEL
et al. has some flexibility in the non-K-region substitution (1,3,6,8), yet it is limited to
phenyl substituents in the K-region. The synthetic approach according to ALONSO-MATEO
et al. on the other hand, shows great flexibility in the terms of K-region substitution but is
limited to alkyl chains in the non-K-region positions. In this work a fully flexible
functionalization route was sought after. It was panned to get an access to non-quinoidal
strong acceptors as well as new electron donors. The sheer number of substituents on the

pyrene scaffold enables tuning of the frontier orbital energies. New donors prepared by this
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approach give the opportunity to prepare new charge-transfer complexes with tailored band

gaps and electron transfer.
From a materials chemistry viewpoint three main topics are addressed in this work:

¢ The synthesis of strong acceptors based on the pyrene scaffold by quinoidization

or functional group modification.

e Preparation of electron rich pyrene derivatives for complexation with acceptors in

charge-transfer salts.

e Provision of new OLED emitter materials harvesting triplet states via TADF.

As discussed in chapter 1.2.2 organic acceptor molecules find broad application in organic

[133. 1941961 Being a relatively electron deficient molecule from the outset

electronics.
(Enomo = -3.9 eV), pyrene-4,5,9,10-tetraone (1-8) is an excellent starting point for the
synthesis of stronger acceptors. The works of KawaNo0""! and MATEO-ALONSO'®*! show
that functional group modifications are well suited to adjust the energetic position of the
LUMO. Based on the work of KAWANO as well as the diploma thesis of this author'"’"! 1-8

was chosen as a starting point for the synthesis of strong acceptors.

Charge-transfer phenomena are central to any organic electronic application. Charge-
transfer salts can be used as models to study these processes. Yet, they also have
interesting physical properties in their own right. Certain charge-transfer complexes have
conductivities approaching that of metals while others are MOTT-type insulators’ that can
be switched to a conductive state by external impetus (chapter 1.2.3). In the context of the
Sonderforschungsbereich Transregio 49 (SFB/TR49) new charge-transfer complexes were

investigated.

As OLEDs enter the consumer market for display applications, basic research is still very
much needed. The works of ADACHI prove that novel OLED working principles can still
be developed."*!! TADF holds great promise to significantly increase the efficacy of
OLEDs without the need of transition metal complexes. As especially blue
electroluminescence is still problematic, the attention of this work was directed towards the
synthesis of new blue TADF emitter materials. As part of the International Research
Training Group 1404 (IRTG 1404) not only the chromophore design and synthesis was
of Seoul

conducted in this project. In collaboration with the group of
National University, Korea also the characterization and OLED device fabrication were

investigated. In the course of this investigation two molecular designs have been tested.

° A material that should be conductive according to the standard band model of conductors, but behaves like
an insulator due to strong local electron correlations.!*!
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Chromophore
Design

OLED FabricationJ Synthesis

Thin Film Solution

Characterization Characterization |
)

1-29: Chromophore optimization process.

The combination of chromophore design, synthesis and solid state characterization in this
study allows the selection of the more promising emitter structure over the other. From
this, 2,7-pyrene derivatives (Py series) emerged as the superior materials. To minimize the
singlet-triplet energy gap (AEs;>t1), the triplet state is destabilized by orbital partitioning.
For this, the nodal plane in pyrene is utilized in combination with an m-phenylene bridge.

This project is discussed in chapter V.









Il. Functionalization of pyrene in
positions 2 and 7

The targeted functionalization of pyrene is, to this date, a challenging topic for current

research. In chapter 1.1.2.1 selected synthetic approaches to new substitution patterns have

been presented. The route of KAWANO et al. allows the introduction of six functional
[77]

groups in only two synthetic steps starting from pyrene.

241

II-1: Two step route for sixfold functionalization of pyrene. i: RuCl;, NalO, MeCN, CH,Cl, 4 h. ii. NBS
(2-3a) or NIS (2-4) H,SO,4, RT, 16 h.

What makes this strategy even more remarkable is the fact that the positions addressed in

this route are the less (4,5,9 and 10) and least reactive (2 and 7) positions of pyrene.

As indicated in section 1.1.2.1, pyrene-4,5,9,10-tetraone (2-2) does not behave like pyrene,
but rather like a biphenyl system with electron withdrawing substituents. Thus, positions
2 and 7 become viable for electrophilic attacks. As 2-2 is rather electron deficient a strong
electrophile is needed to attack the substrate. RAJESH et al. reported the use of superacids

(e.g. conc. sulfuric acid, trifluoromethanesulfonic acid) to enhance the reactivity of
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N-bromosuccinimide. The electrophilicity of the reagent is improved due to protonation of
the succinimide.""” " Furthermore, protonation of the substrate 2-2 will increase the
solubility, thus assisting in the reaction. Hence, bromination or iodination (by using
N-iodosuccinimide) of 2-2 is possible as reported by KAWANO et al ?!

2-5 has been an essential building block for the diploma thesis of CHERCKA.!""”! Based on

this it was possible to prepare 2,4,5,7,9,10-hexamethoxypyrene (2-6) by ULLMANN-type

reaction and diphenylamine derivatives (2-7) by BUCHWALD-HARTWIG amination.!””!
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1I-2: Representative synthesis based on 2-5. i: NIS, H,SO, 40° C 4 h 30 %. ii: NaOMe, Cul, DMF, 75°C,
55 %. iii: R,NH, XPhos, Pd;DBA; NaOtBu, Tol, 100 °C, 16 h, 70-85 %.

In continuation of this work, the synthesis of 2,4,5,7,9,10-functionalized pyrene-based

acceptors and donors for organic electronics was explored.

In section /1.1 approaches towards quinoidal pyrene derivatives will be discussed. Electron

rich molecules based on 2-5 will be discussed in chapter /1.2.

1.1 Electron deficient materials

I.1.1 Target structure and theoretical calculations

The quinoidal pyrene derivatives 2-8 and 2-9 were designed as strong acceptors.

2,4,5,7,9,10-hexaketopyrene (2-9) is an extension of the pyrene-2,7-dione (1-22)

[65]

investigated by  BOLDT. In contrast, target structure 2-9 is  the

4,5,9,10-tetraketoderivative of tetracyanoquionopyrene (TCNP).
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II-3: Target structures (left) and acceptors used for comparison (right).

Theoretical calculations of the frontier orbital energies (DFT, B3LYP, 6-31 1G*) provide a
basis to compare the tetraketone target structures (2-8 and 2-9) to 1-22, TCNP, 2-10 and
TCNQ.

Table II-1: Calculated frontier orbital energies of acceptors (DFT, B3LYP, 6-311G").

Compound EHomo) (eV) ELumo) (eV)
2-8 -7.51 -4.94
29 -7.03 -5.54
1-22 -6.34 -4.04
TCNP -6.26 -4.93
2-10 -7.39 -4.29
TCNQ -7.33 -4.82

According to these calculations (table II-1), 2-8 and 2-9 are outstanding acceptors. The
LUMO energy of 2-8 is lowered by 0.9 eV compared to that of the pyrene-2,7-dione
(1-22). A similar effect of the K-region oxidation is observed between 2-9 and TCNP
(AELumo = 0.61 eV). Referenced to 2-9 / TCNQ the LUMO is 0.65 eV /0.12 eV (2-8) and
even 1.25eV /0.6eV (2-9) lower in energy . The higher LUMO energy of 2-9 in
comparison to 2-8 can be attributed mostly to the quinoidal structure of the molecule. In
2-9 three of the six aromatic rings are still intact, a fully quinoidal backbone is not formed.
In 2-9 the stronger EWG (dicyanomethylene) further stabilizes the LUMO. Both molecules
are attractive synthetic goals. The availability of 2-6 made the synthesis of 2-8 the initial

target.

11.1.2 Deprotection of 2,4,5,9,10-hexamethoxypyrene (2-6)

RIEGER et al. presented an elegant coronen-1,2,5,6,9,10-hexaone (2-10) synthesis.mz] 2-10
was prepared in a multi-step route. The pivotal step was a one-pot deprotection/oxidation
sequence to provide 2-11. Methyl-ethers were initially cleaved by boron tribromide. The
intermediate boronic esters were then hydrolyzed and oxidized in-situ. It was not possible

to find a common organic solvent to prepare CT-complexes of 2-11 (D) and 2-10 (A). To
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circumvent this problem a gas-phase deposition technique to prepare CT-thin films on

metal surfaces was developed in collaboration with SCHONHENSE.***!

2-10
1I-4: Pivotal steps of RIEGER’s coronen-1,2,5,6,9,10-hexaone (2-10) synthesis. i: BBr;, CH,Cl,. ii: HNOj;.

In analogy to RIEGER’s coronen-1,2,5,6,9,10-hexaone synthesis the preparation of
pyrene-2,4,5,7,9,10-hexaone (2-8) starting from 2,4,5,7,9,10-hexamethoxypyrene (2-6)

was intended.

o~ OH o)
| . ® i o o
(o) (o) HO OH
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| |
_0 OH
2-6 212 2-8
I1I-5: Planned two step synthesis of pyrene-2,4,5,7,9,10-hexanone (2-8). i: Demethylation of

2,4,5,7,9,10-hexamethoxypyrene. ii: In-situ oxidation to the quinoidal target structure 2-8.

.1.2.1 Attempted synthesis of pyrene-2,4,5,7,9,10-hexaone (2-8)

In table II-2 synthetic approaches to 2-8 and their outcomes are listed. With most reagents
tested no conversion was observed, i.e. they were unable to cleave the methoxy ethers of
2-6. In this chapter these reagents will not be discussed further. An extensive discussion of

ether deprotection regents and mechanisms will be given in chapter /11.

As displayed in table II-2 (entries 7 — 10) deprotection of methyl-groups is possible with
hydrobromic acid in acetic acid and boron tribromide in a chlorinated solvent. When
in-situ oxidation of 2-12 was attempted (table 1I-2, entries 7 and 8) it resulted in a red,
insoluble solid. It was not possible to identify the desired product 2-8 within this material.
NMR was not applicable due to low solubility. Mass spectrometry (FD / MALDI-TOF)
showed a broad distribution of signals, mostly at m/z ratios which exceeded expectations.
Powder IR bands associated with aromatic carbonyl functions (v = 1690 cm™) were
observed; the v = 1550 cm™ band associated with quinones was not observed.”™ This
implies that decomposition and/or oligomerization reactions occurred in the reaction

mixture.
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Table II-2: Synthetic approaches to 2-8.

Number Reagent Outcome
1 TMS|%) No deprotection observed
2 RuCl, / NalO, No deprotection observed

Ceric ammonium nitrate

w

(C AN)[2°7] No deprotection observed
5 AlBr,2% No deprotection observed
5 BCl; No deprotection observed
6 BBr,/Et,SP%! No deprotection observed
7 HBr/AcOHE™™ Complex mixture of products -> 2-8 not identified
8 BBr3/HNO,*% Complex mixture of products -> 2-8 not identified
9 1 MBBr; in CHoCl, Deprotection to 2-12 observed; unreliable

(commercial reagent)
1 M BBr3 in CH.Cly, : i

10 (freshly prepared) Deprotection to 2-12
11 2.5 eqBr,/ CH.Cl, Selective twofold demethylation; core bromination

RIEGER et al. utilized in-situ oxidation to avoid two problems: Instability of the
diol-species and undesired stability of boronic ester species. A combination of both factors
prevented the isolation of 2-9. Initially, these issues were assumed to hamper the synthesis
of 2-8 as well. When the in-situ oxidation protocol failed repeatedly an isolation of 2-12

was studied.

11.1.2.2 Isolation and partial oxidation of 2-12

(®
11-6: Calculated HOMO distribution in 2-6 (left), 2-12 (center) and 2-13 (right).

As stated in table II-2 (entries 9 and 10), it is possible to deprotect 2-6 when using boron
tribromide. It was found that the quality of commercially available boron tribromide
solution varied significantly, rendering this reaction unreliable. The best results were

obtained when a 1 mol/l boron tribromide solution in DCM was prepared in the laboratory.

The reaction was stirred for 24 h and quenched by the addition of water. If the dried

organic phase was isolated after phase separation, the pyrene-2,4,5,7,9,10-hexaol 2-12
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could be obtained and identified in MALDI-TOF spectrometry. Impurities resulting from
BBr;-substrate complexes, as reported by RIEGER, could not be removed (m/z > 320, figure

II-7 inset). The compound did not tolerate chromatographic purification.

Al

250 %0

I
Mass [m/z]

—2-12
——2-12(calc.)
—— (2-12)+Me (calc.)

Ll

360 31‘0 SéO
Mass [m/z]
II-7: MALDI-TOF spectrum of 2-12 (black), calculated isotopic pattern of 2-12 (red) and the calculated

isotopic pattern of a fivefold deprotected side product (blue, [2-12+Me]). The inset shows the full spectrum
(top-right). BBrs;-substrate complexes remain in the sample.

In figure 1I-7 the dominant signal is found at m/z = 297.84 and very closely matched by the
calculated isotopic pattern for 2-12 (shown in red). A second, strong signal is observed at
m/z = 311.85 that fits the isotopic pattern of the monomethoxy pyrene pentaol side-product
(in blue).The apparent stability of 2-12 was surprising; immediate oxidation in contact with
air was expected for such an electron-rich polycyclic aromatic compound. Especially

oxidation in the pyrene K-region to 2-13 was predicted.[(’l’ 211}

OH

HO O OH i
(Ko ™
HO O OH

OH
212

I1-8: Oxidation of 2-12 to 2-13. i: Air, THF, RT, 48 h.

In fact, K-region oxidation can be achieved simply by dissolving 2-12 in THF and stirring
it in air for 48 h (see fig. 1I-8). An oxidant or oxygen transfer catalyst was not added to
promote the conversion. This allows a better reaction control as well as easier purification.

During oxidation a deep orange/red color arises.
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The resulting MALDI-TOF spectrum is shown in figure II-9:
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11-9: MALDI-TOF spectra of 2-13 (black), 2-12 (red), calculated isotopic pattern of 2-13 (blue) and the
calculated isotopic pattern of [2-13+H]" (green). The inset shows the full spectra.

In this figure the spectrum of the oxidation product is shown in black, a strong signal at
m/z = 294.78 is observed. Simulated isotopic patterns of 2-13 (in blue, m/z = 295.02) and
[2-13+H]" (in violet, m/z = 295.02) are superimposed. The observed signal corresponds
closely to the latter, suggesting the addition of a proton to the electron deficient o-diketone
during ionization.”'? Abstracting an odd number of protons (i.e. three) in the oxidation
step does not lead to chemically viable structures (figure II-10). 2-13 appears to be the
chemically most favored isomer, due to its two resonance stabilized benzene rings.
Furthermore, pyrene-4,5,9,10-tetraone is a stable compound; the K-region oxidation is
quite easy. 2-14 is a quinoid system with an enediol, a unit usually prone to oxidation. 2-15
can be seen as a biphenylquinone with an unsymmetrical oxidation in the former pyrene

K-region.

(0]

(o) ‘ OH

OH (o)
213 2-14 215
D2n C,, C,

II-10: Chemically plausible products of the abstraction of four hydrogens from 2-22.

The structure of the oxidation product is studied by NMR spectroscopy. Prior to these
experiments, the material was purified by GPC chromatographylo, using THF as eluent due
to its low solubility in less polar solvents. A simple symmetry discussion'' will provide
predictions for the '"H.NMR spectrum of each isomer. 2-13 has D,, symmetry, hence two
"H-NMR signals are expected. In contrast to this, for 2-14 (C,,) three and for 2-15 (C)) five

' Biorad Biobeads XS8.

" Phenolic protons are omitted in this discussion of isomer symmetry in the "H-NMR spectrum. On the NMR

timescale (at room temperature) free rotation of phenolic protons is not resolved and signals coalesce into one
213]

peak.



36 II Functionalization of pyrene in positions 2 and 7

signals are expected in the proton NMR spectrum. Furthermore, a significant change in
chemical shift is to be expected for 2-14 and 2-15. Protons of quinoidal C-H groups are

typically observed at 8 = 5.9 — 6.8 ppm."**"
i T 9 9 0
H2g
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1I-11: "H-NMR (bottom) and " C-APT-NMR- (inset, top) spectra of 2-13 recorded in DMSO at 298 K.

In the "H-NMR spectrum only two signals are observed. Integration gives a ratio of one to
two. Following the symmetry discussion, structures 2-14 and 2-15 can be ruled out from
this finding alone. Signal / (& = 10.6 ppm, s) is assigned to two phenolic protons in DMSO
in compound 2-13. Signal 2 (8 =7.5 ppm, s) is resulting from four aromatic protons
(positions 1,3,6 and 8 in 2-13). Further evidence for 2-13 can be gained from BC-.NMR
spectroscopy. In the *C-attached proton test ('*C-APT) spectrum (shown in the inset of
figure II-11) secondary and quaternary carbons generate positive peaks (with respect to the
base line) while primary and tertiary carbon peaks are negative. Whereas signal
A (8 =176 ppm, positive) is assigned to carbonyl carbons, signal B (& = 168 ppm, positive)
is assigned to a phenolic carbon. Signals related to the residual pyrene core are
C (8 = 132 ppm, positive), D (6 = 127 ppm, positive, weak) and E (3 = 121 ppm, negative).
Signal C is attributed to carbon 3a, 5a, 8a, and 10a, signal D to carbon 3a' and Sal, signal
E to carbon 1,3,6 and 8 of 2-13.12

11.1.2.3 Attempted synthesis of 2-8 on the basis of 2-13

With the structure of 2-13 established, oxidation to 2-8 was attempted.

0O
+>°O
OO

213 2-8
11-12: Attempted oxidation of 2-13

"2 For this assignment the numbering scheme for pyrene is also used for the pyrene-4,5,9,10-tetraone 2-13.
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If the model of pyrene-4,5,9,10-tetraones as a biphenyl with ketone substituents is evoked,
this oxidation step can be seen as the conversion of 4,4’-biphenol to dibenzoquione. This
reaction has first been described in 1905 using PbO, in benzene.*'" Yields were
significantly enhanced by BROWN and ToDD by changing the oxidant to Pb(OAc), in acetic
acid.”"! More recently, hypervalent iodine reagents (PhIO™'®, PhI(OAc),”'” and
PhI(TFA)z[m]) have been used for this transformation. In 2011 TEPPER and HABERHAUER
prepared a 3,3’-diketo-bipehnyl-4,4’-diol.1*'! Screening several conditions they found that
PhI(OAc), in MeOH converts the electron deficient diol to the corresponding quinone.
Other reagents like Cu(OAc),, H,O, or DDQ failed in this reaction altogether.

For the oxidation of 2-13 all reagents that were successfully used in literature have been
tested. None of the used conditions verifiably promoted the formation of 2-8. Hypervalent
iodine reagents failed to give any conversion. Lead(IV)acetate in acetic acid gave a

complex mixture of products from which the identification of 2-8 was not possible.

It should be kept in mind that, according to DFT calculations (table II-1), 2-8 is an
extremely strong acceptor. With four keto-groups (in 2, 2°, 6 and 6’) the biphenyl is
already very electron deficient. It is not clear whether the strength of the used oxidants was
insufficient or the desired product is intrinsically not a stable organic compound. The
smaller yet stronger acceptor F4-TCNQ (ELumo =-5.3eV) is a commercially available
compound.'”””! However, during the synthesis it is not necessary to de-aromatize (the
remaining) two aromatic rings. It is probable that this step destabilizes the product so that
2-8 could not be isolated.

1.1.3 Attempted quinoidization of pyrene

As the deprotection / oxidation strategy according to RIEGER did not provide the desired
pyrene-2,4,5,7,9,10-hexaone (2-8), attempts were made to quinoidize pyrene as the first
step. It was hoped that electron donating substituents in the K-region would facilitate the
oxidation and stabilize the resulting quinoidal structure by +M mesomeric effects. If the
isolation of a quinoidal pyrene derivative would be possible, deprotection and further

oxidation could be studied subsequently.

To this point, only very few groups have reported work on quinoidal pyrenes. Most work
has been done in the 1980s in the context of the search for new, extended acceptors of
organic metals. BOLDT et al. tried to prepare pyrene-2,7-diol but failed to oxidize it to the
quinoid form.””"’ MAXFILED, BLOCH and COWAN report in the synthesis of TCPQ that
limited solubility was hampering the isolation of the material from the parallel formed

polymeric matrix.”?* ?*! The analogous trans-10b,10c-dimehtyl-10b10c-dihydropyrene
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was described in 1997.2% Very recently RAVAT er al. prepared pyrene based biradicals
[225]

with partial quinoidal ground states.
In order to test the hypothesis that K-region substitution can stabilize a quinoidal pyrene
derivatives suitable precursors had to be found. It was decided to prepare 2,7-diol (2-18),
2,7-dimalononitrile (2-19) and 2,7-di(p-hexylphenylamine) (2-20).

11.1.3.1 4,5,9,10-Tetramethoxypyrene-2,7-diol (2-18)

>

o I 0go OH
| O L O | | O L O |
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11-13: Synthesis routes towards 4,5,9,10-tetramethoxypyrene-2,7-diol (2-18). i:NaOtBu, QPhos, PdDBA,,
Tol, 100 °C, 16 h, 53 %. ii: B,Pin,, PADPPF, Dioxane, 80 °C, 16 h, 72 %, H,0,, NaOH, acetone, H,0,
45 °C, 3 h.

The synthesis of 4,5,9,10-tetramethoxypyrene-2,7-diol (2-18) was problematic. Compared
to 1,3,6,8-tetraboromopyrene, the nodal plane of 2-5 significantly lowers the reactivity of
the halogen substituents in transition catalyzed cross-coupling reactions.”””* Palladium
catalyzed hydroxylation reactions failed on this substrate.””””! Instead it was possible to
introduce a tert-butyl ether residue.**®! Yet, a selective deprotection under mild conditions

to 2-18 was not achieved.**”

Boronic acid hydrolysis is a well-established alternative route for introducing hydroxyl
groups to aromatic systems. Direct introduction of boronic acids using
tetrahydroxydiboron under palladium catalysis failed.®® Using MIYAURA borylation
reaction in dioxane 2-17 was prepared." Surprisingly, 2-17 withstood hydrolysis by
sodium periodate. It was finally possible to prepare 2-18 by oxidative boronic ester
hydrolysis using finely ground sodium hydroxide and hydrogen peroxide in a
water/acetone mixture.*" The crude product was filtered through a silica plug. As can be

seen from the NMR spectra shown below, it was not possible to fully purify the compound.

In the '"H-NMR spectrum signals / (8 =10.1 ppm, s,-OH), 2 (§="7.7 ppm, s, -Cpyrene-H)
and 3 (8 =4.2 ppm, s -O-CHj3) can be assigned to compound 2-18. Two weak singlets at
=69 ppm and &=6.6 ppm are resulting from approximately 10 % oligomerization
products in the sample. In the "?C-NMR spectrum signal A (5 = 156.6 ppm) is assigned to
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the carbon connected to the hydroxyl residue. Signals B (&= 144.1 ppm),
C (6=128.0 ppm), D (8 =114.8 ppm) and E (& = 105.9 ppm) are generated by the pyrene
framework. The methoxy-C- signal (F) is observed at & = 60.1 ppm.
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II-14: '"H-NMR and "C-NMR (inset) spectra of 2-18 in DMSO at 298 K.

While it was possible to isolate 2-18, the addition of even a mild oxidant (H,O,) resulted in

the formation of oligomers. It was not possible to identify the desired oxidation product.

1.1.3.2 Tetracyano dimethane and diamine derivatives of 2-5

H H
NC-T-CN NC-TCN

s s 8 DS
‘o‘ <.><.>

NC-—T-CN |
H
219 2-21

1I-15: Synthesis of tetracyano-dimethane and bis(phenylamine) derivatives of 2-6. i: (NC),CH, NaH,

PdCly(PPhs),, Dioxane, 100 °C, 72 h. ii: p-Hexylphenyl amine, NaOtBu, DPEPhos, Pd(OAc), Tol, 80 °C,
16 h.

As mentioned in the introduction to this section, the synthesis of TCNP is disputable. It is
still not clear whether it was merely impossible to isolate due to low solubility or whether
the compound is not stable as a monomer and immediately oligomerizes. In order to
investigate this issue on a more soluble substrate and to provide a precursor for a planned
synthesis of 2-9, it was attempted to prepare 2-19. Based on the work of TSUBATA et al. a
palladium catalyzed cross coupling reaction of the in-situ generated dicyanomethanide was

employed.””** 2-5’s low reactivity required more forceful conditions (100 °C, dioxane



40 II Functionalization of pyrene in positions 2 and 7

instead of 50 °C in THF) and extended reaction duration. Under these conditions full
conversion of 2-5 was observed but a substantial amount of mono-substituted intermediate
2-21 was retained in the mixture. 2-19 was identified by FD-MS from the crude mixture.
Isolation of the product by column chromatography was not possible as decomposition
occurred on silica as well as alumina. Solubility was insufficient for CPG. Purification by
recrystallization did not afford the product. In contrast, it was possible to isolate 2-21 from

the reaction mixture by column chromatography.

Considering the behavior towards chromatography adsorbents it can be speculated that
oxidation of 2-19 takes place. Unfortunately, the oxidation product was not identified

under the conditions used.

11.1.3.2.1 Leucoemeraldine base of 2-20

2-20
II-16: Attempted formation of emeraldine base 2-21. i.: DDQ, CD,Cl,, RT, 4 h.

Just as quinodimethanes, anilines have had a significant impact on molecular electronics.
This holds true for the polymeric and to a lesser extent also for the small molecule
approach.”* %! The transition from the leucoemeraldine base (with amine-like nitrogen)
to the emeraldine base (with imine-like nitrogen) state occurs easily in poly-anilines (e.g.
by electronic or chemical oxidation).”® This ease of oxidation makes leucoemeraldine

bases an attractive starting point for the desired quinoidization of pyrene.

BUCHWALD-HARTWIG cross coupling reaction of 2-5 and p-hexylaniline using DPEPhos
provided access to the amine 2-20.2% »*"! p_Hexylaniline was chosen to provide good
solubility but also some steric protection for the critical nitrogen atoms. 2-20 can be

purified by column chromatography on silica.

The product forms yellow, needle-like crystals with a triclinic system and a P' space group.
Short contacts are observed between —O-Me units and the pyrene framework of the next
layer (d = 3.45 A). CH-m-edge to face interactions are present between a phenyl ring and
the pyrene framework (d = 3.33 A) in the next layer. The amine bonds show no significant
bond length alteration (1.396 A Pyr-N vs. 1.409 A N-Ph). There is no indication for
emeraldine base formation. Imine bond length is typically 1279 A for the

carbon - nitrogen double bond.***!
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1I-17: Crystal structure of 2-20. Left: Molecule structure along C-axis / top view. Right: Stacking motive.
Phenyl-pyrene CH-rinteractions between molecules are observed (short contacts in sky blue).

As a consequence of the failed attempts to identify the desired quinoidization products
(2-20 to 2-21) due to low stability, it was attempted to study emeraldine base (2-21)
formation by '"H-NMR in an on-line experiment. Spectra were recorded in five minutes
intervals after DDQ addition. DDQ was employed as oxidant as it does not carry protons
that could interfere with 'H-NMR spectroscopy and is not paramagnetic (as many

inorganic oxidants).
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1I-18: Results 'H-NMR online oxidation experiments. Left: Spectra recorded prior- (bottom) and post-DDQ
addition (top). Right: '"H-NMR reaction monitoring, temporal evolution (1 giving the spectrum of 2-20).

A color change was observed immediately after addition of the oxidant. The reaction was
monitored by 'H-NMR spectroscopy. When spectra 1 and 51 are compared (figure II-18,
left) it is apparent that a large number of additional signals result from oxidation.
Especially in the aromatic region a severe signal broadening is evident. This can be
interpreted as the formation of open-shell species which remained unidentified. The
temporal evolution of the NMR spectra (right of figure II-18) indicates that the reaction
mixture did not change in the period of 4 h. Apparently, the reaction was completed before

the first spectrum was recorded.

It is interesting to note that the singlet associated with the amine (8 = 6.4 ppm, in 2-20) is
not observed after DDQ was added. The same is true for the pyrene scaffold singlet
(0 =7.7 ppm). The disappearance of the amine signal suggests proton abstraction has taken
place. It cannot be delineated whether the emeraldine base (2-21) or a dianionic salt is

formed as the pyrene scaffold protons are not observed.
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.1.4 Alternative protection groups

Initially, reductive methylation was employed to afford a methyl ether protected pyrene.

KOCIENSKI points out the following about this group in his textbook “Protecting Groups”:

“For sheer ruggedness and simplicity there are few protection groups that can
top a methyl ether. Of course there is a price to pay: the conditions required
for deprotection are rather harsh and so comparatively few functional groups

are compatible.”'*’!

Therefore, different protective groups were introduced to 2-4. Figure II-19 summarizes the
attempted and successful protection methods.

R
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1I-19: Attempted (gray) and successful (black) introductions of alternative protective groups in 2-4.

With the exception of 2-24 and 2-27 protection is preceded by reducing (in-situ) the
o-diketone to the a-diol. Thus, the pyrene core is rearomatized. This will have severe
repercussions for the deprotection after functionalization. As can be deduced from the
large amount of protecting groups studied, it was not possible to find a singular solution for

all synthetic problems.

1.1.4.1 2,2-Dimethly-1,3-dioxolane

2,2-Dimethly-1,3-dioxolan (DDQO) as a protecting group for o-diketones can easily be
introduced by 2-nitropropane in basic conditions as described by ITOH ef al.**"! It should



I1.1 Electron deficient materials 43

be noted that no additional reducing agent is needed in this reaction. So far the mechanism
is only insufficiently understood. ZOPHEL successfully utilized this group in his work on

[87]

4,5 vs. 9,10-desymmetrized donor-acceptor pyrene derivatives. He was able to

demonstrate that DDO is a superior donor compared to two methoxy groups in the same

position. Deprotection to the corresponding a-diketones is not reported.

.1.4.1.1 Synthetic application
2-25 was prepared from 2-4 in moderate yields (typically around 40 %) as a yellow, poorly

soluble solid. DDO’s increased rigidity and planarity accounts for the low solubility of
2-28.

Oyo oyo ds”n
. Q8Q e 6 080 N
Oxo CeHi3 Oxo

2-28
II-20: Synthesis of 2-28. i: p-(CsH,3)PhNH,, QPhos, NaO'Bu, Tol, 105 °C, 24 h.

2-25

This excluded 2-25 from generally replacing 2-5 as precursor for pyrene acceptor
synthesis, e.g. ROSENMUND-VON BRAUN cyanation resulted in a virtually insoluble solid. It
was possible to prepare 2-28, a derivative of 2-20, using similar reaction conditions

(figure 11-20). 2-28 can be prepared due to the solubility provided by amine substituents.

11.1.4.1.2 Characterization
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11-21: "H-NMR spectrum and " C-APT-NMR spectrum (inset, top left) of 2-28 recorded in CD,Cl, at 298 K.

The "H-NMR spectrum can be segmented into five signal groups (I - 8). Signal I
corresponds to four residual protons on the pyrene core, 2 to eight protons on a para-
substituted phenyl ring, 3 to two aniline protons, 4 to two methyl groups on DDO and 5 to

8 to two hexyl chains on phenyl rings.
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1.1.4.1.3 Crystal structure

In order to fully understand the low solubility of 2-25 it is helpful to compare the crystal
structures of 2-20 (figure II-17, left) and 2-28 (figure 1I-20). For 2-28 the planar
1,3-dioxolane structure significantly expands the pyrene core along the short axis
compared to 2-20 (9.11 A vs. 4,91 A). In addition to this, the methoxy units in 2-20

possess extra motion degrees of freedom.

II-22: Crystal structure of 2-28. Left: Single molecule. Right: Packing. Short contacts are shown in blue.

2-28 forms monoclinic crystals with a P2; space group. The unit cell has a volume of
V = 1862 A® and contains more than twice the volume found for 2-20 (V=904 A3). The
dihedral angle between the pyrene scaffold and the phenyl residue is widened from 19°
(in 2-20) to 26°. The amine bond lengths do not change, i.e. no indication for the formation
of the emeraldine base structure is found. 2-28’s packing motive (figure II-22) is more
complex showing a herringbone pattern (fig. II-22, bottom left). As in the case of methoxy-
or TBS-protected 2,7-functionalized pyrenes, T—7 interactions between pyrene scaffolds is

practically not observed.

.1.4.1.4 Quinoidization attempt

5H13 X CeH13
@5@

CGH13

2-28 2-29
I1-23: Quinoidization attempt of 2-28. i: DDQ, CD,Cl, RT, 4 h.

As in the case of 2-20 the quinoidization to the emeraldine base was studied in an on-line
'H-NMR experiment using DDQ as oxidant. In figure II-24 on the left, NMR spectra of
2-28 prior to and after oxidation are compared. On the right the temporal evolution of the

oxidation over four hours is studied.
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11-24: Results 'H-NMR oxidation study. Left: 'H-NMR spectra prior to (bottom) and after oxidation (top) in
CD,Cl, at 298 K. Right: Temporal evolution of oxidation reaction (2 min interval).

The post-oxidation '"H-NMR spectrum shows a multitude of signals, in the aromatic as well
as in the aliphatic region. This is in clear contradiction to the formation of 2-29 as sole
product. As in the case of the oxidation of 2-20 the amine and pyrene proton signals cannot
be identified after the addition of the oxidant.

Furthermore, the sample has a weak para-magnetic behavior (studied by EPR, not shown).
This suggests a radical species in the mixture. If the radical was centered on the pyrene
core, this would explain the suppressed pyrene signal in 'H-NMR. In addition, this would
mean that single electron oxidation took place to a certain degree. DDQ is known to act as
a single electron transfer (SET) agent.**!!

In conclusion, it has to be stated that the modified stereo-electronic effects (better
blocking, higher electron density) did not sufficiently stabilize 2-29 for isolation as a pure

compound.

11.1.4.2 Silyl protection groups

2421 Base of

Silyl ethers are frequently utilized as protecting groups for alcohols.
introduction combined with selective deprotection accounts for their popularity. A broad
variety of silyl groups is reported which allows tailoring the chemical stability of the
resulting ethers according to synthetic needs. While trimethylsilyl (TMS) ethers are very
easily cleaved, bulky silyl ethers (e.g. #-butyldiphenylsilyl, TIPS) will tolerate harsher
conditions.**! Still, even very bulky silyl ethers will be selectively cleaved by fluoride

244
)‘[ ]

reagents like tetrabutylammonium fluoride (TBAF In the case of protecting

pyrene-4,5,9,10-tetraones the good solubility of bulky silyl ethers is a valuable side effect.
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For the protection of 2-3, the fert-butyldimethylsilyl (TBS) group was found as a
compromise between stability and synthetic yield. Trimethylsilyl (TMS) did not tolerate
SUZUKI-MIYAURA cross coupling reaction conditions, whereas triisopropylsilyl (TIPS) or
tert-butyldiphenylsilyl could not be introduced into the a-diol due to their steric bulk. The
crystal structure of 2-26, as grown by slow evaporation of dichloromethane, is shown in
figure II-25.

1I-25: Packing of 2-26 top view (left), packing motive (right). Short contacts are shown in blue.

2-26 forms a triclinic crystal system with a P! space group. The unit cell contains a volume
of V=1141 A’. As in 2-28, m— interactions between two pyrene units are suppressed by
the bulky protective groups. The large TBS substituent leads to a significant widening of
the pyrene — ether bond by 10° (123.6°) compared to 2-6 (113.6°). It is quite obvious that
protecting groups with even higher steric demand (e.g. TIPS) cannot be introduced in the
available space.

1.1.4.2.1 Synthetic application
While 2-26 did not tolerate harsh basic conditions (e.g. MIYAURA borylation or ULLMANN

methoxylation) it did provide sufficient stability for SUZUKI cross coupling reactions.

Recently, ZHANG et al. reported a phenanthrenequinone macrocyclic trimer which can be
used as heterogeneous organocatalyst for oxidative dehydrogenation of ethylbenzene.**”!
a-diketones are the active site in the reaction. Pyrene-4,5,9,10-tetraone (2-2) was tested for
this application but it was partly soluble in the reaction mixture. Thus, it was necessary to
prepare a less soluble derivative. 2-34 was designed with this aim in mind. Its rigid
backbone and rod-like shape will provide strong intermolecular interactions thus offering

low solubility.
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Initially, it was attempted to prepare the target compound starting from 2-§ using a
SUZUKI-MIYAURA coupling reaction to prepare 2-30 followed by a deprotection/oxidation
sequence. As 2-30 was already insoluble in halogenated solvents (e.g. tetrachloroethane at
120°C), the planned deprotection with BBr; was not possible. In contrast, 2-31 is well
soluble and can be deprotected by TBAF to 2-32. Oxygen was used for reoxidation of 2-32
to 2-34. Characterization of the target compound was hampered by low solubility. At the

time of writing, the catalytic activity of the material was still under investigation.
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11-26: Synthesis of 2-34: i: p-NCPhB(OH),, Pd(PPhs), Na,CO; H,O0, Tol, 100 °C 16 h. ii: BBr;, C;H,Cl,,
120 °C, 24 h. iii: TBAF, CH,Cl,, RT, 3 h, 73 %. iv: O, THF, 16 h, 20 %.
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1.2 Electron-rich materials

I.2.1 Laterally expanded pyrene derivatives

-Q_0- _ Q_p0- 2-35R=©—NMe2
I Og@ I —» R= =-R 2-37a = TIPS

b TMS

- — -0 O-
A e - O
2-5

1I-27: General synthesis of laterally expanded pyrene derivatives: R-CCH, Pd(PPh;),Cl, PPh;, NEt; Tol,
90 °C, 16 h, 85 %.

SONOGASHIRA-HAGIHARA-type cross-coupling reactions are very useful in the formation of
C(spz) — C(sp) bonds, i.e. the synthesis of tolanes.!****71 2.35 2.37a, 2-37b and 2-38 were
prepared by reaction of the appropriate ethynyl precursor with 2-5. The palladium-
catalyzed reaction provided the target compound in high yields (around 85%). All
materials were purified by column chromatography although the solubility of 2-38 was

problematic.

1.2.1.1 [2+2] Cycloaddition of TCNE to expanded pyrene derivatives

11-28: Addition of TCNE to 2-35. TCNE, DCM, 3 h, RT, 80 %.

By introducing 4-ethynyl-N,N-dimethylaniline instead of diphenylamines as in 2-7 the
electron density is distributed on the long-axis of the molecule. This should provide higher
polarizability thus improving the absorptivity of 2-35. Furthermore, for charge-transfer
complexes, the size mismatch with small electron acceptors like TCNQ should alter
packing in the solid state.**®! The addition of tetracyanoethylene (TCNE) provides an
efficient approach to intramolecular charge-transfer complexes. The addition of TCNE to
4-ethynyl-N,N-dimethylaniline-derivatives has been described by MICHINOBU et al. as a
new type of “click-reaction”. Consequently, the reaction proceeds selectively under mild

conditions in high yields.** #"

Recently, this reaction was also used as a
post-functionalization method for polymers.”" The reaction proceeds via a [2+2]
cycloaddition of TCNE to the triple-bond to afford a 1,1,4,4-tetracyanobuta-1,3-diene,
opening under cyclo-revision to the final product. Due to infermolecular charge-transfer
these compounds are intensely colored materials often exhibiting non-linear optical

properties.!*% 2!
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The addition of TCNE to 2-35 proceeded in high yields when the components were mixed
in water-free dichloromethane under the exclusion of air for 3h. After column
chromatography the product was isolated in 80% yield.

.2.1.1.1 Characterization
The product was identified by MALDI-TOF mass spectrometry at m/z = 864.37

(meq1c. = 864.26) and nuclear magnetic resonance spectroscopy.

_—
§=— EtOAC

1 (ppm)

11-29: '"H-NMR spectra (300 MHz) of 2-36 (blue) and 2-35 (red) in CD,CI2 at 292 K. Upon addition of TCNE
the signals in the aromatic region are shifted to lower fields (see also inset).

Figure 2-7 shows the proton NMR spectra of 2-35 (red) and 2-36 (blue). For 2-35, signal /
(0=8.5ppm, s) is assigned to the protons located at the pyrene-core. Signal 2
(d=7.51 ppm, dd) stems from the phenyl-protons in positions 3 and 5, while signal 3 is
identified as phenyl-protons in 2 and 6 respectively. The methoxy-units on pyrene are
assigned to signal 4 (8 = 4.2 ppm, s) and signal 5 (3 = 3.0 ppm, s) to methyl-amine residues
on the aniline termini. TCNE addition did not give rise to new signal groups for 2-36, so
the basic assignment does not change. Nevertheless, there is a significant down-field shift
observable for signals 7/ (Ad=0.25ppm), 2 (Ad=0.45ppm) and 5 (Ad=0.2 ppm).
Signal 3 experiences only slight down-field alteration by Ad = 0.07 ppm while 4 is shifted
up-field by Ad =0.05 ppm. Protons in closer proximity to the introduced acceptor group
experience a stronger change in their electronic environment and thus show a more

pronounced shift in the NMR-spectrum.
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11-30: "C-NMR spectra (75 MHz) of 2-35 (red) and 2-36 (blue) in CD,Cl, at 292 K.

In contrast to the proton spectra, the BC-NMR spectrum of 2-36 shows several new signals
compared to 2-35. Characteristic for 2-36 are peaks A (& = 169 ppm), B (6 = 164 ppm) and
F (=132 ppm). A and B stem from the quino-dimethane residues, while signal F is
characteristic for the nitrile carbons. It is noteworthy that the two signals at around
0 =90 ppm found for 2-35 that are associated with the ethynyl carbons are not present for

2-36. Thus further proof of the conversion of the ethynyl function is given.
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II-31: UV-vis absorption spectra of 2-35 (black line), 2-36 (red line) and fluorescence spectrum of 2-35
(black dots). All spectra were recorded in CH,Cl,.

UV-vis absorption spectra of compound 2-35 and 2-36 are shown in figure II-31. The
black curve gives the results for 2-35. Four distinct absorption maxima can be identified
(A =383 nm, 356 nm, 339 nm and 284 nm), with the maximum absorption at 356 nm
providing a very high molar absorption coefficient of € ~ 8.4*10° L*cm ™ *mol ™. Spectral
features are sharp signals. The fluorescence spectrum has its maximum at A = 442 nm, an
additional band at A = 474 nm and a tail to A > 600 nm. From the spectra the optical band
gap is determined as the 0-0 transition to AEgy =417 nm or 2.97 eV.

The absorption spectrum of 2-36 (shown in red) is significantly broadened. Again four
absorption peaks can be identified (A =461 nm, € = 7.3%10° L*cm *mol™; A =390 nm,
£=53%10" L*cm'*mol’; A=344nm, €=8.2%10° L*cm'*mol’; A=272nm,

£ =4.2%10" L*cm ' *mol™"). The absorption maxima are featureless and rather broad. The



11.2 Electron-rich materials 51

effect of the acceptor moieties is manifested not only in the bathochromically shifted
absorption maximum but also in the long absorption tail. Fluorescence was quenched. The
band gap is determined from the onset of the absorption to AEgy = 693 nm or 1.79 eV.

2-37a =TIPS
b=TMS

11-32: Intended synthesis of 2-12. Silyl protected ethylene functions did not promote the addition of TCNE.

It was planned to extend the TCNE addition chemistry to silyl-protected ethylene
derivatives (2-37a and 2-37b) in order to prepare an acceptor type molecule as illustrated
in figure II-32. It was anticipated that the electron-rich character of the pyrene-core would
provide sufficient electron density to promote the [2+2]-cycloaddition of TCNE. 2-39
would subsequently be deprotected (silyl- and ether-protecting groups) to provide 2-40.

2-37a and 2-37b were prepared according to the procedure stated in chapter 2.1.1. The
addition of TCNE to 2-37a did not succeed even at elevated temperatures (up to 130 °C)
and extended reaction duration (up to 4d). As a consequence of the failure of 2-37a to react
in the desired manner, it was assumed that the steric bulk of the TIPS residue might hinder
the reaction. Thus, 2-37b was prepared and employed. The compound was subjected to the
same procedure but decomposed at temperatures exceeding 90 °C. At the tolerated
temperature range the addition of TCNE did not take place. These results mirror reports

that anisoyl residues on tolanes do not promote [2+2]—cycloaddition.[253]

11.2.1.2 Laterally extended 4,5,9,10-tetramethoxypyrene

2-43 2-44

II-33: Synthesis of hexa-benzocoronene (HBC, 2-44) by DIELS-ALDER cycloaddition reaction. i: PhOPh,
240 °C, 10 h. ii: FeCl;, MeNO;, DCM, RT.
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The MULLEN group has a long-standing interest in extended discotic molecules.”>* #>!

These materials are often related to hexa-benzocoronene (HBC, 2-44), which can be
considered the archetypical structure.”* *°°! Usually, these materials are prepared from a
well soluble hexaphenylbenzene (HPB, 2-43) precursor. One well established method to
prepare HPB-type molecules is by DIELS-ALDER-[4+2] cycloaddition of an appropriate
cyclopentadienone (2-41) to a tolane (2-42) as shown in figure 11-33.>") The HPB thus
formed is converted to HBC by oxidative intra-molecular ring closure or so-called
cyclodehydrogenation. This type of oxidative aryl-aryl bond formation by LEWIS acids is
frequently named SCHOLL reaction in literature.'*® The mechanism of this reaction is not
yet fully understood; two pathways are discussed in literature: a radical and an arenium ion
mechanism. It has been argued that room temperature reactions are more likely to proceed
via the radical mechanism, while reactions taking place only at elevated temperature will
probably involve the arenium ion mechanism.'”” KING et al. have shown that SCHOLL-
type reactions can be controlled by judicial introduction of electron donating substituents
(EDGs) (e.g. methoxy).**"!

Recently, LORBACH et al. have studied cyclodehydrogenation reactions on pyrene.'”” They
report that positions 1,3,6 and 8 are highly reactive in SCHOLL type reactions in contrast to
pyrene’s K-region which only reacts under harsh conditions. Using this insight it was
possible to selectively prepare m-extended pyrene derivatives under mild conditions

without any alkyl chain degradation.

Considering the results of LORBACH and KING the synthetic route shown in figure II-34
was developed in order to prepare a discotic molecule based on pyrene derivative 2-5. In
2-18 phenyl rings are arranged in a way to allow cyclodehydrogenation to take place on the
positions 1,3,6 and 8 of the pyrene core. Electron density is further increased in these
positions (as compared to pyrene) by virtue of the four methoxy groups in the K-region.
Oxidative ring closure should thus be easy./**"!

The initial step of the synthesis was a SONOGASHIRA-HAGIHARA cross-coupling reaction
between 2-5 and ethynylbenzene to yield 2-38. As mentioned in the introduction to this
section, yields are very good (83 %) but solubility is rather poor. 2-38 was purified by
repeated recrystallization from hot toluene. A microwave-assisted twofold DIELS-ALDER
[4+42] cyclo-addition reaction of tetraphenyl-cyclopentadienone (2-42) to 2-45 at elevated
temperatures was the second step. 2-45 is well soluble and can be purified by column

chromatography.
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2-45 2-46

11-34: Synthesis of 2-19. i: PhCCH, Pd(PPh;),Cl,, PPh; NEt;, Tol, 90 °C, 16 h, 83 %. ii: 2-14, PhOPh,
240 °C, 16 h 300 W (MW). iii: FeCl;, MeNO;, DCM, 35 °C, 7 d.

Cyclodehydrogenation of 2-45 was studied using ferrous chloride in dichloromethane as
LEwis-acid in analogy to LORBACH et al. For the reaction up to 72 equivalents of oxidant
(i.e. 3 eq FeCl; per removable proton) and reaction times of 7 days were employed. At
relatively low oxidant loadings (up to 48 eq.) and/or short reaction times (>2 d) a selective
loss of Am/z =8 is observed in MALDI-TOF mass spectrometry (figure II-35). This is
equivalent to the formation of four carbon-carbon bonds. In figure I1I-35 a simulated
isotopic pattern is added (shown in red) to illustrate the close match of the experimental
findings.

—2-47alb
J ——calc. 2-47a/b

Il

T T T
1225 1230 1235
Mass [m/z]

1I-35: MALDI-TOF spectrum of 2-47a/b (black) and simulated isotopic pattern of 2-47a/b (red). The full
spectrum is given in the inset.

Assuming bonds were not formed in a purely statistical fashion, two possibilities are most
probable: 2-47a and 2-47b (shown in figure II-36). While 2-47b is more favorable from an
electronic perspective with high electron densities located on the pyrene core, 2-47a has
less steric repulsion to overcome in its formation. Both isomers are modeled by DFT using
the B3LYP functional (figure II-36 bottom row). For 2-47a theory predicts in effect a

benzopyrene-tetramethoxypyrene-benzopyrene trimer in which the free phenyl rings are
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twisted at 45° angle towards the benzopyrene as well as 4,5,9,10-tetramethoxypyrene
moiety. In order for additional ring closure to take place H-H and H-O repulsions must be
overcome. Frontier orbital densities are located on the 4,5,9,10-tetramethoxypyrene
residue. In contrast, for 2-47b a severely twisted tetrabenzola,h,l s]teropyrene-like
structure is predicted.[261] The aromatic system is warped by 36° out of planarity due to
H-O repulsion that cannot be alleviated. Peripheral phenyl rings can adopt a propeller-like
arrangement, often found in HPBs.*® The frontier orbitals are distributed along the
molecular main axis. A comparison of calculated total energies gives -2410109.1 Kcal/mol
for 2-47a and -2410047.04 Kcal/mol for 2-47b. Thus, 2-47a is estimated to be 62 Kcal/mol
more stable giving an indication that this is the more feasible structure."> Furthermore,
HPBs, in their propeller like conformation, can successfully be cyclodehydrogenated.
Thus, it seems unlikely for the reaction to stop after formation of four bonds in the case of

structure 2-47b. In summary, 2-47a is likely to be formed as product when low oxidant

loading is used.

1I-36: Most probable isomers of incomplete cyclodehydrogenation of 2-45 as two dimesional representations
(top row) and calculated stuctures (DFT, B3LYP,6-31"; bottom row). O-H repusion distorts 2-47b aromatic
system (36° out of plane) while 2-47a has three distinct planar (benzo)pyrene-type subunits.

At higher oxidant loading and long reaction times a small fraction of material was isolated
that had lost Am/z = 20 (according to MALDI-TOF). This is equivalent to the formation of
10 bonds and is consistent with the desired product 2-46. Furthermore, the isotopic pattern
matches the calculated one shown in red closely (see figure II-37). It is noteworthy that in

none of the reactions studied ether cleavage (i.e. demethylation) was observed.

" KRUSE, GOERIGK and GRIMME recently discouraged the use of the B3LYP functional for thermochemistry,
yet the accuracy is deemed sufficient for this simple discussion.*®”!
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1I-37: MALDI-TOF spectrum of 2-46 (black) and simulated isotopic pattern of 2-46 (red). An offset by
0.1 m/z is observed. The full spectrum is shown in the inset.

A DFT calculated structure of 2-46 is shown in figure II-38. As in the case of 2-47b the
methoxy-residues are experiencing severe CH-O repulsion from the HBC subunits. In
consequence the central naphthalene unit is twisted out of the molecular plane by 36°
in this calculation. Furthermore, the HBC subunits are distorted as a way to reduce

repulsion.

11-38: Calculated structure of 2-46 (DFT, B3LP, 6-31"). The methoxy-residues are twisted by 36° out of
plane due to steric repulsion (colors are added for clarity).

1.3 Summary

In this chapter the synthesis of electron rich as well as electron deficient pyrene derivatives
based on the 2,7-diiodopyrene-4,5,9,10-tetraone (2-4) was explored. In previous works
4,5,9,10-tetraalkoxypyrene was used as electron rich building block for copolymers.”**" In

this work only small molecules were prepared instead.

It could be shown that 2-5 is well suited for extension using a number of ethynylenes.
K-region substitution alleviates solubility issues often encountered for unsubstituted
pyrenes. 2-35 can be converted by [2+2]-cycloaddition reaction with TCNE to give a
push-pull type dye. Less electron rich derivatives (2-37, 2-38) did not react. 2-38 was also
employed as building block for discotic (dumbbell) molecules. The steric demand of the

methoxy units in the K-region severely hinders planarization and negates the effect
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expected by increasing the electron density of the system. Full cyclodehydrogenation was

only possible under harsh conditions.

The attempted synthesis of quinoidal pyrene-4,5,9,10-tetraones was not successful. This
was due to a combination of low solubility, low stability and harsh deprotection conditions
necessary. It was possible to identify the 2,7-dihydroxypyrene-4,5,9,10-tetraone (2-13), yet
the oxidation to the quinonoid 2-14 failed. The use of electron-rich precursors (2-18 -OH;
2-20 -NH(Ph)) did not result in stable quinoidal structures. Increasing the steric demand of
the protective group (2-28) did not sufficiently stabilize the molecule to allow its isolation.
The synthesis of quinoidal pyrene-4,5,9,10-tetraones based on a protection/deprotection

route was not achieved and will pose an exciting synthetic challenge for future studies.

The variation of the protective groups did allow the synthesis of 2-33. While 2-30 was
virtually insoluble in solvents needed for LEWIs-acid mediated ether cleavage, 2-31 was
well soluble in standard solvents due to its TBS groups. Thus, deprotection using TBAF

was successful and the target compound was attained.









ll. Functionalization of pyrene in
positions 1,3,6 and 8

In chapter I the sixfold (2,4,5,9,10)-functionalization of pyrene was discussed. While this
work provided new, strong electron donors and charge-transfer complexes (as will be
discussed in chapter IV), the synthesis of acceptors and quinoidal pyrene derivatives was
less successful. While they had very promising calculated properties, the synthesis
attempts were not fruitful. 2,7-Dicyanopyrene-4,5,9,10-tetraone remains the strongest
isolated acceptor in this class.!””

In an attempt to prepare stronger donors or acceptors, introducing additional functional
groups is a viable strategy. One example for this conceptually trivial approach is the series
TCNQ to F4—TCNQ.[264] The electron affinity increases from EArcng=-4.6€eV to
EArsteng =-5.2 €V (inverse photoemission spectroscopy, IPES data) just by the addition

of electron withdrawing groups. ! 26 26¢]

NC._CN NC.__CN NC._CN NC._CN NC._CN

! Ll e N lr rRMF

| |  F FTF FYF

NC” "CN NC~ "CN NC™ 'CN NC™ 'CN NC” "CN
ECV =016V ECV =026V ECV =0.33 eV ECV =0.44 eV ECV =053V
EAlPES =-4.6 eV EAlPES =-52eV
EAICT =-48eV EAICT =-5.6eV

III-1: Reduction potentialspm and electron affinities (IPES[268] ) in the series TCNQ — F,-TCNQ.

The 1,3,6,8-functionalization of pyrene-4,5,9,10-tetraone was studied with this concept in
mind. In analogy to 2,7-dicyano-pyrene-4,5,9,10-tetraone the work presented in this

section focused on 1,3,6,8-tetracyano-pyrene-4,5,9,10-tetraone.
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.1 The 1,3,6,8-functionalization of 4,5,9,10-
substituted pyrenes

As mentioned in the introductory chapter, perhalogenation of pyrene has been known for a
long time."” **! In contrast, only recently examples of eightfold functionalized pyrene
derivatives have been described in literature.® ! ZOPHEL er al. used 3-1 as a building
block for extended PAHs. It allows only limited variation of the K-region

functionalization.

X =Cl, CN, C=0
3-1 3-2
Zoéphel et al. Kulisic et al.
2013 2011

III-2: Examples of eightfold substituted pyrene derivatives found in literature.

As this section will focus on the synthesis of pyrene-4,5,9,10-tetraone derivatives, the route
[271]

of KULISIC et al. to tetraketone 3-2 merits a brief discussion.
CaHo Z

pop ¢
000

=

33 3-4
III-3: Synthesis of 3-1 according to KuLIsSiC et al.””’" i: hex-1-yne PdCly(PPhs),, PPhs, Et;N, Tol. ii: H,,
Pd/C. iii: RuCl;, NalO,, MeCN, H,0, CHCl,

Starting point for this synthesis is the readily available 1,3,6,8-tetraboromopyrene (3-3).
SONOGASHIRA-HAGIHARA reaction gives 3-4 in good yields, which can easily be reduced
by palladium on charcoal to afford 3-5. To prepare the tetraketone 3-2 KULISIC et al.
employ the same ruthenium(VIII)oxide oxidant system that was used in the synthesis of
pyrene-4,5,9,10-tetraone  (3-7).°%' This route provides great flexibility in K-region
functionalization. A series of soluble azaacenes was prepared by the MATEO-ALONSO
group based on 3-2.1°! The alkyl chains provide good solubility and can be varied in length

depending on the application.
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Br Br
@
() —#>=
Br O Br

3-3 3-6

1I1-4: Limitation of KULISIC et al.’s method: Insoluble substrates do not undergo oxidation to 3-6.

While this route is very useful for subsequent K-region functionalization, the possibility
for functionalization in non-K-region positions is very limited. The oxidation conditions
are very harsh and tolerate only few functional groups. Furthermore, the oxidation step is
limited to the solvent system employed.”® If the substrate is insoluble oxidation fails, as

tested on 1,3,6,8-tetrabromopyrene (3-3) by the author of this study.

1.1 A flexible 1,3,6,8-functionalization strategy for pyrene-
4,5,9,10-tetraones

In order to overcome the limitation of KULISIC et al.’s method and to provide a more
general route to eightfold functionalized pyrenes (positions 1,3,4,5,6,8,9 and 10) a different

synthetic approach is needed.

Pyrene-4,5,9,10-tetraone (3-7) 4,5,9,10-tetramethoxypyrene (3-8)

HOMO LUMO HOMO LUMO

III-5: Frontier orbital distribution of pyrene-4,5,9,10-tetraone (3-7) (left) and 4,5,9,10-tetramethoxypyrene
(3-8) (right).

The calculated frontier orbital distributions of pyrene-4,5,9,10-tetraone (3-7) and
4,5,9,10-tetramethoxypyrene (3-8) are compared in figure III-5. Electron density
distribution in 3-7 favors functionalization in positions 2 and 7. In contrast, for 3-8 the
frontier orbitals are distributed similaly to unfunctionalized pyrene (figure 1-2) with high
electron density in positions 1,3,6 and 8. Thus, electrophilic aromatic substitution in these
positions will be possible. The four alkoxy groups enhance solubility as well as electron

density (+/ effect) of 3-8 when compared to pyrene.
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3-7 3-8
I11-6: New general approach to fourfold substituted pyrene-4,5,9,10-tetraones (3-10).

From this outline, a new synthesis route (illustrated in figure I1I-6) for eightfold
functionalized pyrenes was developed. Pyrene is oxidized by the well-established
ruthenium chloride / sodium periodate system to give 3-7.5% Protection by reductive
alkylation yields 4,5,9,10-tetramethoxypyrene (3-8). Fourfold electrophilic aromatic
substitution in positions 1,3,6 and 8 gives 3-9. This protected pyrene-4,5,9,10-tetraone is
suitable for functional group modifications as discussed in chapter /1. The target compound
3-10 is prepared by a deprotection/oxidation step similar to the synthesis of
2,7-dicyano-pyrene-4,5,9,10-tetraone.

.1.2 Bromination of 4,5,9,10-tetramethoxypyrene

.1.2.1 Failed attempts / unreliable methods

It was expected that the bromination of 3-8 would be a straightforward reaction.
1,3,6,8-Tetrabrompyrene was already reported by VOLLMANN ez al. in 1937.%" As outlined
above, 3-8 is a well soluble, electron rich aromatic hydrocarbon and as such well suited for
electrophilic substitution reactions (e.g. bromination). Methoxy-substituents activate

aromatic  systems  sufficiently to enable e.g. fourfold bromination of

1,2-diemethoxybenzene.””” The synthesis of 1,8-dibromo-9,10-dialkoxypyrene by
[91]

VENKATARAMANA et al. also supports this strategy.

+ Oligomers

310 X=Br, 311 X=Br, 312 X=Br, 313 X=Br,

3-10b X=Bry, H; 3-11bX=Bry, H; 3-12b X=Bry, H; 3-13b X = Bry, H,
310c X=Bry, H, 3-11c X=Bry, H, 3-12¢ X =Bry, H, 3-13¢ X = Bry, H,
3-10d X=Br,H; 3-11d X=Bry,H; 3-11d X=Bry, H; 3-13d X =Bry, H,

III-7: Isomers observed as outcome of bromination attempts.

While twofold bromination of 3-8 worked as expected, the fourfold bromination was
problematic. Most reaction conditions conceived for fourfold bromination (listed in
table III-1) gave a broad mixture of products. Mainly two- and threefold bromination was
observed, co-occurring was a partial or total cleavage of the methoxy ethers. Depending on

the conditions utilized, the ratio of two- and threefold bromination varied.
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Table I1I-1: Attempted fourfold bromination of 3-8.

Reaction Conditions Reaction Conditions
A 4,6, 10, 20, 50 eq. Br, CH-Cl> H 2,4, 10, 50 eq. Br, Zn(OAc),, AcOH
B 4, 10, 20 eq. Br, FeCl; CH:Cl» / 2,4, 10, 50 eq. Br,, Zn(OAc)., DMF
C 2,4, 10 eq. Br, FeCl; AcOH J Pyr*Br; CH.Cl,
D 10 eq. Br; AlCI; CH.Cl, K Pyr*Br; DMF
2,5, 10, 20 eq. sz KQCOQ [273]
E CH.Cl, L NBS, CH,CI;
F 5, 10 eq. Br, K;CO5; CHCI; M NBS, H,S0/™"
2,5, 10, 50 eq. Br, Na,COs 274]
G CHCL N NBS, DMF*

It is noteworthy that deprotection products were overwhelmingly two- and fourfold

de-methylated, while odd numbered demethylation products were hardly identifiable.

In order to understand the outcome it is helpful to recall the fact that during electrophilic
aromatic substitution of bromine an equivalent of hydrobromic acid is generated as a side

product. This acid can mediate methyl ether clealvalge.14

K4

| 20
i ¢S (ﬁ-}@f e g

0,6 =0 O/H
SO AL
Br

II1I-8: Mechanism of SgAr (black) and acid mediated ether cleavage (red).

Figure III-8 gives the SgAr mechanism in black and the acid mediated ether cleavage in
red, using anisole as an example. In SgAr Br; is polarized by anisole, a bromonium ion is
added to anisole, Br  is liberated. The aromatic system is reestablished by the release of a
proton from the oxonium ion; hydrobromic acid is generated. This can, in turn, protonate
the methoxy-oxygen. The nucleophile Br attacks the methyl group in an SN2 fashion,
phenol being the leaving group. Bromomethane is generated. The reactions can be
described by two rate constants K; and K.

' Hydrobromic acid (40 %) in acetic acid is traditionally used to cleave methyl-ether protection groups.”””!
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In the case of 3-8 demethylation generates an o-methoxyphenol structure in the K-region.
It has been shown that these o-alkoxy phenols are easily cleaved under acidic conditions to
give the corresponding diketone.'”"® It is not clear whether the diketones 3-12b and 3-12c¢
are the exclusive reaction products or 3-11b and 3-11c¢ are formed as well. A sample
purified by column chromatography was studied in a high resolution NMR CH correlation

experiment.

The existence of 3-12b and 3-12¢ would help to explain why the bromination attempts
mostly provided two- and threefold bromination. The o-diketone significantly reduces the
electron density in the aromatic scaffold compared to 3-11b and 3-11c. If the reaction is
considered in FMO-theory, DFT calculations indicate a reduced electron density15 in one
or both of the yet to be brominated positions. In consequence, SgAr is not favored in these

positions. In all likelihood, the reaction stops and fourfold bromination is not achieved.

3-12¢ 3-12¢ (3,6-dibromo) 3-12¢ (1,6-dibromo) 3-12¢ (1,8-dibromo)
SO Srts

% D OEER S SN S04

to ‘\ Ce .;-o'“\’, Q\.. A ‘\ “e
e S Y

3-12b (1,3,8- 3-12b (1,3,6-
tribromo) tribromo)

0\(,‘/0 & ‘\?,o
¢ k\’b\}*

3-12c (1,3-dibromo) 3-12b

¥ t\ o ‘ra’, g0
e UL N W N NS fgte
o ¥ e “v“ o

I11-9: Calculated HOMO distributions for possible isomers of 3-12b and 3-12c.

In order to prepare 3-10 successfully, it was necessary to identify conditions in which the
bromination is faster than the deprotection, or K; > K, (figure III-8). As can be seen in
table III-1, the use of LEWIS acids like FeBr; of AlCl; did not afford the desired product as
they probably promoted methyl ether cleave.**! More surprisingly, the addition of bases
(Na,COs, K,COs3, Zn(OAc),, pyridine, lutidine) did not give the desired product either. It
can be speculated that the bases form complexes with Br,.l"* 7! This might reduce K;

sufficiently for demethylation to take place.®!

'* Figure II1-9 shows orbital coefficients, i.e. the probability of electron distribution.
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| O | Br Br

o (o] i ii 0 (O
(X -

(|> <|> ~o o~

O Br Br

3-8 3-6 3-10

111-10: Modified VOLLMER method: i: 50 eq. Br,, PhNO,, 160 °C, 24 h, 5 —7 %. ii: Na,S,03, MeSO,4 NaOH,
THF, H,0, 16 h, 30 %.

It is possible to prepare 3-10 in a modified VOLLMANN bromination method, adding
50 equivalents of bromine to a solution of 3-8 in hot nitrobenzene.””! Under these harsh
conditions 3-6 was obtained in low yields as an orange solid. Reductive re-methylation
provided very small amounts of 3-10 yet in a reproducible manner. In this case the high

reaction temperature enables rapid bromination (K; > K3).

.1.2.2 Successful route

The VOLLMER protocol allowed the synthesis of 3-10 in analytical quantities over two
steps. To be able to use 3-10 as a building block for organic materials a more efficient
route was necessary.

Br
' O ' | | | |
o o o o o H o
‘0 + Oligomers
acs il <.> <.><.> on” <.>

3-8 3-10 3-11 3-12
11I-11: Successful synthesis route for 3-10. i: Br,, CCl,, 60 °C.

It was found that eight equivalents of freshly distilled bromine added to a solution of 3-8 in
water free tetrachloromethane at 60 °C gives 3-10 in 40 % yield. Side products (e.g. 3-11,
3-12) can be removed by column chromatography and reductively methylated to further
improve the yield. The elevated reaction temperature allows rapid bromination while the
water free condition makes CCly a poor solvent for hydrogen bromide, so it can rapidly
leave the reaction mixture.
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H.1.3 Characterization of 1,3,6,8-tetrabromo-4,5,9,10-
tetramethoxypyrene (3-10)

Br...B...Br

““““““““““
i 190 170 150 130 110 90 70 50 30 10
l f1 (ppm)

—1
b
L;;THF
=————HDO

T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
f1 (ppm)

11-12: 'H- and > C-NMR spectra of 3-10 in DS8-THF at 295 K. Panel: 'H-NMR. Inset: " C-NMR.

The solubility of 3-10 in deuterated THF was sufficient to record the NMR spectra at room
temperature. In the 'H-NMR spectrum two signals (both singlet) are observed, integrating
to 1:6. This is in agreement with the postulated structure, as only two aromatic
(signal 1, 0= 8.64 ppm) and 12 ether protons (signal 2, d=4.02 ppm) are present. The
spectrum also supports Cy, symmetry. In the ?C-NMR six signals (A - F) are observed.
The low signal count is indicative for a symmetrical molecule. The signals are assigned to

3-7, as shown in the inset.

.1.3.1 Crystal structure

II1-13: Crystal structure analysis of 3-10.

A crystal suitable for X-ray diffraction crystallographic analysis was grown by slow
evaporation of THF. 3-10 forms monoclinic crystals with a P2,/a space group. The unit cell

contains 4 molecules and has a volume of V =965 A®. The bulky bromine substituents
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force the methyl ether groups to twist 67° from the molecular framework (90° in 3-8).
Intermolecular short contacts are identified between the methoxy-units as well as between

bromine and methoxy. The m—7 distance is determined to dp— = 3.8 A.

(JJ =~ —
(o) O o
| |
EDG DG
313 EDG = -OMe 3-16 EWG = -CN

|
314 EDG = N 317 EWG = -]
CF,
MeO OMe
3-18 EWG =

316 EDG = ——TIPS CF,
III-14: Materials prepared based on 3-10.

With the structure of 3-10 established, a series of new eightfold functionalized pyrene
derivatives was prepared. It was possible to introduce electron donating (EDG) as well as
electron withdrawing groups (EWG) (figure III-14). The resulting materials will be
discussed in chapter /1.2 and I11.3.

.14 Alternative protective groups

.1.4.1 Dioxolane

As will be discussed in more detail in section //1.3, the removal of the methoxy ether
protective group was problematic for electron deficient materials. In chapter 7/, the use of
alternative protective groups was studied. The relatively harsh reaction conditions
established for fourfold bromination of 3-8 made the usage of many protective groups
impossible. Most phenol protection groups will be cleaved by elemental bromine and/or

HBr at elevated temperatures.[278]

Br Br
o 0 O 0 i, o O 0
o ><00>< ><OO><

Br Br

3-7 3-19 3-20

III-15: Alternative protection / bromination of dioxolane.

o)

It was found that the dioxolane protective group, also utilized in chapter /1, tolerated the

bromination conditions for 3-10. 3-20 was prepared starting from 3-19 in 30 % yield.
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A single crystal suitable for X-ray diffraction crystallography was grown by vapor
diffusion of hexane into a DMF solution of 3-20. The material forms monoclinic crystals
with a P; low symmetry space group. Its unit cell contains three molecules and has a
volume of V = 2083 A’, approximately twice the size of 3-10. In the crystal two molecules
form a pair while the third forms an interlayer. The shortest -7 distance is dy_r = 3.68 A
and found in-between the paired molecules). Molecules are arranged in slipped stack

columns.

i i e e e e
e e e e e e e
ac\\'," «&\\;,‘_ &\\;‘. ac\\:_“ syl
e e e e
\‘"'Q\-\".,"'Q\-\;._'“Q\\“.. s
N

III-16: Crystal structure of 3-20. Left: Molecule viewed along the c-axis Middle: Packing viewed along the
b-axis. Right: Stacking along the c-axis.

As in the case of 2-38, the low solubility of 3-20 in common organic solvents prevented its

use as a general substitute for 3-10.

.1.4.2 Attempted protection of 1,3,6,8-tetrabromopyrene-4,5,9,10-
tetraone (3-6) with glycol

MORE et al. reported the ketalization of 2,7-dibromo-4,5,9,10-tetraketopyrene with glycol

as well as subsequent efficient deprotection to the functionalized tetraketone.'”* The

advantage of the di-ketal protection of ketones is that no reduction/oxidation step is needed

for the protection/deprotection. Furthermore, the deprotection is usually facile even under

mild (acidic) conditions.

As no reduction is taking place, the ketal protected pyrene-4,5,9,10-tetraone would behave
just like 3-7 in SgAr reactions during bromination, thus being functionalized in positions
2and 7.'° Therefore, 3-6 prepared according to the modified VOLLMER method,

(figure III-10) was chosen as starting material.

' This is in the rather unlikely case that the protective groups would tolerate the bromination conditions.
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ol ey
8 8
&0 0\)
Br
More et al.

1II-17: Attempted protection of 3-6. i: Br,, PhNO,, 160 °C, 24 h. ii: NMP, PTSA, MW 250° C 16 h.

It was not possible to prepare 3-21 under the tested reaction conditions.!'”> > " The

ketalization of o-diketones is very sensitive to steric influences.””™ *!'! In figure III-18
space filling representations of 3-10 (derived from crystallographic data) and 3-21
(calculated by DFT) are juxtaposed.

y

1II-18: Left: Space-filling illustration of 3-10 (derived from crystallographic data). Right: Molecular
modelling of 3-21.

The O — Br (center to center) distance in 3-10 is 2.87 A. When this is compared to the sum
of the VAN-DER-WAALS radii of bromine (Ryqwp:r=1.20 A) and oxygen
(Ry-a-w0=10.66 A) >Ropr=1.86 A it follows that very little room is available for
sterically demanding moieties. The space filling view of 3-21 makes the steric demand of
the ketals clearly visible. Thus, it is safe to assume that the ketalization reactions mainly
failed due to steric factors.
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1.2 Electron rich materials

As indicated in the introduction to this chapter the synthesis of new strong acceptors was at
the center of interest. New electron rich materials were studied as building blocks for new

donor-acceptor complexes as will be discussed in chapter IV.

Introducing functional groups in positions 1,3,6 and 8 of pyrene will have a stronger
influence on the frontier energy compared to 2,7-functionalization. Two reasons are
responsible for this: the larger number of substituents being introduced to the pyrene
scaffold and the substituents not being in the nodal plane of pyrene. By extending the

conjugation the AEgomo->Lumo energy gap will also be affected.

.2.1 1,3,4,5,6,8,9,10-Octamethoxypyrene (3-13)

.2.1.1 Synthesis

3-10
III-19: Synthesis of 3-13. i: NaOMe, Cul, DMF, 120 °C 16 h, 60 %.

1,3,4,5,6,8,9,10-Octamethoxypyrene (3-13) is prepared from 3-10 by a copper iodide
mediated ULLMANN-methoxylation reaction (figure III-19). Catalytic amounts of Cul, as
used in the synthesis of 2,4,5,7,9,10-hexamethoxypyrene (2-6), failed to promote the
desired conversion.””! Stoichiometric quantities of copper iodide had to be used to promote

1, 282]

the conversion of the less reactive bromo groups.' The formation of

heptamethoxypyrene side-products was reduced by decreasing the reaction temperature to
120 °C.

.2.1.2 Characterization

The NMR spectra of a pristine sample of 3-13 are given in figure III-20 (left).
Additionally, '"H-NMR spectra of an aged sample of 3-13 prior to and after the addition of

a reducing agent (hydrazine) are shown in figure III-20 in the right panel.
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1I-20: Left: NMR spectra of 3-13 recorded in D8-THF at T = 298 K. Panel: "H-NMR spectrum (300 MHz).
Inset: "C-NMR (75 MHz). Right: 'H-NMR spectra of an aged sample 3-13 (in air) prior to (bottom) and
after addition of hydrazine (top). Spectra recorded in CD,Cl, at T = 298 K (250 MHz).
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As expected, the 'H-NMR spectrum of the pristine sample shows three singlets
(01 =7.29 ppm, &, = 4.06 ppm, &3 = 3.88 ppm) in a 1:6:6 integration ratio. This is in good
agreement with two aromatic protons and two sets of methoxy units (K-region versus
non-K-region). The assignment of the BC-NMR spectrum is given in the overlaying
structure representation. Again K-region and non-K-region methoxy-signals have a

significantly different chemical shift.

In the case of the aged sample (two months exposed to laboratory atmosphere) only one
signal (8 = 3.82 ppm) for 3-13 is observed. Only after reduction, the proton signals of the
pyrene core (0 ="7.29 ppm) and the second set of methoxy units (6 =4.08 ppm) can be

resolved. This suggests the formation of a radical species by air oxidation.

This hypothesis was tested by recording an electron spin resonance (ESR) spectrum
(figure III-21).
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III-21: Solid state ESR-spectrum of an aged sample of 3-13.

Indeed, it was found that the sample is weakly ESR active, giving a one line spectrum.
Hyper-fine coupling is not resolved. This suggests a low interaction of the unpaired
electron with the protons in 2 position and the methyl protons from the methoxy

residues.'” The signal was eliminated upon hydrazine addition.
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A combination of the "H-NMR and the ESR spectroscopy results for the aged sample of
3-13, suggests the formation of a radical cation. Therefore it can be concluded that 3-13 is
not long-time stabile under laboratory atmosphere. The selective quenching of one
methoxy signal suggests chemical inequality between K-region and non-K-region methoxy
groups. The chemical shift difference between both sets of methoxy substituents suggests
non-identical electronic environments. Although free rotation is allowed in solution, the
crystal structure (figure III-23) indicates how they may arise. Methyl-protons in the
K region are predominantly above and below the molecular plane and experience stronger

shielding from the m-electron system of the pyrene scaffold than the complementary set.

.2.1.3 Crystal structure

A crystal suitable for X-ray diffraction crystallography was grown by slow evaporation of

dichloromethane.

1II-22: Crystal structure 3-13. Top-left: Representative molecule view. Top-right: Molecule along b-axis.
Bottom left: Packing viewed along a-axis. Bottom right: Packing viewed along the b-axis.

3-13 forms monoclinic crystals with a P2;/n space group. Its unit cell contains four
molecules and has a volume of V =2061 A’. In solid state the pyrene scaffold of 3-13 is
bent by 0.45 A out of planarity (fig. III-22, top left). Methoxy-units on carbon 1,3,6 and 8
are oriented parallel to the pyrene scaffold while the moieties on carbon 4,5,9 and 10 are
oriented almost perpendicularly (89.5°). For the former moieties the orientation maximizes
interaction of oxygen lone-pairs with the pyrene mt-system. For the latter, steric constraints
force the substituents out of the molecular plane. The packing (figure III-22, top right,
bottom left) confirms a layered structure. Alternating from strata to strata the molecules

buckle up- or downwards. Short C—C- contacts of d,_r = 3.7 to 3.8 A are found.
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.2.1.3.1 Optoelectronic properties

Cyclic voltammetry (CV) was used to establish the frontier orbital energies of 3-13. The
experiment was performed under argon atmosphere with a I mM solution of 3-13 in anhydrous
THF using tetrabutylammonium hexafluorophosphate (n-BusNPFs) as conductive salt. The
cyclic voltammograms of 3-13 are shown in figure III-23 before (black) and after the

addition of ferrocene (Fc) (red) as an internal standard.?®¥

The use of ferrocene as a solvent independent internal standard for CV experiments, the
so-called “ferrocene assumption”,[zgs] has been criticized in scientific literature.'”*® It was
found that Fc/Fc* does not behave fully independent of the solvent and electrolyte
employed.mﬂ Is has been argued that decamethyl-ferrocene (CP",Fe) is the superior
standard.?®"! Withstanding this, in accordance with the [IUPAC recommendation Fc was
used as internal standard in this work.*®*®! The variety of solvents (dichloromethane and
THF) and electrolyte (BusNPF¢) used for the experiments is small. According to HUPP the
error is most pronounced for the reduction in non-polar solvents while the errors mostly
cancel out for the oxidation in polar solvents.?®”! Furthermore, the use of Fc as standard is
widely spread. Thus, for the sake of comparison with the literature, this standard was

deemed the most useful option despite its flaws.
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I11-23: Cyclic voltammograms of 3-13 recorded in THF using Bu,NPF as electrolyte (V = 100 mV s™). The
oxidation signal of 3-13 is recorded with ferrocene (Fc) as internal standard (shown in red) and without it
(shown in black).

As a consequence of the low electron affinity only the oxidation signal of 3-13 was
resolved. Prior to the addition of Fc two reversible signals at Ugpser; =0.15V and
Uonset,1 = 0.52 V are identified. When Fc was added, the oxidation was irreversible. The
curve has two distinct oxidation waves (Umax1 =0.41V and Upyo =0.64 V). The first
wave has a shoulder with Ug,; =0.27 V. Ug,; and Upgx o align with the maxima of 3-13

oxidation signals prior to Fc addition.

From the black curve it can be concluded that, during the CV experiment, 3-13 can release

two electrons reversibly. The red curve suggests an irreversible electron transfer between
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Fc and 3-13 taking place during the CV experiment. The HOMO energy of 3-13 was

determined from the onset of the oxidation wave in reference to ferrocene.”®"

Eyomo = —|(Eoxonset — Eox,onset.pc) +4.8] = —[(0.15 — 0.22) + 4.8] = —4.73 eV (111-1)

Eq. (I1I-1): Enono gives the experimental HOMO energy in €V, E,y onse: the onset of the analyte oxidation in
V., E,x onser.rc the onset of the ferrocene oxidation signal in V.

The UV-vis absorption and photoluminescence spectra of 3-13 are shown in III-24.
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111-24: UV-vis absorption (black) and photoluminescence (red) spectra of 3-13 (5*]0'5 mol/l in CH,Cl,).

In the absorption spectrum three distinct bands are observed (Amaxabst =276 nm,
Emaxabst = 3%10° L¥mol " *cm™, Amax.abs2 = 382 nm, Emaxabs2 = 3%10° L*mol *cm™,
Amax.abs3 = 438 M, E€ax.abs3 = 8%10* L*mol'*cm™). All bands show vibrational splitting.
The onset of the absorption is determined to Aot =456 nm. The optical bandgap is
determined from the S;->Sy (0-0) transition to AEq, =2.76 eV.!"” The PL spectrum has its
maximum at Apax pL = 457 nm and a distinct shoulder at App. = 480 nm. A long fluorescence
tail is also observed. The physical properties of 3-13 will be compared to methoxypyrene
congeners in section /11.2.1.4.

.2.1.4 Comparison to other methoxypyrenes

For this comparison the following methoxypyrenes are considered.

| |

. i‘@ :

RGA @
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3-7 2-6 313

III-25: Structures of methoxy pyrenes used for comparison.
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7 Commonly used is the intersection of PL and absorption spectrum.**!
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187 while 2-6 was

The synthesis and properties of 3-7 were reported by ZOPHEL et a
reported by KAWANO et al.’” "TH-NMR spectra of the three materials are compared in the
following figure. It can be seen that signal A as well as signal B (and C if present) are
shifted to lower field strength as the derivative’s electron density is increased. It holds

generally true that EDGs tend to shift aromatic protons (signal A) to higher fields

strength.!?*
A B
C
D A

A

l C D
B

C D

1 U}

86 84 82 80 7.8 76 74 72 7.0 430 420 410 400 390  3.80
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II1-26: 'H-NMR spectra of 3-7 (in green), 2-6 (in blue) and 3-13 (red) compared. Left: The aromatic region
(8.6 — 7.0 ppm). Right: The methoxy region (4.3 — 3.8 ppm).

Going from 3-7 to 2-6 signal A is shifted by Adx = 0.56 ppm whereas signal B is shifted by
Adg =0.88 ppm (3-7 to 3-13). The alteration in the methyl signal position is less
pronounced. Signal C is moved by Ad¢ = 0.05 ppm and Adc = 0.13 ppm respectively. Due
to the larger electronic difference between positions 2 and 7 (2-6) and 1,3,6 and 8 (3-13) in
pyrene signal D is changed by Adp = 0.21 ppm. The discussed NMR data are compiled in
table III-2:

Table I1I-2: NMR signals and ESR activity of 3-7, 2-6 and 3-13 compared.

Signal A Signal B Signal C Signal D

(ppm) (ppm) (ppm) (ppm) ~ ESRactiviy

3-7 (TMP) 8.47 8.08 4.21 Not observed

2-6 (HMP) 7.91 N/A 416 410 Not observed

3-13 (OMP) N/A 7.14 4.02 3.82 Aged sample

 samples measured in CH,Cl,

The absorption and photoluminescence spectra of the three materials are collected in figure

III-27. The corresponding optoelectronic properties are compiled in table I1I-3.
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111-27: UV-vis absorption and PL spectra of 3-7 (black), 2-6 (red) and 3-13 (blue) recorded in CH,Cl,.

While the difference of the optical spectra between 3-7 and 2-6 is limited (AAaps = 4 nm;
Alpp~8nm), 3-13 has a significant bathochromic shift by AAaps =38 nm
and AAp. =52 nm. In all absorption spectra the vibrational fine structure is resolved.
Besides the maximum at A =455 nm, the fluorescence spectrum of 3-13 shows only a
shoulder at A =480 nm and a broad tail up to 575 nm. 2-6 in contrast displays three sharp
features (Apax = 455 nm, Ama2 =425 nm and Apax3 = 455 nm) and virtually no tail. The
full width at half maximum (FWHM) for 3-7 and 2-6 is as low as 9 or 10 nm respectively

in contrast to 61 nm observed in 3-13.

Table III-3: Optoelectronic properties of 3-7, 2-6 and 3-13.

Color

: Aabsmax  AEopt  ApLmax FWHMpL  Enomocv  Erumocv  Enomoprr  ELumo,prr
Ent lid : p AeL, Y ’ , ,
ntry S;:t:a) (nm)  (eV) (nm)  (nm) (eV) V) (oV)? o
382,
('I?l\-/|7) colorless o1 316 385 9 544 228 5.37 1.71
245
399,
(H2|\-/I6P) colorless oo 3.02 0% 10 5.01 1.99 5.03 134
260
437
3-13 ’ 455,
(OMP) yellow 3;%, 267 450 61 4.73 2.06

Cyclic voltammetry, Fc used as internal standard. ® determined by E\umo exo + AEop = EHomo Exo:
°DFT - B3LYP, 6-31*.

As predicted by theoretical calculations, the HOMO is destabilized within the series
(TMP > HMP > OMP). The computational and experimental values are generally in good
agreement. LUMO energy is usually predicted less accurately by DFT calculations
employing the B3LYP functional. While 3-7 and 2-6 are stable under laboratory
atmosphere for long periods of time (>1 a), 3-13 is slowly oxidized (within months). The

behavior of these materials in donor-acceptor complexes will be discussed in chapter /V.
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To compare the materials in the solid state, X-ray diffraction results can be used.

111-28: Packing motives of 3-7 (left), 2-6 (middle) and 3-13 (right).

In the crystalline state 3-7 and 2-6 are planar molecules. In contrast, the pyrene scaffold in
3-13 is slightly buckled (figure III-28). Whereas 3-7 and 2-6 grow in a herringbone type
packing, 3-13 is organized in a sheet-like packing. The herringbone motive provides good
intermolecular T—7 interactions and is thus generally found in high-mobility single crystal
OFET materials."*"! Field effect transistors were fabricated by drop casting, field effect
mobility was not observed for any material. In all materials methoxy-units in the K-region
are twisted out of the molecule’s plane disrupting intermolecular T—7 interactions. In
contrast, non-K-region methoxy units (as found in 3-13 and 2-6) are in parallel to the

molecule’s pyrene scaffold (e.g. figure III-22 top left).

l.2.2 1,3,6,8-[Bis(p-anisoyl)amine]-4,5,9,10-
tetramethoxypyrene (3-14)

.2.2.1 Synthesis

OMe OMe
T
o O o) i MeO” >0 OO O0F"~OMe
o ,‘ 0 MeO@o O o/’©,OMe
| |
Br Br N N
3-10 OMe 3-14 OMe

111-29: Synthesis of 3-14. i: (p-MeOPh),NH, Pd;DBA; QPhos, Tol, 105 °C, 16 h, 85 %.

In order to increase the electron density of pyrenes even further in comparison to 3-13
bis(p-anisoyl)amine was chosen as substituent. Very electron rich donors allow the use of
weaker acceptors in the search for new CT-complexes with neutral-ionic transitions.!®® '}
Amines are generally better EDGs than ethers, bis(p-anisoyl)amine is a very electron rich

amine yet still relatively insensitive to air oxidation. The formation of quinoidal (leuco)
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bases is less favored than in the even more electron rich bis(p-dimethylaminephenyl)amine

which is unstable in air.!**"

3-14 was prepared by BUCHWALD-HARTWIG amination reaction of 3-10 with
bis(p-anisoyl)amine. For this palladium catalyzed cross-coupling reaction the Qphos ligand
system gave the desired product in high yields. The product tolerated purification by

column chromatography on silica gel.

11.2.2.2 Characterization

3-14 is soluble in common organic solvents and can be characterized by field-desorption
mass spectrometry and NMR spectroscopy. The molecular ion [M]* was identified at
m/z =1231.1 in good agreement with the calculated mass of M = 1230.5 g/mol. The NMR

spectra were recorded at 300 MHz resolution in deuterated dichloromethane.

60 150 140 130 120 110 100 90 80 70 60
f1 (ppm)

S
= il
‘—  CD2CI2

J 8

T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

111-30: NMR spectra of 3-14 in CD,Cl, (recorded at 298 K). Panel: 'H-NMR. Inset: > C-APT-NMR.

The 'H-NMR spectrum consists of four signals. Signal / (8 = 7.3 ppm, s) is associated with
the pyrene core protons. The p-phenyl protons are combined in signal 2 (8 = 6.74 ppm, dd)
characterized by a pronounced roof effect. Signal 3 and 4 are generated by two chemically
unequal methoxy groups. Signal 3 (6 =3.72 ppm, s) is assigned to the anisoyl residues
whereas the pyrene-bound methoxy units can be consigned to the remaining signal
(0 =3.42 ppm, s). As Signal 3 has twice the area under the curve as signal 4 this
assignment is safe. The ">C-APT-NMR spectrum reveals 11 signals (A - K).
Signals A, C, F, H and K are assigned to the anisoyl moieties due to their intensity and
phase in the *C-APT experiment. It is surprising that signal E is quite weak as it is a
tertiary carbon. Signals J and K are assigned to the methoxy carbons due to their chemical
shift.
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.2.2.2.1 Crystal structure

It was possible to grow a single crystal of 3-14 suitable for X-ray diffraction

crystallography in order to study the structure in the solid state.
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III-31: X-ray diffraction structure of 3-14. Left: Top view of a single molecule. Right: Cutout of the packing
motive. For clarity one molecule is displayed in blue.

3-14 forms triclinic crystals and grows in a P; space group. Its unit cell contains
14 molecules and has a volume of V = 3111 A*. The symmetry of 3-14 is very low, as is to
be expected from a molecule with numerous degrees of freedom. The packing is complex
and dominated by hydrogen bonding. Several inter- and intramolecular O "H-C short
contacts are identified between the anisoyl residues (figure III-31, right). Furthermore,
C-H-n-interactions between the anisoyl residues are identified with shortest distances of

3.3 A. The pyrene-scaffold is not involved.

.2.2.3 1,3,6,8-Tetra[bis(p-anisoyl)amine]pyrene (3-25)

Independent of the synthesis of 3-14 it was attempted to prepare 3-26. Computational
at BASF SE Ludwigshafen,

Germany identified 3-26 as a promising candidate for a hole-transport material in OPVs,

chemistry calculations performed by

by virtue of its predicted LUMO energy. Additionally, the material is required to be
transparent in the visible region of the light spectrum to allow efficient light harvesting.
Already 3-25 showed a strong absorption in the UV/Vis spectrum (vide infra). Therefore,
3-26 was eliminated as a viable candidate, as probably will have an even stronger

absorption in the visible range. In consequence, the project was aborted.
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111-32: Planned synthesis of 3-26. i: (p-MeOPh),NH, Pd,DBA;, QPhos, Tol, 105 °C, 16 h, 76 % (3-25).

The synthesis of 3-26 was planned in two steps. BUCHWALD-HARTWIG amination was
expected to give 3-24, which was to be dimerized by a YAMAMOTO type reaction to the
target compound. Contrary to expectation, the first step gave almost exclusively 3-25 and
the starting material (3-23) although only three equivalents of the amine were added. The
low solubility of 3-23 was identified as the key problem, since the starting material was
merely suspended in the reaction mixture. Consequently, the stoichiometric ratios were not
operational. Attempts were made to run the reaction at higher dilution, with less active
catalyst systems (e.g. Xphos or PEt3) and slow addition of the amine. These attempts were
marred by a broad distribution of products from which 3-24 was isolated only in low

amounts. Before optimal conditions were identified, the project was stopped.

Recently, JEON et al. reported the use of 3-25 as hole transport material in a solid state
DSSC.P! They highlight the good energy matching between gold and 3-25. Compared to
spiro-MeOTAD traditionally used in DSSCs the charge carrier mobilities are low.**?

3-25 provides an ideal reference point for identifying the effects of K-region
functionalization on very electron rich pyrene derivatives. Henceforth, it will be used in

this manner.

In the 'H-NMR spectrum of 3-25 the protons in 2 and 7 position of pyrene are giving a
signal at 8 =7.46 ppm. This little deshielding compared to 3-14 (6 =7.30 ppm) can be

attributed to reduced electron density on the pyrene core.

The crystal structure of 3-25 was not reported by JEON et al. 129U Therefore, a crystal
suitable for X-ray diffraction crystallography was grown by slow evaporation of a solution

of 3-25 in dichloromethane.
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111-33: Solid state structure of 3-25 derived by X-ray diffraction crystallography. Left: Molecule in top view.
Right: Cut-out of the packing motive.

The material forms triclinic crystals and grows in a P; space group. Its unit cell contains
six molecules and has a volume of V = 1413 A®. Compared to 3-14 the unit cell contains
less than half the volume and 42% of the molecules. In 3-25 CH-O short contacts dominate
the packing motive. The molecule is higher in symmetry compared to 3-14. The amino
substituents are twisted by 47° and 54° out of the pyrene plane, whereas in 3-14 each
amine substituent is arranged differently (43.5°, 47.8°, 54.1°, 68.5°). The ability of 3-14 to

form additional hydrogen bonds from the pyrene K-region accounts for this difference.

.2.2.4 Optoelectronic properties
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111-34: UV-vis absorption (solid) and photoluminescence spectra (symbol) of 3-14 (in black) and 3-25 (in
blue) recorded in CH>Cl, (5%10%> mol/l).

The absorption spectra of 3-14 and 3-25 show similar features. The absorption maxima of
the latter are hypsochromically shifted (by A = 10 nm to 15 nm). The extinction coefficient
of 3-14 is slightly increased. For the first absorption band (Apaxi3.14 = 504 nm) a molar
extinction coefficient of €pax1 314 = 2.7%10%° L*cm " *mol! is found, compared to
€max1,3-25 = 2.6%10*° L*cm *mol! (Amax1.3-25 = 488 nm) for 3-25. The optical band-gap of
3-14 (AEopi3-14 = 2.36 €V) is about 0.1 eV smaller than for 3-25 (AEqp 325 = 2.45 eV). The
photoluminescence spectra have a single maximum and a long tail (approx. 75 nm).
Additional features are not resolved. The PL maximum of 3-14 is found at

AmaxpL3-14 = 545 nm. For 3-25 a hypsochromic shift by 13 nm (Apaxpr3-25 =532 nm) is



82 IIT Functionalization of pyrene in positions 1,3,6 and 8

detected. The PL spectrum of 3-25 is broader, with a full width at half maximum (FWHM)
of 69 nm compared the only FWHMpy 3.14 = 58 nm of 3-14.

From this it can be concluded that the additional methoxy-moieties in the K-region reduce
the optical band-gap by 0.1 eV, red-shift the PL maximum by AAp. = 13 nm and improve

the spectral purity at the same time.
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1I1-35: Cyclic voltammograms of 3-14 (black) and 3-25 (blue) recorded in THF using Bu,NPFg as electrolyte
(V=100 mV s ). 3-14 was referenced versus ferrocene (Fc) as internal standard (black symbol).

The voltammogram of 3-14 has three reversible waves (Ugpget = 0.18 V, 1.11 V and 1.54 V)
that can be identified. As the second wave has a clearly discernable shoulder at U=1.03 V
it can be deduced that 3-14 can be oxidized electrochemically four times in the
CV experiment. Most probably, the oxidation occurs at the nitrogen centers.
Spectroelectrochemistry could be used to verify this assumption./””/ Triphenylamines are

well known to form stable cations, hence their usefulness as hole transport materials.['*”!

Enomo = —|(Eoxonset — Eonsetrc) +4.8]eV = —[(0.18 — 0.41) + 4.8] = —4.57 eV (1II-2)

Eq. (IlI-2): Enomo gives the experimental HOMO energy in eV, E,; e the onset of the analyte oxidation
in'V, E, onser.rc the onset of the ferrocene oxidation signal in V.

From this 3-14 emerges as a very electron rich material. Oxidation in air seems probable.
Indeed, discoloration on the surface of aged solid samples was observed, yet this process is
slow. Steric congestion around the nitrogen centers most probably stabilizes the molecule.
For 3-25 to reversible oxidation waves are resolved (Ugnset =0.29 V and 1.37 V) which
translates to Egomo3.2s = -4.68 eV using equation (III-2). The reduction peaks of 3-14 or
3-25 were not resolved in CV experiments due to their low electron affinity. Consequently,
the energy of the LUMO was derived in conjunction with the optical band-gap AE,. For
3-14 E;ymo3-14 =-2.21 eV and Erymo 325 = -2.21 eV.
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JEON et al. report the HOMO energy of 3-25 in their publication as low as
Enomo,rr -5.11 eV.°! This discrepancy is due to a different evaluation of Fc referenced
CV spectra. Using equation (III-2) to assess the data reported in the literature, a good
agreement with the results given in figure I1I-35 is reached.

Optoelectronic properties of both materials are compared in table III-4. As in the case of
3-13, computational data has been able to predict the experimental results reasonably well.
K-region methoxy units can affect the electron density even in already electron rich
compounds (DEgomo = 0.1 eV). Thus, K-region substitution can be exploited for the fine-
tuning of HOMO energies in pyrene based donors and possible charge carrier transport
materials.

Table I1I-4: Optoelectronic properties of 3-14 and 3-25.

Color
Entry (SOlid Arabs,max AEopt ArPL,max I:WHMPL EHOMO.CV ELUMO.CV EHOMO.EFT ELUMO.IBFT
(nm) (eV) (nm) (nm) (eV)® (eV)® (eV) (eV)
state)
504,
3-14 Red 414, 2.36 545 58 -4.57 2.21 -4.12 -1.52
304
488,
3-25 Orange 398, 2.45 532 69 -4.68 2.21 -4.27 -1.52
294

Cyclic voltammetry, Fc used as internal standard. ® determined by ELumo exo + AEop = EHomo Exo:
°B3LYP,6-31*

The observation that amine substituents render 3-14 a stronger electron donor compared to

3-13 is little surprising. The extent, about 0.2 eV, was smaller than initially expected.

1.2.3 1,3,6,8-(Trisisopropylethynyl)-4,5,9,10-
tetramethoxypyrene (3-15)

It was planned to use 3-15 as a building block for polyphenylene dendrimers. As
mentioned in the introduction, 1,3,6,8-tetracthynyl pyrene derivatives have been studied
extensively as core units for dendrimer synthesis./*” Using 3-15 instead gives access to a
donor-acceptor dendrimer with donor shell and eventually a pyrene-4,5,9,10-tetraone
acceptor core. This provides a good opportunity to study intramolecular energy and charge
transport processes. In this work only the core building block will be presented.
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[11-36: i: TIPS-CC-H, PdCly(PPhs),, PPhs, NEt;, Tol, 80 °C, 12 h, 83 %.

3-15 is readily soluble in common organic solvents and can be purified by column
chromatography with silica gel. It grows into centimeter-sized single crystals from a
concentrated dichloromethane solution.

111-37: Solid state structure derived from X-ray diffraction data. Left: Top view. Right: Packing motive.

3-15 forms triclinic crystals and grows in a P; space group. Its unit cell contains five
molecules and has a volume of V =1562 A’. n—n Distances exceed 6 A between two

pyrene scaffold units. Short packing contacts are only observed within the TIPS periphery.

11.2.3.1 OFET properties

Large single crystals of 3-15 were readily available. Attempts were made to contact one of
these for a single crystal OFET device even before X-ray diffraction crystallography data
were available. In the experiments no field effect was observed. The failure is easily
explained considering the lack of m—m interactions observed in the crystal structure

(figure 11I-37). For charge carrier mobility these interactions are essential.''!!
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1.3 Electron deficient materials

A series of 1,3,6,8-substituted pyrene-4,5,9,10-tetraketones was planned. The calculated

frontier orbital energies are collected in table III-5.

Table III-5: Calculated frontier orbital energies of planned pyrene-4,5,9, 10-tetraketones.

3-29 X=-CN

3-30 -F

3'31 'CF3 3_31

3-32 -Ph(CF;),
LUMO (eV)? -5.36 -4.38 -4.92 -4.68
HOMO (eV)? -8.45 -7.60 -8.22 -7.87

* DFT — B3LYP 6-31G*

As can be seen in the table above, variation of the electron withdrawing group has a
significant impact on the calculated frontier orbital energies. By far the lowest LUMO
energy is predicted for 3-29 (ELumo 3-20 = -5.36 €V). This is close to the quinoidal acceptor
2-24 (-5.54 eV) and even -5.65 eV calculated for F4~-TCNQ. For 3-31 a LUMO energy
(ELumo3-31 =-4.92 V) comparable to TCNQ (Epumo,tengprr = -4.81 €V) is predicted.
Slightly more inferior as acceptor to TCNQ is 3-32. The most surprising result is the high
energy LUMO (EpLumo3.30 =-4.38 eV) predicted for fluorine substituted 3-30. Often
fluorine is thought to have a stronger electron withdrawing effect than a CF3-unit. Contrary
to this, CF; substitution has a stronger impact on the lowering of pk, values of substituted
phenols than fluorine.”*"! Nevertheless, it is probable that the effect of fluorine substitution
is underestimated in these calculations.'*!

It is noteworthy that, in the case of 3-29 and 3-32, the calculated LUMO extends onto the
EDGs while this is not the case for 3-30 and 3-31 (top row, table III-5). For all optimized

geometries a flat pyrene scaffold is anticipated.

11.3.1 Failed synthesis 1,3,6,8-tetracyanopyrene-4,5,9,10-
tetraone (3-29)

1,3,6,8-Tetracyanopyrene-4,5,9,10-tetraone (3-29) was identified as a very strong electron
acceptor. Instead of using the unstable quinoidal derivative of pyrene to lower the LUMO
(as attempted in chapter II) in this approach the number of electron withdrawing

substituents was to be increased.
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I11-38: Planned synthesis of 3-29.

Starting from 3-10 it was planned to prepare 1,3,6,8-tetracyano-4,5,9,10-
tetramethoxypyrene (3-16) which was to be deprotected to yield the target compound 3-29
in a subsequent step. In general, the synthetic route is similar to the synthesis of

2,7-tetracyanopyrene-4,5,9, 10-tetraone.!””!

.3.1.1 1,3,6,8-Tetracyano-4,5,9,10-tetramethoxypyrene (3-16)

3_1 0 3'1 6

I11-39: Synthesis of 1,3,6,8-tetracyano-4,5,9, 10-tetramethoxypyrene.

The cyanation of aryl bromides is considered to be a standard reaction in organic

chemistry.[zg(” 2771

On a laboratory scale ROSENMUND-VON BRAUN reaction of i.e.
copper(I)cyanide in a high boiling polar solvent is well established and often provides the
desired product.mg] This holds true for the cyanation of 2,7-diiodo-4,5,9,10-
tetramethoxypyrene (2-5) and even 1,3,6,8-tetrachloro-4,5,9,10-tetraphenylpyrene as

reported by ZOPHEL et al.l’” 8]

The synthesis of the tetracyano derivative of 3-10 was unexpectedly problematic. It was
not possible to isolate the target compound from ROSENMUND-VON BRAUN reaction
mixtures. Electron rich substrates are generally considered to be deactivated towards
cyanation reactions.™ The reactivity of Aryl-X in cyanation reactions is inversely
proportional to the bond dissociation energy (reactivity: I > Br > C1).”% This may account
for the higher reactivity of 2-5 in ROSENMUND-VON BRAUN reactions. Furthermore, the
electron density in the 2 and 7 positions is much lower (ergo less deactivated) than in
1,3,6,8 positions. As 3-16 has exceptionally low solubility in common organic solvents the
possibility that small amounts of 3-16 were formed but discarded with the copper sludge

cannot be ruled out.
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In recent years palladium catalyzed cyanation reactions have gained in popularity.
Catalysis allows the transformation of otherwise inert aryl chlorides. Often, milder reaction
conditions (lower reaction temperature, less transition metal) and less toxic CN sources
(Zn(CN),, NasFe(CN)g) can be used.”! Table 1II-6 lists reactions screened to prepare
3-16.

Table I11-6: Reaction screening cyanation of 3-10.

Entry Conditions Outcome
1 CuCN, high boiling solvent gtested: DMF, Broad mixture of products,
DMAc, NMP)E°Y] 3-16 not identified
2 Zn(CN),, Pd(PPhs)4, DMF No conversion
3 Zn(CN),, Pd>(DBA)s, XANTPHOS, TMEDA, Broad mixture of products,
DMFE% 3-16 not identified
[303] Broad mixture of products,
4 Zn(CN),, Pdy(DBA);, DPPF, NMP,H,O 3-16 not identified
5 K4[Fe(CN)6]H2$\)Aa§('3\/II\]/F;_|h(E)Sa Cul, NaZCO(Sa NO Conversion
2
1304] Broad mixture of products,
6 K4Fe(CN)g], Pd(OAc),, DPPF, NMP 3-16 not identified
7 Zn(CN),, Pdy(DBA)s, S-Phos DMEE! Broad mixture of products,

3-16 not identified

Partial iodination, partial
8 NaCN, Cul, KI, MeNCH,CH,NMe, Tol*°® cyanation, 3-16 was not isolated.
Low reproducibility

3-16 identified in reaction mixture,

9 Pd(PPhs), Zn(CN),, DMF, microwave heating irreproducible

Reproducible isolation of 3-16 in

[307]
10 Zn(CN),, Pd(OAc)., DPPF, DMF low yields.

Reaction conditions 1 to 7 gave either no conversion or a broad mixture of reaction
products in which 3-16 was not identified. It would appear that 3-10 can undergo some, not
fully understood, degradation processes leading to a broad mixture of undesired products.
In reaction 8, a domino cyanation reaction takes place. The bromine -> iodine exchange is
supposedly followed by iodine -> cyano exchange. Unfortunately, for 3-10 a mixture of
partially iodinated and cyanated products was found. The concept of an aromatic
FINKELSTEIN reaction, i.e. bromine -> iodine exchange, will be used in the synthesis of
3-17.°%) The microwave assisted palladium catalyzed cyanation (entry 9 in table III-6)
gave the tetra-nitrile 3-16 only in low yields with poor reproducibility. Finally, it was
possible to reliably prepare the target compound by palladium catalyzed cyanation using
DPPF as ligand and zinc (II) cyanide as palladium source.”””! Due to its low solubility the
compound could not be purified by column chromatography but was isolated by repeated
recrystallization from THF in very low yields (< 5 %). The low availability hampered the

deprotection attempts.
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.3.1.2 Deprotection of 1,3,6,8-tetracyano-4,5,9,10-tetramethoxypyrene
(3-16)

Essential for the preparation of the strong acceptor 3-29 is the demethylation of 3-16 to
afford the corresponding alcohol which, in turn, is oxidized to the final product. As
discussed for the demethylation of 2,4,5,7,9,10-hexamethoxypyrene (2-6), the cleavage of
methyl ethers on pyrenes can be problematic. In their standard text book “Greene’s
Protective Groups in Organic Synthesis” the authors list 17 methods for the cleavage of
methoxy ethers.””®! Protocols applicable to aromatic ethers have been tested on 3-16 and
all failed.

NC CN

s LS

0 OQO ;

NC CN

3-16 3-29

I11-40: Failed synthesis of 1,3,6,8-tetracyanopyrene-4,5,9, 10-tetraone (3-29).

Most approaches have in common that the point of attack is the free electron pair of the
oxygen. With the exception of trimethylsilyl iodide (TMSI), ceric ammonium nitrate

(CAN) and hydrobromic acid strong LEWIS acids were employed.

HiC_ B e

/ /
? OyBr H3C<8@B o HydronS|s o
R r—B\ ® — \
O gr l Br . MeBr l Br BO—>H l
R R -B(OH); R

-HBr

111-41: Mechanism commonly assumed for BBr; mediated methyl ether cleavage.

In figure I1I-41 the mechanism for LEWIS acid (BBr3;) mediated methyl ether cleavage is
illustrated.®®" Boron tribromide is commonly used for demethylation reactions
(e.g. deprotection of 2-6). In the first step, the LEWIS acid engages the oxygen lone pair to
form a zwitterionic complex. In a concerted backside Sx1-type attack bromine removes the
methyl group so that methylbromide is liberated. The remaining neutral borate complex is
later hydrolyzed to give the free alcohol. Recently, SOUSA and SILVA found in an extended
theoretical study that only primary ethers (R =n-alky) proceed via this unimolecular

mechanism."”'” For phenyl ethers a bimolecular mechanism is proposed:

NGBS, PN /\ E\ / 2 A

P
H3C\09|3 H3C\’3%B\ Hsc\ / ™ B\
| Br | Br -MeBr l Br l Br l Br
Ph Ph Ph Ph Ph

II1-42: Bimolecular mechanism of phenyl ether cleavage proposed by SOUSA and SILVA. P'"!
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According to this work two zwitterionic complexes release methylbromide in a Sy2 type
substitution reaction. The formed ionic species can repeat a bimolecular reaction to give
the stable borate. Whereas the transition state energy in the unimolecular mechanism is
calculated to be as high as 38.8 kcal/mol, it is merely 13.3 kcal/mol for the bimolecular

mechanism.

Already MCOMIE etr al. suggested for a-diols the formation of a cyclic borate as
intermediate.”'"! Hydrolysis of this borate can be difficult as it can be surprisingly
stable.'?"? Tt is frequently reported that the electron density of aromatic methyl ethers has a
significant effect on the deprotection rate. Electron rich compounds in general are rapidly
converted, while electron deficient substrates react sluggishly.!?’s'!

All mechanistic considerations have in common that the initial step is described as attack
of the LEWIS acid on the oxygen lone pair. An electron deficient aromatic scaffold will also
reduce the electron density on the ether oxygen and reduces its LEWIS basicity. In
consequence, the LEWIS acid attack on the oxygen center is hindered. In the case of 3-29
two additional factors help to understand why deprotection failed: i) Nitriles also form
coordinative bonds to boron tribromide (via nitrogen lone pairs) and ii) the low solubility
of the substrate in halogenated solvents. Low solubility also hampered the deprotection of
2-42 as discussed in chapter /1. By coordination to the nitrile, the electron density of 3-29
is even further reduced and a bulky BBr; moiety can hinder the approach to the methoxy

units.

Hydrobromic acid in acetic acid has been used to cleave methyl ethers for a long time."*'?!

In the case of 3-29 hydrolysis of the nitriles to the corresponding carbonic acid readily
occurred and preceded ether cleavage. A complex product mixture resulted. Reconversion

of the carboxylic acids to the nitrile failed.”"

In TMSI the formation of a strong Si-O bond is the main driving force, promoting a trans-
etherification to form the easily cleavable TMS ether. In literature this procedure is
described as very successful for aliphatic ethers, while being retarded for aromatic ethers.
High conversions are nevertheless reported.””” The surprising lack of conversion can be
explained for the pyrene K-region by steric congestion. The transition state proposed by
JUNG et al. states that TMSI adds to oxygen forming an oxonium ion with iodide as anion.
It can be assumed that this addition is hindered by the second K-region oxygen.*”! In case
of the oxidative cleavage by CAN the attenuation of electron density in 3-16 is most

probably responsible for the failed reaction.
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.3.1.3 Dioxolane protected 1,3,6,8-tetracyanopyrene-4,5,9,10-tetraone
(3-33)

Br Br NC CN
. ‘OU g~ X ‘O‘ ;
><O O>< ><O O 0><
Br Br NC CN
3-20 3-33
111-43: Attempted synthesis of 3-33.

As a consequence of the failed deprotection of 3-16, the dioxolane protecting group was to
be used. Unfortunately, the cyanation of 3-20 was not possible using the established
method for 3-16. 3-33 was not isolated.

11.3.2 1,3,6,8-Tetra(trifluormethyl)pyrene-4,5,9,10-tetraone
(3-31)

As a consequence of the failed attempts to prepare 1,3,6,8-tetracyanopyrene-4,5,9,10-
tetraone (3-29) the synthesis of alternative molecules was considered. 3-31 emerged from
the theoretical calculations as the second strongest acceptor (table III-5). In contrast to a
nitrile substituent, trifluoromethyl is non-coordinating towards main-group LEWIS acids,
chemically inert (tolerates acidic and oxidative conditions) and generally improves the
solubility in common (halogenated) organic solvents.”'* Accordingly, trifluoromethyl is a
promising replacement for the nitrile unit in the preparation of acceptor substituted pyrene-
4,5,9,10-tetraones.

1.3.2.1 Synthesis

3-34

II1-44: Synthesis of 3-34. i: Trifluoromehtylator®, DMF, 16 h, 50 °C. ii: Nal, Cul, N,N'-dimethyl-1,2-
cyclohexanediamine, dioxane, 110 °C, 48 h, 63 %.

3-34

Until recently, introducing a trifluoromethyl unit required stoichiometric amounts of
copper and high-boiling solvents. Based on the work of OIsHI et al.’”>!, MORIMOTO et al.
reported an isolatable, air-stable copper-trifluoromethyl-complex that can introduce
trifluoromethyl units in aryl-iodides.”'® The complex has been commercialized under the

trade name Trifluoromehtylator®.
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Both procedures failed to convert 3-10. It is reported that only electron deficient aryl
bromides are reactive under these conditions. In order to investigate the activity of aryl
iodides, 2-5b was converted to 3-36 (figure III-45) using the conditions described by
OrsHI et al.””! As expected, 3-36 is well soluble in halogenated solvents. The
deprotection/reoxidation procedure described by RIEGER et al. ( BBr; followed by
ag. HNO3)** provided access to 2,7-bis(trifluoromethyl)pyrene-4,5,9,10-tetraone (3-37)
in moderate yields.

2-5 3-36 3-37

111-45: Synthesis of 3-37. i: F;C-SiEt;, Cul, phen, KF, NMP, DMF, 16 h, 120 °C, 72 %. ii: BBr;, CH,Cl,,
48 h, RT; 65 % HNOs3, 6 h, 12 %.

In order to extend this reaction onto 3-10 a copper catalyzed halogen exchange reaction
was utilized. Named “aromatic FINKELSTEIN reaction” by KLAPARS and BUCHWALD this
reaction allows an efficient halogen (Br->I) exchange.”" The traditionally used method
via n-butyl lithium was not applicable due to 3-10’s low solubility.”!” *'®1 3-17 was
obtained in 63% yield.

Higher
oligomers

3-34

111-46: Trifluoromethylation of 3-17 by OISHI method. i: F;C-SiEt;, Cul, phen, KF, NMP, DMF, 16 h, 120 °C.

Using the OIsHI trifluoromethylation method not only 3-34 was obtained but also several
ULLMANN-type aryl-aryl coupling products. 3-38 was isolated. The MORIMOTO method
gave 3-34 as clean product, oligomers were not observed.

11.3.2.2 Characterization

The structure of all materials was confirmed by 1H—, Bc- and 19F—NMR, FD-MS and
elemental analysis. In the case of 3-34, 3-36 and 3-38 single crystal X-ray diffraction
crystallography give an independent proof.
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The NMR spectra of 3-36 are collected in figure I11-47:
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I11-47: NMR spectra of 3-36 in dS-THF at 298 K. Panel: "H-NMR (700 MHz). Inset: “’F-NMR (471 MHz).

The "H-NMR spectrum shows two singlet signals, as expected for 2,7-substituted-4,5,9,10-
tetramethoxypyrenes. Compared to other derivatives, the pyrene-scaffold protons (signal /,
0 =8.74 ppm) experienced a significant shift towards lower field strength. As discussed
above, the signal position is (weakly) correlated to the electron density in the pyrene core.
For comparison, the pyrene-scaffold signal of 2,7-dicyano-4,5,9,10-tetramethoxypyrene is

reported at &= 8.75 ppm.!””
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I11-48: C-NMR (176 MHz) spectrum of 3-36 in d8-THF at 298 K.

In the standard '*C-experiments signals of fluorinated carbons are difficult to resolve.
Large "*C-""F coupling leads to spectral broadening not suppressed by proton decoupling.
Signal C (8 =131 ppm), assigned to the carbon ortho to the CF; substituent (positons 2
and 7 of pyrene), is split into a doublet with a coupling constant of J = 25 Hz. Also signal
E (1,3,6,8 position of pyrene) is split into a doublet J = 2.5 Hz. In the '’F-NMR spectrum
(top panel) only one singlet at 8 = -63 ppm is recorded for the trifluoromethyl units.

NMR spectra recorded for 3-34 are combined in figure I11-49.
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I11-49: NMR spectra of 3-34 in d8-THF at 323 K. Panel: "H-NMR (500 MHz). Inset: ’F-NMR (471 MHz).



II1.3 Electron deficient materials 93

In the '"H-NMR the anticipated two signal pattern is observed. Signal I (8= 8.93 ppm) is
shifted slightly to lower field strength (J3-;0= 8.64 ppm) while the methyl-ether signal
(signal 2, 0= 4.08 ppm) remains practically unaffected (J3_;9 = 4.02 ppm) when compared
to 3-10.

-] < -]
} Q‘U [¢) u-l.l.l 1 ‘/:Uuu-
! l 1 S‘//I-u wﬁéf»g
o w oo w o
1 \\ \/\/ i

132 131 130 129 128 127 126 125 124 123 122 150 130 110 90 70 50 30 10
13C-NMR 13C-NMR

1I1-50: >C-NMR (126 MHz) spectra of 3-34 in d8-THF at 323 K. left: Expanded spectrum between
8 =132 and 122 ppm. Right: overview spectrum

In contrast, the *C-NMR spectrum is more complex due to signal splitting caused by Be-
PF coupling. Signals A (0= 149.2 ppm) and G (0 = 63.7 ppm) can easily be assigned to
the phenyl/methyl ether functions in the pyrene K-region. The CFs-group signal (C,
0= 125.6 ppm, q) is characterized by its enormous scalar coupling of J =272 Hz. The
adjacent pyrene-carbon signal (E, 0= 125.6 ppm, q) still experience significant BeYp
coupling, causing a splitting of J = 33 Hz. In the pyrene 2 and 7-position the carbon signal
(D, 6= 127.2 ppm) is split into a heptet with a J coupling of J =7.8 Hz. For signals B
(8= 130.5 ppm) and F (8= 123.6 ppm) J coupling is not observed. In the '"F-NMR

spectrum a singlet at 0 = -57.9 ppm is recorded.

111.3.2.2.1 Crystal structure

In figure III-51 the conformation and packing of 3-36 in a single crystal, as determined by

X-ray diffraction crystallography, are presented.

III-51: Single crystal X-ray diffraction crystallography results for 3-36. Left: Molecule in top view. Middle:
Crystal packing viewed along a-axis. Right: Crystal packing viewed along b-axis. Short contacts are
illustrated in green (distances in A).

In the solid state conformation the pyrene scaffold is not distorted but flat. The o-methoxy
units adopt a frans arrangement, as usually observed for these molecules. A sheet like

packing arrangement is found with a m—n short distance of 3.50 A between two sheets.
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Within one sheet short contacts are observed among CF; substituents (2.80 A) but also
amid a CF; unit and protons of the pyrene backbone (2.68 A). Similar interactions are also

observed between two sheets.

In the case of the tetra-substituted derivative 3-34 the steric demand of the trifluoromethyl
unit has a significant effect on the molecule in its solid state conformation. As can be seen
in the top right panel of figure III-52 the pyrene scaffold is twisted by 7.5° (when viewed
along its c-axis) to accommodate the substituents. When viewed along the a-axis (top left
panel) it can be seen that the methyl residues are pointing towards each other so that steric

repulsion from the CF; group is avoided.

“r

II1-52: Single crystal X-ray diffraction crystallography results for 3-34. Top left: Molecule viewed along a-
axis. Top right: Molecule viewed along c-axis. Bottom left: Crystal packing viewed along a-axis. Bottom
right: Packing viewed along c-axis.

A face-on packing is adopted along the a-axis. Short T— contacts are determined to 4.3 A.
A carbon — fluorine distance of 3.1 A is found within a stack. Viewed along its c-axis a

puckered arrangement is revealed.

111-53: Single crystal structure of 3-38. Bending of the pyrene scaffold is significant. Left: Single molecule
structure. Right: Packing along a-axis.
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For the 1,1’ C-C coupled side product of the OI1SHI method (3-38), the packing is complex.
This complexity mostly arises from the significant bending of the pyrene scaffolds. Thus,
multiple CH - F (2.4 A), F-F (2.8 A) and F—-7m (3.3 A) short contacts are possible.
CH - F interactions appear to have a directing effect on the crystal growth. The dihedral

angle along the 1,1’-bond is 76.5°.

1.3.2.2.2 Optoelectronic properties

Absorption and photoluminescence spectra of 3-34 and 3-36 have been recorded in

dichloromethane. The results are given in figure I11-54.
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I11-54: UV-vis- (solid line) and PL- (symbols) spectra of 3-34 (black) and 3-36 (red) in CH,Cl,.

In the absorption spectra multiple transitions can be identified for both molecules. For 3-34
the spectral features are generally red shifted and vibrational fine splitting is less resolved.
The spectrum of 3-36 is similar to that of unsubstituted pyrene.[“] Three distinct bands
arising from excited states (S; to S3) are observed. At A = 392 nm the (Sp -> S;) transition
(e = 5.5%10° L*mol "*cm™) with vibrational fine splitting is observed. Compared to pyrene
this band is bathochromically shifted by 20 nm and its molar absorption coefficient is
increased by the factor 10 (€yrene,s0->s1 =3 1%10° L*mol'l*cm'l). The (S¢->3S,) and
(So->S3) transitions (Aso»s> =351 nm, Agps3=280nm) are similar in intensity
(€so>s2 = 2.5%10° L*mol'l*cm'l, €50 >3 = 2.7%10° L*mol'l*cm'l) and show vibrational
fine splitting. In pyrene both bands are observed at similar wavelength (Ago > s> = 334 nm,

Aso >s3 = 272 nm) yet the intensity is higher by a factor of two.

For 3-34 only two distinct spectral features are observed. The (Sp->S;) and (S -> S,)
transitions are not resolved, an intense (€ = 2.7%10° L*mol'l*cm'l), broad absorption at
A =385 nm is detected instead. As in 3-36, the (S -> S3) transition is sharp and shows fine
splitting. It is red shifted by 17nm (A=297nm) and is higher in intensity
(e =3.6%10° L*mol *cm™). It is noteworthy that both molecules show no significant
internal charge-transfer band withstanding the mixed donor and acceptor type substitution.
Both materials retain the wide bandgap character of pyrene as a consequence of their high
symmetry. Both materials exhibit no permanent dipole moment (according to

DFT-calculations) which could give rise to charge-transfer bands."”'"”! The optical band



96 III Functionalization of pyrene in positions 1,3,6 and 8

gaps are determined for 3-34 to AEqpp3.34=3.00eV and for 3-36 to a slightly wider
AEqpp3.36=3.12eV. 3-36 behaves similar to other 2,4,5,7,9,10-substituted pyrene
derivatives in terms of its photoluminescence. As in 2-6 two strong emission maxima
(Amaxt = 404 nm and Ao =427 nm) and a weak shoulder (A =450 nm) are present. The
FWHM is only 39 nm. In the case of 2-6 the second emission maximum is significantly
weaker. In contrast to this, 3-34 exhibits a very broad (FWHM =118 nm)
photoluminescence devoid of features. The PL maximum is located at App max = 496 nm.
The fluorescence tail reaches beyond A = 650 nm. As excimer formation is unlikely in a
molecule that sterically encumbered, this PL behavior can be attributed to an
ICT interaction. The PL spectrum of 3-13 for comparison is narrower (FWHM = 50 nm),
structured and hypsochromically shifted (Agax =455 nm). The data are compiled in
table III-7:

Table I1I-7: Optical properties of 3-34 and 3-36 compared to 3-13 and 2-6.

Aabs,max (NM)° AEq, (eV)° Amax pL (NM)° FWHMg, (nm)
3-34 385, 297 3.00 496 118
3-36 392, 351, 280 3.12 404, 427 39
3-13 437, 382 276 2.86 455 50
2-6 399, 354, 287 3.13 403, 426 30

®measured in CH.Cl,, ® onset of absorption band

.3.2.3 OFET properties

Although pyrene derivatives generally give poor results when used as OFET materials,
reasonable charge carrier mobilities are achievable as shown by ZOPHEL et al.””
Independent of that work, short fluorinated side chains often beneficially influence the
packing behavior of organic materials and improve their properties in OFETs.*?* 2! With
this in mind the suitability of 3-34 as OFET material was investigated in collaboration with

MARSZALEK.

Thin films were prepared from dichloromethane solution by dropcasting onto a SiO;

dielectric. After fabrication, films were annealed for 1 h at 100 °C.

The films prepared in this manner were characterized by grazing incidence wide angle
X-ray scattering (GIWAXS)."** The results are given in figure III-55.
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e

III-55: GIWAXS results of 3-34 thin films. Superimposed is the polarized optical micrograph of the film.

In the GIWAXS experiments a large number of reflections are observed. This confirms
high crystallinity and uniformity of the prepared thin films. From the strong signal in the
experiments an edge-on arrangement of the molecules on the silicon/silicon dioxide
substrate was determined.**” Furthermore, m—7 stacking interactions on the off-equatorial
plane are identified. The m—n-packing distance is identified with 3.7 A. Generally, the
GIWAXS results are in good agreement with the single crystal X-ray diffraction data.
Substrate-molecules interactions do not affect the molecular arrangement in thin
polycrystalline film.

Polarized optical microscopy confirmed the growth of 3-34 crystallites instead of an
continuous film in the OFET-device channel. Nevertheless, field effect behavior was not
observed in 3-34. It is probable that the steric demand of the substituents weakens the
T—T interactions between the molecules. This, in turn, diminishes the possible charge
carrier mobility.

.3.2.4 Deprotection of 3-34 and 3-36

As mentioned in II1.3.2.1 the deprotection/reoxidation procedure of 3-36 to yield 3-37 was
successful. In figure I1I-56 'H-NMR spectra prior (top panel) and posterior (bottom panel)

to this reaction are presented.
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111-56: '"H-NMR spectra of 3-36 (top, red) and 3-37 (bottom, black) recorded in CD,Cl, at 298 K in
comparison.
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The spectrum reveals that the methoxy-signal at &=4.05ppm is absent in 3-37
(highlighted by an arrow). Noteworthy is also the shift of the aromatic proton signal
towards higher field strength by 0.12 ppm (& = 8.91 ppm to & = 8.79 ppm). In this work the
chemical shift of the pyrene-scaffold proton is often used as indictor for electron density of
the respective pyrene derivative. 3-37 may not be considered as a pyrene but rather as a
biphenyl system. The observed shift for the scaffold protons is in good agreement with
data reported for 2,7-dicyano-4,5,9,10-tetraketopyrene (8 = 8.80 ppm).l””! Field desorption
mass spectrometry gives further evidence for the successful conversion. It was possible to
(qualitatively) monitor the progress of the deprotection reaction. The reaction was stopped
when mass signals associated with methylated species were no longer detected.

Furthermore, a loss of Am/z = 4 is registered after oxidative workup.

In contrast to this, it has not been possible to convert 3-34 to the corresponding
4,5,9,10-tetraketone 3-31. Monitoring the deprotection reaction it was found that the ether
cleavage proceeded much more sluggishly than in the case of 3-36. A full conversion was
not observed even at prolonged reaction times (14 d) and elevated temperatures (120 °C,
C,H,Cly). Oligomerization and decomposition reactions led to a complex product mixture

from which the target compound 3-31 could not be isolated.

Figure II1-57 gives the UV-vis absorption spectrum (left) and cyclic voltammogram (right)
of 3-37.
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111-57: UV-vis absorption spectrum (left) and cyclic voltammogram (right) of 3-37 recorded in THF.

The absorption spectrum of 3-37 shows features typically observed in pyrene-4,5,9,10-
tetraones.”” Strong, sharp absorption bands as observed in pyrenes are absent. A broad
absorption maximum is detected at A =381 nm (€= 6.4%10° L*mol'l*cm'l). At shorter
wavelength (A =289 nm) a stronger band is found. As a consequence of the long
absorption tail, the determination of the optical bandgap is rather uncertain. It is
established to be AEoy=2.46¢eV. Similarities to the absorption spectrum of
2,7-dicyanopyrene-4,5,9,10-tetraone (recorded in DMF, shown in red) are striking. From

the cyclic voltammetry data the reduction onset is determined to Ugreg =-0.36 V (vs. NHE).
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From this the LUMO energy is identified as Epymo=-4.3eV. Compared to
2,7-dicyanopyrene-4,5,9,10-tetraone (ELymo = -4.4 V), 3-37 is a slightly weaker acceptor.
For both acceptors the oxidation wave could not be resolved. The HOMO energy was
therefore determined in conjunction with the optical bandgap AE,,. The results are
collected in table III-8.

Table I1I-8: Optoelectronic properties of 3-37.

xmax.abs ELUMO,EXD EHOMO EXp ELUMO,DFT EHOMO,DFT
(nm)  AFe V) ey (eV)° (eV)® (eV)°
381, 289 2.46 -4.3 -6.8 -4.06 -7.51

& Cyclic voltammetry, Fc used as internal standard. ® determined by E\umo exo + AEop = EHomo.Exo:
°B3LYP,6-311*

1.3.3 1,3,6,8-Tetra(3,5-bis(trifluormethyl)phenyl)pyrene-
4,5,9,10-tetraone (3-32)

11.3.3.1 Synthesis

3-10

H1-58: Synthesis of 3-32. i: Pd(PPh;),, Na,COj3, Tol, H,O, 100 °C, 16 h, 83 %. ii: BBr;, CH,Cl,, 6 d.

The synthesis of 3-32 was possible in a two-step protocol starting from 3-10. In the first
step 3-18 was prepared by SUZUKI-MIYAURA-type transition metal catalyzed cross
coupling reaction of (3,5-bis(trifluoromethyl)phenyl)boronic acid with 3-10. The product
was purified by column chromatography which yielded 3-18 as a yellow solid (83%). The
target compound 3-32 was prepared by boron tribromide mediated deprotection followed
by nitric acid hydrolysis/oxidation. The product was recrystallized from THF followed by
column chromatography on SiO;.



100 III Functionalization of pyrene in positions 1,3,6 and 8

11.3.3.2 Characterization
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I111-59: "H- and >C-APT NMR spectra of 3-18 recorded in CD,Cl, at 298 K.

In the "H-NMR spectrum four singlets are observed for 3-18. The integration gives a ratio
of 4:2:1 for signals / through 3. Accordingly, the signals / (6=8.01 ppm) and 2
(0 =7.96 ppm) are assigned to the phenyl substituents and signal 3 (8 =7.73 ppm) to the
residual proton on the pyrene scaffold. Signal 4 (8 =3.33 ppm) stems from the methoxy
units. In the "C-APT spectrum 11 signals are identified. Being primary carbons,
signals B (6 = 134.2 ppm, s), F (8 =129.5 ppm, br, m) and I (8 =120.8 ppm, J =3.8 Hz
hept) can be assigned to the pyrene 2,7 positions (B), phenyl 2,6 (F) and phenyl 4 position
(J) respectively. The heptet J splitting of J is especially characteristic (see chapter
I11.3.2.2). Signals A (d=146.7 ppm) and K (6 =60.2 ppm) are assigned to K-region

methoxy groups. Surprisingly, neither signals C nor I show strong J coupling.
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1I-60: 'H- and >C-NMR spectra of 3-32 recorded in THF-d8 at 298 K

For 3-32 three singlets (I — 3) are observed in the 'H-NMR spectrum. The integration
ratios are 2:4:1. Again signals / (0 =8.10 ppm) and 2 (8 =7.99 ppm) are assigned to the
phenyl substituents whereas signal 3 (8 =7.60 ppm) is generated by the pyrene scaffold.
Most significantly, the signal generated by the methoxy-groups (signal 4 in 3-18) is absent.
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Comparison of the NMR shifts of 3-18 and 3-32 is hampered by the fact that different
deuterated solvents had to be used in the experiments to dissolve the analytes.
Nevertheless, two points should be noted. The signal generated by the 4-phenyl protons are
shifted down-field in 3-32 (by 0.14 ppm) and signal 3 is shifted up-field by 0.13 ppm. An
up-field shift of the pyrene scaffold protons is also observed in 2,7-substituted pyrene-
4,5,9,10-tetraones and is associated with an enhanced biphenyl character (see chapter
111.3.2.2). In the >C-NMR signal A (5 = 178.3 ppm) is shifted down-field by 31.6 ppm into
a region common for carbonyl carbons. Signal K (associated with the methyl ether carbon)
is not observed in 3-32.

11.3.3.3 Optoelectronic properties:

The UV-vis spectrum and the cyclic voltammogram of 3-32 are reproduced in figure I11-61
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III-61: Left: UV-vis spectra of 3-32 (black) in THF and 2,7-dicyanopyrene-4,5,9,10-tetraone (red) in DMF.
Inset: Expansion of the spectrum between 400 and 600 nm.

The absorption spectrum of 3-32 shows three broad featureless bands. A very weak and
broad absorption band is observed at Ag. =505 nm (€nax = 5%10° L*mol'l*cm'l). A
stronger absorption is recorded at Apax = 325 nm (€pax = 1.8%10 L*mol'l*cm'l) and the
absorption maximum is reached at 260 nm with a modest extinction coefficient'® of
€max = 4.2%10° L*mol *cm™!. The absorption onset is located at 585 nm, this translates to
an optical bandgap of AEg, =2.1¢eV. Compared to 2,7-dicyanopyrene-4,5,9,10-tetraone
the spectrum shows sharper absorption bands as well as a significantly higher extinction
coefficient. The low frequency band is also missing in the 2,7-substituted reference. The
strong absorption at the high energy end can be attributed to the phenyl substituents. A
fluorescence spectrum is not reproduced as fluorescence of 3-32 is fully quenched. For
pyrene-4,5,9,10-tetraones this is typical.

'8 When compared to other pyrene derivatives.
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I11-62: Cyclic voltammogram of 3-32 in THF referenced versus NHE with Fc used as internal standard.

In the cyclic voltammogram (figure II1-62) one irreversible and two reversible reduction
signals are observed. At Ugreq =-0.4V (vs. NHE) the first reduction signal is observed
which gives a LUMO energy of E;ymo = -4.2 eV. As an oxidation signal was not resolved,
the HOMO energy is determined in conjunction with the optical bandgap to
Enomo =-6.3 eV.

Table I11-9: Optoelectronic properties of 3-32.

xmax.abs ELUMO.EXD EHOMO EXp ELUMO.DFT EHOMO.DFT
(nm)  AFe V) ey (eV)° (eV)° (eV)°
505, 325, i i i i
260 2.1 4.2 6.3 4.68 7.87

& Cyclic voltammetry, Fc used as internal standard. ® determined by ELumo.exe + AEop = EHomo.Exo:
°B3LYP,6-311*

The data collected in table III-9 gives an opportunity to compare the experimental and
calculated frontier energy levels. AEg, was determined to 2.1 eV. Theoretical calculations
predicted it as large as 3.2 eV, thus overestimating the bandgap by 1.1 eV. Also the
acceptor strength was overvalued, the experiment (CV) places the LUMO at -4.2 eV, about
0.5 eV higher than predicted. This discrepancy probably results from the limited theoretical
treatment of the molecule. While DFT calculations using the B3LYP functional are able to
provide quite reliable HOMO energy results very quickly, the performed calculations were
limited to the gas phase. Furthermore, the results of this method for LUMO energies are
less consistent. A LUMO energy of -4.2eV still puts 3-32 is in the region of
2,7-dicyanopyrene-4,5,9,10-tetraketone (-4.4 eV). This is, to this day, the strongest
pyrene-4,5,9,10-tetraone based acceptor reported.
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.4 Summary and outlook

In this chapter a new method to prepare eightfold functionalized pyrene derivatives was
presented. This method allows the synthesis of diverse 1,3,6,8-functionalized-4,5,9,10-
tetralkoxypyrenes in four synthetic steps. While the bromination occurs in electronically
favored positions in 3-8 side-reactions (deprotection) marred the conversion. Suitable
reaction conditions were identified eventually. It has been shown that the bromine
substituents in 3-10 allow a variety of transition metal catalyzed functional group
modifications. Thus, it becomes possible to introduce electron donating as well as electron
withdrawing substituents onto the pyrene core. In contrast to the 2,7-functionalization
discussed in chapter /I this allows the introduction of a larger number of substituents in
positions that ensure a good conjugation with the pyrene scaffold. Therefore, this new

substitution pattern allows the synthesis of stronger donors based on pyrene.

.4.1 Donors

A series of very electron rich pyrene derivatives was prepared. Variation of the donor
substituent allowed tuning of the HOMO energy from Epomo=-54eV in
4,5,9,10-tetramethoxypyrene (3-8) to Enomo = -4,7 eV in 1,3,4,5,6,8,9,10-
octamethoxypyrene (3-13) and even Eyomo=-4.5eV in 3-14. While 3-13 is slowly
oxidized in air to form a radical species, 3-14 is stable in a laboratory environment
probably due to improved steric shielding. Both molecules were studied as donors for
CT-complexes. Details on this will be presented in the following chapter. It was also
possible to convert 3-10 in SONOGASHIRA-type cross coupling reaction to give 3-15. It
could give rise to a new class of ICT type polyphenylene dendrimers. Many phenylene
dendrimers use either electronically neutral (e.g. tetraphenylmethane, pyrene) or electron
deficient (e.g. PDI) wunits for their core. An electron rich core like
4,5,9,10-tetramethoxypyrene may give ICT interactions to an electron deficient dendron
(in figure III-63 pyridine is chosen as a sample EWG substituent). The arising ICT band
can be monitored by absorption and/or emission spectroscopy. Upon protonation (or metal
coordination) the electronic environment of the dendrimer shell will be modified. This, in
turn, will alter the ICT interaction (in this example, enhancing it). This alteration can be
probed spectroscopically, thus these materials can be used as indicators. If oxidatively
cleavable ether (e.g. p-methoxybenzyl) is introduced to the pyrene core, a dendrimer with
electron rich dendrons may be used as an on-off probe for oxidants. Oxidation of the
protected pyrene to the corresponding tetraketone would trigger ICT which could then be

observed spectroscopically.
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I11-63: Proposed ICT type dendrimers based on 3-15.

Considering the works of JEON et al. a long wave-length absorption could lessen the
usefulness of 3-25 in DSSCs as electron transport material, although it does not render it
useless.'”” The higher-energy HOMO of 3-14 may further reduce the contact resistance,

thus enabling a more efficient device.

After developing suitable conditions for  fourfold bromination of
4,5,9,10-tetramethoxypyrene (3-8) it was attempted to extend this method to
2,4,5,7,9,10-hexamethoxypyrene (2-6). This would give access to the first selectively
per-functionalized pyrene derivative 3-42 (disregarding per-halogenated pyrenes).
Unfortunately, this substrate did not tolerate the harsh bromination conditions; oxidative
oligomerization was the consequence instead. It was not possible to identify the target
compound in the reaction mixture. When milder reaction conditions were employed (0° C,
4 eq. Brp) the reaction yielded twofold bromination accompanied with two-/fourfold

demethylation. Obviously, the enhanced electron density in 2-6 increases the tendency for

demethylation.
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I11-64: Synthetic approaches to a per-methoxy functionalized pyrene derivative.

It was possible to re-introduce the methyl-protecting groups and perform an
ULLMANN-type methoxylation to give 3-44 as a mixture of isomers in small amounts. A
bromination was attempted; 3-45 was identified in FD-MS next to a series of demethylated
by-products and thus could not be isolated. The author is convinced that it will be possible

to prepare a decamethoxy-pyrene if work on this topic is continued. Apart from being an
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interesting synthetic challenge it would allow further tailoring of the frontier-orbital
energies of pyrene derivatives. This may give rise to new charge-transfer complexes

exhibiting a neutral-ionic transition (vide infra).

11.4.2 Acceptors

It was possible to extend the synthesis of pyrene-4,5,9,10-tetraone based acceptors to
1,3,6,8-substituted derivatives. Whereas 1,3,6,8-tetrabromopyrene-4,5,9,10-tetraone is an
insoluble pigment, 3-32 is a fully characterized, well soluble pyrene based acceptor. While
being a weaker acceptor than predicted by DFT calculations, its LUMO energy is close to
2,7-dicyanopyren-4,5,9,10-tetraone and therefore a reasonably strong acceptor. The
inadvertent synthesis of 3-38 with its highly twisted solid state conformation suggests one
way of expanding the chemistry of pyrene-4,5,9,10-tetraones. By 1,1’ -connection of two
protected pyrene-4,5,9,10-tetraones a class of three dimensional acceptors would become
available. Increasing the dimensionality of acceptors is considered essential in the search

for fullerene replacement materials for OPV applications.!**2¢!

111-65: Non-planar pyrene-4,5,9, 10-tetraone based acceptor.

While this may be a way to prepare new acceptors of intermediate strength, the author is
rather pessimistic about the prospect of preparing very strong acceptors based on the
method discussed here. It has been shown that strong EWGs (CN, CF;) hinder LEWIS acid
mediated ether cleavage. Even if some degree of deprotection was achieved, the
reoxidation to the desired 4,5,9,10-tetraketone proved difficult. The EWGs seem to
stabilize the corresponding diol form significantly.
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1V-1: Materials used in this study. Novel donors are represented in blue, known acceptors in red.

Chapters /I and Il described the synthesis of new electron rich materials (henceforth

referred to as donors). This chapter will discuss charge-transfer complexes (CT-complexes,

see also chapter 1.4) comprising these compounds. Donors shown in figure IV-1 were

studied in charge-transfer complexes with commercially available acceptors.



108 IV Charge-transfer complexes

Due to their crystallinity, interesting HOMO energy and their high chemical stability
CT-complexes of 4,5,9,10-tetramethoxypyrene 4-1, TMP) and
2,4,5,7,9,10-hexamethoxypyrene (4-2, HMP) have been used in extensive studies within
the SFB/TR 49 context (see chapter IV.3).

CT-complexes containing donors 4-3, 4-4 or 4-5 did not grow in single crystals suitable for
X-ray diffraction crystallography. The materials tend to form fibrils instead which are
often observed in sterically demanding donors.””” The lack of macroscopic crystals
prevented the use of these compounds in SFB/TR 49 studies.

V.2 New CT-complexes

IvV.2.1 Absorption spectroscopy

The feature CT-complexes are probably best known for is the so-called charge-transfer
band. This absorption band is absent in samples of the pure donor or acceptor. Only upon
complexation this transition, usually situated in the visible or near IR (NIR) region of the
electromagnetic spectrum, is observed.®*! As described in the introduction, this band
arises from the interaction of the high energy HOMO of the donor with the low energy
LUMO of the acceptor (see figure IV-15). Optical absorption spectroscopy is a useful tool

to investigate charge-transfer phenomena.>**
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1V-2: UV-vis spectra of charge-transfer complexes comprising of 4-1 (right) and 4-2 (left) in combination
with a series of acceptors (samples measured in a CH,Cl, solution, ¢ = 1 #1077 mol/l).

In order to evaluate the formation of CT-complexes with 4,5,9,10-tetramethoxypyrene
derivatives 4-1 and 4-2 were combined with a series of acceptors. The resulting
UV-vis absorption spectra are collected in figure IV-2. It is obvious that the nature of the
donor and the acceptor influences possible CT-transitions."* The absorption maxima as
well as the extinction coefficients are collected in table IV-1. F4;-TCNQ (4-7) for both
donors (4-1 and 4-2) gives a very intense, broad absorption band. Compared to the other
acceptors the band is bathochromically shifted by A = 270 nm (4-1) and A = 170 nm (4-2).
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The longer wavelength points to a lower energy transition (i.e. small optical band gap).
The fact that 4-7 is by far the strongest acceptor in the series is reflected in these findings.
Acceptor 4-9 gives an intense CT-band at short wave length with 4-2. Surprisingly, the
same compound fails to give any significant CT-transitions in combination with 4-1. Using
TCNQ (4-6) gives clear indications for charge-transfer for 4-1 (shoulder at A = 528 nm) as
well as 4-2 (broad CT-band around A = 728 nm). Bromanil (4-8) and TCNE (4-10) fail to

give evidence for significant CT for both donors. They were disregarded in further studies.

Table IV-1: Optical parameters of CT-complexes with 4-1 and 4-2.

Complex Amax.ct (NM) €max.cT (L*mol™*cm™)
4-6 / 4-1 528 (sh), 865 (br) 43,18
4-7 / 4-1 599, 1133 (br) 395, 181
4-8 / 4-1 677 5,6
4-8 / 4-1 504, 803 11,17
4-10/ 4-1 502, 814 25,44
4-6/4-2 716 (or) 1216
4-7 / 4-2 910 2174
4-8/4-2 619 (sh) 126
4-9/4-2 642 2220
4-10/4-2 739 337

When comparing the two donors it is noteworthy that the extinction coefficients of the
CT-bands are roughly one order of magnitude larger for 4-2. This suggests that the higher
energy HOMO of 4-2 enables stronger charge-transfer interactions. To illustrate this,
figure IV-3 shows the absorption spectra of 4-1, 4-2 and 4-3 in combination with acceptor
4-7.
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1V-3: UV-vis absorption spectra of CT-complexes of acceptor 4-7 with donor 4-1 (black), 4-2 (red) and 4-3
(blue). (C = 1*10° mol/l, in CH,Cl).

As can be seen in the figure, the extinction coefficient increases for the stronger donor and
the CT-band is shifted to larger wavelength. For 4-3 as donor the optical density of the
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sample around A = 800 nm at a concentration of 1*10 is too high (A > 3), thus resulting

in the rugged spectrum. For further analysis the sample was diluted.

In order to quantify these qualitative findings the bonding model is determined by the
continuous variation method.>*” For this, the sum of the donor concentration [D] and
acceptor concentration [A] is kept at a constant value .. The donor concentration is varied
from O to o in the course of the experiment. From the resulting series of UV-vis spectra the
extinction coefficients of the respective CT-band is extracted and plotted versus the molar
fraction y (JOB plot).**" In the JoB plot the location of the maximum gives information on
the stoichiometry of the formed CT-complex (e.g. if the maximum is located at xp = 0.5 a
1:1 complexation occurs'®). The binding constant can be derived from the curvature of the
plot.[m]

Due to the strong charge-transfer band of complexes formed with acceptors 4-6 and 4-7
these were chosen for this study. The resulting spectra and JOB plots are collected in figure
IV-4.
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' From the JOB plot differentiation of a 1:1 and a 2:2 (or higher) binding arrangement is not possible.
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1V-4: UV-vis absorption spectra resulting from continuous concentration method (left) and corresponding
JoB plots (right). Spectra recorded in CH,Cl, at ¢ =3%10° mol/l except 4-3/4-7 and 4-4/4-7
(c = 3*10° mol/l).

For TCNQ (4-6) in combination with 4-2 a relatively smooth evolution of the plotted

CT-band is observed. In the interval y4.2 = 0 to 4.2 = 0.4 the broad band gains in intensity

and declines from y4.2 = 0.6 to Y42 = 0.8. In the JOB plot on the right the evolution of € at
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Amax is plotted. The absorption maximum is reached at 7y4,~ 0.5 which indicates a
1:1 complexation model. The broad shape of the JOB curve is characteristic for a weak
complex. The initial tangents intersect at 4.2 = 0.4 which can indicate a deviation from the
1:1 binding model but most likely this can be attributed to a low signal to noise ratio
(Ayuv.is <0.01) in the experiments. The 1:1 binding model is consistent with the
1:1 complex in the solid state as identified in single crystal X-ray diffraction
crystallography (see section /V.2.3.3). In the case of donor 4-3 not only a smooth and
broad charge-transfer band is observed (Amax.cr = 1430 nm) but also features that can be
attributed to the [TCNQ] ™ radical anion (A = 750 nm and A = 866 nm).[m] As these signals
have also been utilized in the characterization of CT-complexes, they are included in the
JoB plot.”*! Whereas the CT-band evolves smoothly and reaches its maximum at
¥4-3~ 0.5, i.e. indicating a 1:1 complexation, the results for the radical anion are more
scattered. The lopsided curve reaches a maximum at around 4.3 = 0.3. This is supported by
the initial tangents intersecting at 4.3 = 0.3. For these results a 1:2 complexation of donor
and acceptor is indicated. Apparently, two parallel reactions are taking place during

complex formation. Unfortunately, the solid state structure is not available for comparison.

The combination of F4~-TCNQ (4-7) and 4-1 gives a strong, featureless CT-band. In the JOB
plot, the maximum absorption is reached at y4.4=0.5, i.e. a 1:1 binding model is
operational. The initial tangents intersect at y4.4 =0.55 which can be attributed to
experimental errors. The round curvature suggests a weak binding. 1:1 binding is also
identified in the solid state (section /V.2.3.2). In the case of donors 4-3 and 4-4 in
combination with acceptor 4-7 the concentration of the sample was reduced to
¢ =5%10” mol/l. This gives clear spectra of the [F;~TCNQ]™ radical species as well as
additional CT-features for 4-4. For donor 4-3 a 1:1 binding model is confirmed in the JOB
plot for all investigated wavelengths. The low curvature in the plot suggests a strong
binding of donor and acceptor. The inset gives the results for the very weak CT-band (two
orders of magnitude) at A = 1240 nm. Again a 1:1 binding is found in the JOB plot. For 4-4
the picture is more complicated. At A =759 nm a maximum in the JOB plot is observed at
Ya-4 = 0.4. For A = 866 nm the maximum is recorded for y4.4 =0.3. In addition to this, a
broad, featureless absorption (Am.x = 1280 nm) arises sharply at y4.4 = 0.4 and falls off
again at 7y4.4>0.6. It can be speculated that the significant decline of the signal at
A = 866 nm at 4.4 > 0.3 and the rising of the new band at A.x = 1280 nm have a common
cause. Yet, more sophisticated spectroscopic studies would be necessary to fully elucidate

these findings.

IV.2.2 IR-Spectroscopy on TCNQ and F,~-TCNQ CT-complexes

The landmark publication by CHAPPELL et al. correlates the CN stretching mode

(0Ocn =2227 cm™) to the degree of electron transfer in charge-transfer complexes
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containing TCNQ (4-6). ***/ IR-spectroscopy has thus become a popular method in the
analysis of these compounds. The CN stretching mode is well suited to probe the degree of
electron transfer, as it is very sensitive to the population of TCNQ’s LUMO. Furthermore,

it is seldom obscured by other modes.

The degree of charge-transfer Z is derived according to the empirically determined
relationship (IV-1):

w - W

_ ( CN,TCNQ CN,complex) (IV—l)
—44(cm™1)

Eq. (IV-1): wcenrenvg IS the frequency of the CN stretching mode of free TCNQ and wcw compiex the

experimentally determined stretching mode in the investigated CT-complex. -44 cm™ is an experimentally
derived constant.

Z

A series of TCNQ (4-6) and F4s-TCNQ (4-7) based CT-complexes was investigated. For
clarity and consistency the signals were fitted with a GAUSS function to determine the
maximum ocn. The results as well as the calculated degrees of charge-transfer Z are given
in table IV-2.

Table IV-2: Results IR/ESR spectroscopy.

Complex WeN,.complex (€M) y4 ESR activity®
4-6 2225.8 --- ---
4-1/4-6 2218.5 0.17 Silent
4-1/4-6 (1:2 ratio) 2218.8 0.16 ---
4-1/4-6 (2:1 ratio) 2218.1 0.18 -—-
4-1/4-7 2212.2 0.36 Silent
4-2/4-6 2216.6 0.21 Silent
4-2 / 4-6 (1:2 ratio) 2218.1 0.18 -—-
4-2 / 4-6 (2:1 ratio) 2216.3 0.22 ---
4-3/4-6 2207.1;2177.8 0.43; 1 Active
4-4 / 4-6 2182.2; 2156.8 0.99; 1 Active
4-5/4-7 2191.7; 2161.9 0.78; 1 ---

& determined using crystalline samples

As expected the nature of the donor has significant impact on the degree of electron
transfer in TCNQ complexes. Whereas 4-1 and 4-2 form non-ionic, neutral complexes with
Z =0.17 and Z = 0.21 the combination of 4-6 with 4-3 or 4-4 leads to fully ionic (Z>1)
compounds.!'®! Only the combination 4-3 / 4-6 has a significant component in the neutral-
ionic region (0.5>72>0.3) at (Z=0.43). These results are mirrored by electron spin
resonance (ESR) experiments performed with these compounds. The complexes containing
4-1 and 4-2 are ESR silent. Using 4-3 or 4-4 as donor, a clear ESR signal is observed.
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In the context of the SFB/TR 49 framework not only complexes formed from a 1:1 ratio
solution were investigated, but also from 2:1 and 1:2 mixtures. In figure IV-4 the UV-vis
absorption spectra of these mixtures are included () = 0.3 and x = 0.7 respectively). A shift
of Amax of the CT-band is not observed, thus no significant variation of the charge-transfer
interaction is to be expected."*® In the IR experiments only a minuscule change in the
degree of electron transfer is observed. Counterintuitively, lower donor content leads to a
larger Z. This observation agrees with results from the Near Edge X-ray Absorption Fine

Structure (NEXAFS) spectroscopy study presented in section /V.3.3.4.

IV.2.3 Crystal structures

1V-5: Optical microscopy of a batch of 4-1/TCNQ cocrystals used for NEXAFS and HAXPES measurements
(adapted from **!). Millimeter sized cocrystals used for single-crystal conductivity measurements (pictures
courtesy of HUTH group).

For cocrystallization experiments a 610~ mol/l solution of donor and acceptor in 5 mL
dichloromethane or THF was prepared. Crystals were grown by slow vapor diffusion of
hexanes. ! In addition to equimolar mixtures of donor (D) and acceptor (A) also 2:1 D/A
and 1:2 D/A ratios of 4-1 and 4-2/4-6 were investigated. Cocrystals usually range in size
from 10 um to 100 pm but also crystals up to several millimeters in size have been
prepared (IV-5, right panel). Equimolar mixtures afforded cocrystals suitable for
X-ray diffraction structure elucidation. This was not the case for other D/A ratios. For
further experiments cocrystals were separated from components by wuse of a
micromanipulator assisted optical microscope. The difference in color (4-1 and 4-2

colorless, TCNQ green, cocrystal black) allowed for this procedure.

1IvV.2.3.1 Crystal structure 4-1/TCNQ cocrystal

The solid state structure of a 1:1 cocrystal of 4-1/TCNQ was determined by single crystal
X-ray diffraction crystallography. A mixed stack of donor and acceptor is found in the
crystal (figure IV-6). The unit cell encompasses 12 molecules in total, six units of TCNQ
and six units of 4-1. This large unit cell (a = 14.2441 A, b= 14.6744 A, ¢ = 13.2556 A,

V = 2493 A%) is due to large positional variation of the subunits. It has a C2/c space group.
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1V-6: Unit cell of the 4-1/TCNQ cocrystal.

In general, a stratified geometry is found. A stratum of donor is placed between two strata
of acceptor molecules and vice versa (figure 1V-7). With respect to a plane defined by a
TCNQ layer, each 4-1 subunit is twisted by 18°. TCNQ subunits are internally warped by
5° and centered alternatingly under the 2—331 or 531—7 carbon atoms of 4-1. The short

T—T contacts between donor and acceptor are between 3.5 Aand 3.6 A.

1V-7: Packing motive in the 4-1/TCNQ cocrystal. Left: A mixed stack of donor and acceptor is found. Right:
4-1 units are twisted by 18° with respect to the TCNQ strata (protons are omitted for clarity).

Iv.2.3.2 Crystal structure 4-1/F4,~-TCNQ cocrystal

A 4-1/F4-TCNQ cocrystal suitable for X-ray diffraction crystallography was grown by
slow evaporation of dichloromethane.

1V-8: Unit cell of the 4-1/F -TCNQ cocrystal.

The complex adopts mixed stack arrangement. Compared to other CT-complexes in this
chapter, the wunit cell is small (a=6.7723 A, b =10.6602 A, c=10.8483 A,
V = 653.354 A%) and adopts a P, space group.
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As in 4-2/TCNQ distinct columns of alternating donors and acceptors are formed.
Furthermore, the F4-TCNQ units are also centered under the 3311 and Sa1 carbons of 4-1. In
contrast to the TCNQ cocrystals 4-2/F,-TCNQ possesses an alternating arrangement of
donor and acceptor in the a-plane (figure IV-9, left). The n—m distances are short, ranging
from 3.5 to 3.6 A. Short contacts are identified between (methoxy) C-H---N (2.8 - 2.9 A)
and C-H---F (2.6 - 2.7 A) indicating that weak hydrogen bonding can occur in this crystal
(figure IV-9, right).

IV-9: Packing motive in 4-1/F,-TCNQ. Left: Alternating stacks (F,;TCNQ in green, 4-1 in purple);
alternation within the a-plane. Right: Short contacts and m—rinteractions in the crystal (purple).

1v.2.3.3 Crystal structure 4-2/TCNQ cocrystal

A cocrystal of 4-2 and TCNQ was initially grown by vapor diffusion of hexanes in a
dichloromethane solution of both components. A twined crystal was obtained, that was
recrystallized from DMSO. The structure was resolved as a DMSO solvate crystal. It was
not possible to grow cocrystals suitable for X-ray diffraction crystallography without

inclusions of the solvent.

v

IV-10: Structure of the 4-2/TCNQ DMSO solvate cocrystal. Left: Mixed stack packing. Right: The unit cell
DMSO is intercalated in the TCNQ layer.

For the unit cell the following dimensions are observed: a = 13.1830 A, b=12.9270 A and
¢ =19.6250 A with a volume of V =3150.96 A® and a P, space group. Low symmetry and

large size are a consequence of solvent intercalation.
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IV-11: Columnar structure in the 4-2/TCNQ cocrystal. Left: Stacks viewed along the a-axis (4-2 in violet,
TCNQ in green and DMSO in grey). Right: Stacks are arranged with 23° angle in respect to each other.

The CT-complex crystallizes in mixed stack geometry with distinct columns of alternating
donor and acceptor units. TCNQ is centered under the 3311 and Sa1 carbons of 4-2. The size
mismatch between TCNQ and the donor provides large voids within the structure that are
occupied by intercalated DMSO molecules. Closest intermolecular contacts are determined
to 3.5A up to 3.8 A paralleling the observations for 4-1/TCNQ. In figure IV-11 the
columnar structure is visualized. Within a layer (viewed along a-axis) an alternation of
donor and acceptor is also observed. Stacks are arranged in an 8° angle in respect to each
other (figure IV-11, right).

1v.2.3.4 Crystal structure 4-2/4-9 cocrystal
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1V-12: X-ray diffraction structure of the 4-2/4-9 cocrystal. Top: Unit cell. Bottom-left: Packing viewed along
a-axis. Bottom-right: Packing perpendicular to growth axis (green: 4-2, blue: 4-9).

The crystal grows in a mixed stack arrangement. Its unit cell incorporates 8 molecules
(a=7.3136 A, b=23.5579 A, ¢=18.9555A, V =3229 A% with a P2,/c space group.
Significant twist between two stacks (38.6°) is evident in the unit cell (figure IV-12, top).

A very short contact of 3.18 A is found between the fluorenon-9- and the pyrene-4-carbon,



118 IV Charge-transfer complexes

suggesting a strong interaction. The mean n—7 distance is expanded to 3.24 A. The short
n—n distances indicate good geometrical matching as well as strong charge-transfer

interactions.

1V.2.3.5 Crystal structure 4-2/TCNE cocrystal

e Bl

1V-13: Solid state structure of the 4-2/4-10 cocrystal. Top-left: Single molecules arrangement. Top-right:
Unit cell. Bottom-left: Packing viewed along a-axis. Bottom-right: Packing viewed perpendicular to growth
axis (green: 4-10, blue: 4-2).

The small tetracyanoethylene (4-10) is able to fit well between 4-2 layers to form an
alternating stack arrangement. In the triclinic unit cell (P1, a=7.4720 A, b =8.9918 A,
¢=9.0713 A, V =591.4 A’) six molecules are contained. The mean-plane n—7 distance is
as low as 3.26 A. The central C-C axis of TCNE is rotated by 61° in respect to the pyrene
long axis. This arrangement ensures a close contact between the electron deficient nitrile
nitrogen atoms of TCNE and the electron rich C-O bonds in 2 and 4 position of 4-2.

IV.2.4 Overview CT-complexes

Table IV-3 gives an overview of the studied CT-complexes. The nature of both, donor and
acceptor have significant impact on the degree of electron transfer, the CT-band but also

the solid state arrangement.
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Table IV-3: CT-complex comparison.

crooms N 2 SN sy St
e I on M SEuen
1747 OB 0se Tricinic/p1  AZSIIENTIRSRE S
4-2/4-6 716 021 Monoclinic/Pn 2= 1318300 =129250 354324
4-2/4-9 642 0.18 Mog%fl/igic / Ca==17é%159:5%ti/==2332.2s5)7'&93 3.18/3.24
4-2/4-10 739 020  Tricnic/P1 ~ 2=7:4720b=89918 = 554,445

c=9.0713V =591.4 A®

2 determined in CH,Cl,, ° determined by IR spectroscopy, ¢ derived from crystal structure
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IV.3 CT-complexes studied in the context of the
SFB/TR 49

1vV.3.1 Introduction
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1V-14: Charge-transfer complexes studied in the SFB/TR 49 context.

Within the framework of the SFB/TR49 charge-transfer complexes of
4,5,9,10-tetramethoxypyrene (4-1) and 2,4,5,7,9,10-hexamethoxypyrene (4-2) with TCNQ
(4-5) were studied. In collaboration with the SCHONHENSE group thin films of these
compounds were prepared and studied by ultraviolet photoelectron spectroscopy (UPS)
and scanning tunneling spectroscopy (STS). Furthermore, properties of macroscopic
crystals 4-1 / 4-2 and TCNQ (4-6) were investigated by near edge X-ray absorption fine
structure (NEXAFS %) spectroscopy and hard X-ray photoelectron spectroscopy
(HAXPES). In the HUTH group electronic properties of macroscopic cocrystals were
studied. The 4-1/F4-TCNQ cocrystal was prepared at a later stage. The HUTH group mostly

worked on this complex.

The following discussion stems from the tight collaboration within the SFB/TR 49
framework. Material preparation, cocrystallization and solution characterization were
performed by the author of this manuscript. Structure elucidation by X-ray diffraction

crystallography was done by _ Further studies in status solidi were

performed by aforementioned collaborators.

In the following, results of solid state studies will necessarily be given in abridged form.

A full account of these works is available in the following publications:

¢ Film characterization and UPS of 4-1/TCNQ.[336’ 337]

e NEXAFS study of 4-1/TCNQ and 4-2/TCNQ.*!

e NEXAFS study of 4-1/TCNQ and 4-2/TCNQ under variation of cocrystal
composition.**”!

e HAXPES study of 4-1/TCNQ and 4-2/TCNQ."*

%0 Also known as X-ray absorption near edge structure (XANES), the terms NEXAFS and XANES are used
interchangeably in literature.
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¢ Conductivity measurements [340]
1IV.3.2 Basic CT-complex characterization
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IV-15: Left: UV-vis absorption spectra of 4-1/TCNQ (black), 4-1/F TCNQ (red) and 4-2/TCNQ (blue) in
dichloromethane (c = 3*107 mol/l). Right: Schematic energy diagram of CT-complexes.

UV-vis absorption spectra of the three CT-complexes are compared in figure IV-15.
4-1/TCNQ has a shoulder at A = 530 nm which is attributed to a weak charge-transfer from
4-1 to TCNQ. In contrast, for 4-2/TCNQ a broad, discrete CT-band at Am. =710 nm is
resolved. The bathochromic shift can be understood in terms of frontier orbital energy
matching. The HOMO of 4-1 was established to Egomoa.1 =-5.3 eV (by CV) while the
HOMO of 4-2 is located 0.15 eV higher in energy (Epomod.2 =-5.1 eV). The LUMO of
TCNQ is located at Epymo teng = -4.3 A Thus, complex formation is enhanced due to
a smaller energy difference. In figure IV-15 (right) an energy scheme illustrates the
CT-complex formation.! The higher energy HOMO of 4-2 provides a higher energy
CT-complex state, i.e. a smaller energy gap which results in a bathochromic shift of the
CT-band. For 4-1/F4,-TCNQ the UV-vis absorption spectrum shows two significantly red
shifted absorption bands (Amax.1 =590 nm and A x> = 1120 nm). The low energy LUMO

(ELumo ra-Teng = -5.4 eV) explains this transition.

1V.3.3 Characterization in solid state

1v.3.3.1 Film formation

Thin films of CT-complexes were grown by UHV deposition (3*107'° mbar) of the
respective components on a gold surface. Evaporating donor and acceptor simultaneously
from just one crucible (at 120 °C) onto clean gold surfaces produced thin films of

CT-crystals despite the difference in vapor pressure of both components.

*! Simple linear combination of molecular orbitals approximation.
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In a film grown from 4-1/TCNQ, X-ray diffraction shows a new crystallographic phase
(figure IV-16). Reflections are observed at 26 = 10° and 26 = 13°, this is equivalent to a
lattice plane spacing of d, = 8.94 A and d, =6.77 A. In this figure diffraction patterns of
pure 4-1 and TCNQ on gold are included for reference. For the deposited CT-complex

films the reflexes of the components are absent.
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1V-16: X-ray diffraction patterns of 4-1/TCNQ on gold (purple), 4-1/TCNQ on silica (black), TCNQ (blue)
and 4-1 (red). New reflections arising from CT-complex are marked by arrows [figure adapted from
MEDJANIK et al.”?"].

1V.3.3.2 Ultraviolet photoelectron spectroscopy (UPS)

1V.3.3.2.1  Photoelectron spectroscopy (PES) basics

In photoelectron spectroscopy (PES) techniques photoelectrons generated by ionizing
electromagnetic radiation is used to probe the electronic distribution in molecules (UPS) or
atoms (X-ray photoelectron spectroscopy, XPS). In the experiments the kinetic energy of
the photoelectrons (Eyi,) is measured. The sample is irradiated with electromagnetic
radiation h*v. UPS (hard UV, usually hv =21 eV), XPS (soft X-rays, hv =0.1 — 5 keV)
and HAXPES (hard X-rays, hv > 40 keV) are discerned by the photon energy used.**?

The photoelectric effect is described by EINSTEIN’s law:

hxv=Ef(k)—E'+ Eypn (IV-2)

Eq. (IV-2): h*Vv gives the photon energy, E7 (k) gives the final energy of the molecule / atom after the
electron was released for a state k, E' gives the initial energy of the molecule / atom.”*!

Figure IV-17 shows the relation between the energy level diagram of the sample and the
energy distribution of emitted photoelectrons. The solid has core energy levels at E = Eg.
At the top of the valance band (Eg = 0) the FERMI level (Ep) is located. The work function
¢ gives the energy difference from Eg to the vacuum level Ey,.. A photon can ionize a
molecule (i.e. release an electron from a molecule / atom) if its energy is larger than the
electron binding energy Eg. Energy provided by the photon exceeding the binding energy

will be carried by the ejected electron in the form of kinetic energy Eyi,.”**
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1V-17 : Relation between the energy level diagram of the sample (left) and the energy distribution of emitted
photoelectrons (right). Eg = binding energy, Er = Fermi energy, E,,. = vacuum level, ¢ = work function
[figure adapted from HUFNER "*¥].

Exin = hXv — ¢ — |Ep] (IV-3)

Eq. (IV-3): Ey;, = kinetic energy of the photoelectron, ¢ = work function of the sample, Eg = binding energy.

On the right side of figure IV-17 the kinetic energy distribution of emitted photoelectrons
is plotted. It mirrors the electron-energy distribution of the sample. Accordingly PES gives

an insight into the electronic structure of a sample.
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IV-18: Photoelectron mean free path A as a function of photoelectron energy [figure adapted from SEAH et
al.’*1].

UPS is a surface sensitive method only. The photoelectron mean free path A, reaches a
minimum at the UPS energy range. Therefore, only surfaces near photoelectrons are able
the leave the sample and may be detected. Due to the high surface sensitivity
UPS measurements are performed in UHV conditions preferably on samples prepared

in situ’*!
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1V.3.3.2.2 Results UPS experiments on 4-1/TCNQ
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1V-19 : UPS spectra of 4-1 (left) and 4-1/TCNQ (right) thin-films on gold in dependence of multilayer

thickness (from I — 6 resp. 1 — 9 layers). Insets: ¢ in dependence of multilayer thickness. Ay, indicates the hole
injection barrier [figure adapted from MEDJANIK et al. **"'].

In the case of pure 4-1 on gold a significant drop of work function ¢ from 5.2 eV to 4.8 eV
is observed as the first multilayer is grown (/ to 2). For the second multilayer (3 to 4) ¢
drops further to 4.75 eV, the characteristic features A (2.0, 3.0 and 4.6 eV below Eg), B and
C emerge in the UPS spectrum. The predicted electronic structure of 4-1 is in good
agreement with the experimental finds. For the third multilayer (5 to 6) the change in ¢ is
negligible and remains at a value of 4.7 eV. The spectral features are fully formed. 4-1
behaves as a typical polycyclic aromatic hydrocarbon on a gold surface, the work function
drop is attributed to the push back effect. [346] Spill-out charges from the gold surface
experience PAULI repulsion from the first 4-1 monolayer, whereby the gold surface dipole
is reduced and ¢ of the metal surface drops. It is possible to determine the hole injection
barrier Ay, i.e. the energy gap between the FERMI edge of the metal and the onset of the
organic material’s HOMO (see fig. IV-19 left). From this the ionization energy of the

organic material E; can be estimated as follows:

Ei=Ap+¢=16+57=6.3eV (Iv-4)

Eq. (IV-4): E; denotes the ionization energy of the organic sample, 4, the hole injection barrier of the system
and ¢ the work function of the metal.
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For 4-1 multilayers on gold the ionization energy is established to 6.3 eV. Theoretically,
the binding energy Eg of electrons in the molecular orbitals of 4-1 was determined in delta
self-consistent field (ASCF) using the B3LYP/6-31G(d) correlation functional.”**”! From
this it follows that Eg 4.1 =6.18 eV or 1.48 eV in respect to the FERMI energy. The ASCF
results are in good agreement with the experimental findings (a shift of 0.5 eV aligns the
theoretical spectrum to the experiment) and allow an assignment of the spectroscopic
features. Feature A in figure IV-19 (left) stems from the HOMO level, feature B results
from energetically close HOMO-1 and HOMO-2 while C encompasses signals from
HOMO-3 down to HOMO-7. The mismatch in absolute energy between theory and

experiment can be attributed to the single molecule nature of ASCF calculation.

In figure IV-19 (right) a series of photoelectron spectra for 4-1/TCNQ CT-complexes in
the range from sub-monolayer (spectrum 1-5) to multilayer coverage (7-9) is reproduced.
The work function / coverage curve is shown as an inset. For low substrate coverage the
growth of signals A” and B” at 1.5 and 2.5 eV below Eg as well as an increase of ¢ by
0.4 eV are characteristic. The organic-metal interface is polarized as charge-transfer from
gold to the organic material occurs. Signals A and B " reach their maximum intensity in 5,
the hole injection barrier is Dy = 1.0 eV. With spectrum 6 signals A’ and B’ as well as
A and B are observed indicating the emergence of a second structure. The rise of ¢ stops
from 5 to 6. Further coverage (spectra 7 to 9) results only in a weak increase of ¢ to
5.75 eV. Signal A (1.8 eV below Ep) and B (2.9 eV below Ep) grow while signals A “and B~
are no longer observed. The energy level shift between spectra / to 5 and spectra 7 to 9 is
attributed to a change in the film morphology. In figure IV-20 AFM images at different
surface covering are reproduced. Section (i) corresponds to a surface covering for spectrum
6. Smooth multilayer surfaces as well as 3D crystallites are observed. At higher coverage

(i1), corresponding to spectrum &, a rough surface is observed.

smooth multilayer
3D crystallites

1V-20: AFM images of 4-1/TCNQ thin films. (i) shows the coexistence of a smooth layer covered with 3D
crystallites (corresponding to spectrum 6). (ii) shows a rough film with micrometer sized crystallites at
higher coverage (corresponding to spectrum 8) [figure adapted from MEDJANIK et al.”?"'].
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From this, signals A and B are assigned to 4-1/TCNQ CT-complex crystallites while A" and
B’ are assigned to a smooth layer of the complex. This suggests a STRANSKI-KRASTANOV
or “layer-plus-island‘-type epitaxial growth of 4-1/TCNQ on gold.”**! Initially, molecules
lie flat on the gold substrate (forming the smooth layers) while additional layers grow in

crystallites (islands). This growth mechanism has also been observed for HBC.*!

TMP-TCNQ

St s
1V-21: Left: SEM image of a low coverage 4-1/TCNQ film on SiO;. Right: SEM image of 4-1/TCNQ film
(dark) on gold (bright). Island growth is observed on both substrates (pictures courtesy of HUTH).

SEM images of films grown on SiO, (figure IV-21, left) show a strong island formation

tendency. It is not clear which growth mechanism is causing this film morphology.[3 50]

1V.3.3.3 Scanning tunneling spectroscopy (STS)
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1V-22: Scanning tunneling spectroscopy (STS). Differential conductivity (dl/dU) spectrum on an island of
4-1/TCNQ on W(110) (circles) and the clean W(110) substrate (triangles). The sample voltage modulation
was 50 mV and the tip was stabilized at U = 0.7 V and I = 0.35 nA. 4;, and A, denote the hole- and electron
injection barriers. The inset gives a topographical STM image [figure adapted from MEDJANIK et al. **"'].

By STS the local density of states (DOS) of a sample can be studied at the position of the
STM tip.[351] By applying a positive (negative) bias to a sample the unoccupied (occupied)
states i.e. LUMO (HOMO) energies in the thin film can be probed.”>* The inset of figure
IV-22 shows a processed topographical STM image of the region where the spectra were

measured. Arrows signpost substrate steps indicating an initial step flow growth mode.

For STS studies a thin-film of 4-1/TCNQ was prepared on tungsten (110) by vacuum
deposition. The spectrum shows a sharp signal at +0.5 eV (E-Ep), corresponding to the
LUMO and a broader signal at -0.75 eV corresponding to the HOMO of the CT-complex.
Thus, the bandgap of the material is identified as 1.25 eV. In contrast to the UPS results the
hole injection barrier determined by STS is significantly smaller (Ayups= 1€V,

Ansts = 0.5 eV). The electron injection barrier is A. = 0.3 eV.
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1V.3.3.4 NEXAFS spectroscopy

NEXAFS is an X-ray absorption spectroscopy technique.”> In the following, only the

basic principle can be outlined, a full discussion is beyond the scope of this work. The

R[354] RBSS].

interested reader is referred to textbooks by STOH or BUNKE

X-Ray Absorption Spectroscopy

Absorption/Electron yield

Near-edge fine structure
(NEXAFS)

E

“pre-edge
features”

hv=532.0 eV

O1s

1V-23: X-ray absorption spectroscopy. Shell electrons are excited by monochromatic X-rays. NEXAFS
probes electronic states around the absorption edge (K-edge of oxygen in this example, dashed line) of the
element [figure adapted from MEDJANIK 7>°'].

In NEXAFS a sample is exposed to monochromatic X-rays. At wavelengths specific for
each element, an excitation of the shell electrons (in figure IV-23 the 1s electrons of
oxygen) to an empty or partially occupied valence state occurs. A strong increase of the
attenuation coefficient occurs at energies sufficient to excite electrons to the continuum;
the so-called K-edge arises in the absorption spectrum. In close proximity to the K-edge

spectral features can be found which are investigated in NEXAFS experiments.

Due to its atom specific nature NEXAFS has found a broad field of application from
materials science to geology and environmental chemistry.”>* As monochromatic X-rays
are needed in this experiment a synchrotron facility is required. For the following study the
ANKA synchrotron at the Karlsruhe Institute of Technology (KIT) was used. For the
measurement total electron yield mode was chosen, this results in an information depth of
5 nm (i.e. bulk measurement).[338]

Charge-transfer generates hole states which were probed by NEXAFS. In both
CT-complexes (4-1/TCNQ and 4-2/TCNQ) the element sensitivity of NEXAFS allows the
selective study of the donor (oxygen 1s) and the acceptor (nitrogen 1s). At the time of
publication a few NEXAFS studies on CT-complexes were reported in literature. All
focused on TTF/TCNQ and neglected the possible change in the unoccupied density of

states upon CT-complex formation.1?>"! 13281 1359



128 IV Charge-transfer complexes

T T T T T T T T T T T T T
| N K-edge NEXAFS
. L e e e e B A I [ e e e e e e | b,..b,, (c* cyano b.,.a, (t* cyano
L 0 K-edge NEXAFS i whn (° cyano) by ,,‘((n* fmg)) ]
2e (1* methoxy) *
6a, (c* methoxy)
3e,7a, (c* methoxy) N =

lllll

HMP,-TCNQ
D Y

HMP,-TCNQ, |

b=

o HMP|-TCNQj] BTN

total yield (arb. units)
total yield (arb. units)

HMP-TCNQj

MP,-TCNQ |

e ——

TS [N N NN VI TR T PO G (O O 0 0 R (S (0 YL Wl M |
530 535 540 545 550
photon energy (eV)

1 1 L 1 L 1 L ! L 1 L
398 400 402
photon energy (eV)

1V-24: NEXAFS study of CT-complexes with varying donor-acceptor composition. Left: Oxygen ls edge.
Right: Nitrogen 1s edge [figure adapted from MEDJANIK et al. 7*"'].

Firstly, the results for oxygen specific NEXAFS will be discussed, followed by the finds
for nitrogen. As oxygen is only contained in 4-1/4-2, it can act as a fingerprint for donors.
Nitrogen is used as fingerprint for the acceptor. The resulting spectra are reproduced in
figure IV-24. The 4-2 content decreases from spectrum e (pure donor) to 4. Signals F to K
were identified in the NEXAFS spectra. The assignment is analogous to methanol
chemisorbed on Cu.’® Signal F is located at 532.2 eV, in good agreement with the
position of the lowest-lying peak in methanol (531.7 eV). F derives from the HOMO 2e of
the methoxy anion. This HOMO is doubly degenerate and largely oxygen 2p-like (lone
pair) with some hybridization with the antibonding ©*-orbital of the C-O group. Transition
F is denoted as OIs—2e [7%(C-0)]. This transition is only observed for CT-complexes. In
spectrum e (pure 4-2) the 2e derived orbitals are filled, a transition is only very weak.

Signal G also reaches its maximum intensity in spectrum f and is not observed for pure 4-1.
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G is assigned to the OIs—6a; [0*%(C-0)] transition. Signals H, I and K are corresponding

to transitions into 6*- and 7*-orbitals of the pyrene scaffold.

The NEXAFS spectrum of TCNQ was investigated by FRAXEDAS et al.! 71t follows for
figure IV-24 (right) that transitions A and D are essentially delocalized on the benzene
ring. Transitions B and C originate from the 6*- and m*-orbitals of the cyano-group. The
weak feature E is due to delocalized o-type orbitals containing ¢*(C-C), 6*(C-H) and
6*(C=N) contributions.

When the donor content is increased, i.e. the CT-complexes are studied (sequence spectra
d, ¢, b, a), the intensity of signals B and C drop substantially. For 4-2,/TCNQ; (spectrum a)
signals B and C appear as a double peak with a separation of about 190 meV. This intensity
drop is taken as an indication of charge being transferred into unoccupied orbitals of the
acceptor molecule. Furthermore, the resonance position shifts towards lower energy as 4-2

content is increased (as visualized by vertical lines).

From this, signal F' (oxygen NEXAFS) emerges as the ideal probe to study the intensity of
charge-transfer. It is measurement for the cationic character of the methoxy subunit. The
higher this signal is in intensity the more charge was transferred from the methoxy unit
(and thus from the donor). A problem of this interpretation already emerges at a qualitative
glance at the results in IV-24 (left). Signal F has the highest intensity for the 4-2,/TCNQ;
mixture (spectrum f). At higher TCNQ content, the signal intensity decreases significantly.
This behaviour was also quantified in the publication by MEDJANIK ef al."***' From this it
would appear that the strongest charge-transfer was actually taking place when less
acceptor is present in the cocrystal. Unfortunately, the solid state structure of the
4-2,/TCNQ; or 4-2;/TCNQ; cocrystals could not be resolved. Thus, the donor-acceptor
arrangement is not clear. From the NEXAFS results a dramatic structural change from
4-2,/TCNQ; to 4-2;/TCNQ; can be expected. It was speculated that the higher donor
content in the crystal might reduce the D-A distance by chemical pressure, thus facilitating
a stronger charge-transfer. An intense QIs—2e [7#%(C-0)] transition was also observed in
4-1,/TCNQ);.

hv=392.4eV

1V-25: Charge-transfer transition scheme for 4-1 / 4-2 and TCNQ cocrystals. NEXAF'S spectra reveal 2e and
6a; of the methoxy-group as donating and b;, and b, of the cyano-group of TCNQ as the accepting orbitals
[figure adapted from MEDJANIK et al. "*'].
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Figure IV-25 summarizes the results in terms of a charge-transfer transitions scheme.
Surprisingly, the states 6a; as well as bz, and a, contribute to the CT-process although they
are expected to be completely empty. This might be caused by the fact that NEXAFS does
not probe the pure ground state properties. During the excitation all states are shifted to
lower energies as a result of the core-hole attraction and therefore appear partially
occupied.

1V.3.3.5 Hard X-ray photoelectron spectroscopy (HAXPES)

Hard X-ray Photoemission Spectroscopy

(HAXPES)

Photoelectron intensity
A

(A®) ABiaua onaury

hv=6001.9 eV

524.9 eV

IV-26: Schematic transition diagram for O 1s HAXPES experiments [figure adapted from MEDJANIK 7).

Unlike UPS, X-ray photoelectron spectroscopy (XPES) techniques are element specific as
they probe one element and its electronic environment.”®") UPS and STS are only surface
sensitive methods (as discussed in IV.3.3.2.1) whereas HAXPES can give bulk information
(figure IV-18). In the conducted experiments the information depth was 15 nm. Recent
advances in HAXPES have been reviewed by KoBAYASHL

This study was one of the first to be conducted on the, at that time, new PETRA III
instrument at Deutsches Elektronen-Synchrotron (DESY) in Hamburg. In combination
with the appropriate experimental set up it allows retaining the chemical specificity of XPS
in a HAXPES experiment.”® The following results are described in full detail in the
publication by MEDJANIK ef al. mentioned in the introduction to this chapter.”*/ For the
sake of brevity, only results for 4-1x/TCNQy cocrystals will be discussed here. Rather

surprisingly, 4-2x/TCNQy cocrystals gave very similar results.

As in NEXAFS the element specificity of HAXPES allows a direct “look™ at the donor

(oxygen containing) and the acceptor (nitrogen containing) prior to and after complexation.
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1V-27: Left: O 1s HAXPES spectra of 4-1x/TCNQy cocrystals. a: 4-1,/TCNQ,, b: 4-1,/TCNQ,, c: pure 4-1 as
reference. Right: N 1s HAXPES spectra of 4-1x/TCNQy cocrystals. a: 4-1,/TCNQ,, b: 4-1,/TCNQ,, c: pure
TCNQ as reference [figure adapted from MEDJANIK et al. P*'].

For the donor (O 1s HAXPES, Eping = 525 - 540 eV) four signals were identified by curve
fitting (A, B, C and D). Signal A is the free donor reference. Signal B is interpreted as
residues of not complexed 4-1 in the crystalline sample. This indicates that the mechanical
isolation of CT-complexes from 4-1 was not complete.”” Thus, the CT-complex is
characterized by signal C (shifted by 0.9 eV to lower Eying) and signal D (shifted by 2.3 eV
to lower Eping) compared to pure 4-1 (signal A). In case of the acceptor TCNQ the N 1s
HAXPES spectrum (Eping = 395 - 405 eV) (spectrum c) is in good agreement with literature
reported results. For the 4-1x/TCNQy complexes three signals (G, H and I) are identified.
G is assigned to pure TCNQ. The CT-complex is again characterized by two signals
(H and I). In contrast to the donor, H and I are shifted towards higher binding energies
Eping. Signals C, D (donor) and H, I are separated by AE = 1.1 eV.

For the assignment of C, D, H and I the effect of the number of valance electrons on the
CouLOMB attraction of the atom nucleus (core-level screening) has to be considered.
Valance electrons counteract the COULOMB attraction of the nucleus. Thus, an increased
number of valance electrons reduces the binding energy Eping of the 1S electrons to the
atom. In the N 1S HAXPES spectra, the cyano-group of TCNQ is scrutinized. In the case
of the charged TCNQ' the additional electron will increase the core-level screening and is
thus associated with the low Eyiyg signal 7 in figure IV-27 (right). From this follows that
signal H stems from complexed yet not charged TCNQ". For 4-1 the argument is inversed.
By abstracting an electron in the case of 4-1" the core-level screening is reduced and the

species is identified at high binding energies (i.e. signal D). Signal C stems from

** Surprisingly, signal B was also observed in vapor deposited films of 4-1/TCNQ CT-complexes (not
shown). This can be explained by 4-1 island growth on the substrate due to stronger substrate interactions
compared to TCNQ.
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complexed, yet neutral 4-1° moieties. The AEtcNQe) - Tongo = 1.1 eV is in good agreement
with the literature value for TCNQ/TMTSF CT-complexes.”*" For TCNQ/TTF a slightly
larger splitting of 1.5 eV is reported.[365]

In preliminary IR absorption experiments a partial charge-transfer was established and is
reconfirmed by these HAXPES results.” As in the works of GROBMAN er al. these
results suggest that a partial charge-transfer should be interpreted similarly to a mixed
valence state but here some moieties are in the ionic state and some are neutral.***! The
ratio of the signal intensities suggests 65 % in the neutral and 35 % in the ionic state.
Within the error margin of the experiments neither the sample’s stoichiometric
composition (2:1 vs. 1:2) nor the nature of the donor (4-1 vs 4-2) had an effect on the
degree of charge-transfer. This is in contrast to the solution UV-vis and powder IR
absorption studies. In both the nature of the donor has a clear impact on the degree of

charge-transfer (Z4.1/rcng = 0.17 compared to Zsoreng = 0.22, table IV-3).

IV.3.4 Electrical conductivity measurements on 4-1/TCNQ

and 4-1/F,~-TCNQ cocrystals

As stated in the introduction N/I transitions are only observed in segregated stack
CT-crystals. In the SFB/TR 49 context the rare temperature induced neutral/ionic
transitions (TINIT) are especially sought after. The HUTH group performed temperature
dependent conductivity measurements on 4-1/TCNQ and 4-1/F,~-TCNQ.P*" This
measurement is commonly used to establish TINIT behavior.!'®”

4-1/TCNQ was studied as thin-films as well as a single crystal. In both cases the material
behaves as an insulator with negligible temperature dependence of the resistivity. For
thin-films a resistivity of p=1.76%¥10° Qecm (o =5.68%10"'" S/cm) was found. For a
contacted single crystal the resistivity was even higher (p = 1.49%10'" Qcm). This behavior

is typically detected for organic insulating materials.!"*"
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1V-28: Left: Anisotropic temperature dependent conductivity of a 4-1/F,-TCNQ cocrystal in the range
200 - 300 K. Inset: Micrograph of contacted cocrystal. Right: ARRHENIUS plot of o(T) measurements (figure
courtesy of HUTH).
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In stark contrast to this, a contacted 4-1/F4,~-TCNQ cocrystal has much higher conductivity.
The conductivity displays a semiconductor like temperature dependency, i.e. it increases
with rising temperature.”®”’ For 4-1/F,~-TCNQ this behavior is visible at temperatures of
T=220K and above. At lower temperatures resistivity grew too large for reliable
measurements. In contrast to ordinary semiconductors the conductivity is highly
anisotropic.”®® When measured along the crystal’s long axis (corresponding with the
crystallographic a-axis) the conductivity reaches up to oy =290k = 7,5”‘10"8 S/cm while the
measurement along the lateral axis (i.e. perpendicular to the crystallographic a-axis) only
reached up to GyT=200k = 3,5*10'8 S/cm. An ARRHENIUS plot of the results clearly shows
that both transport mechanisms are thermally activated but have different activation
energies. Based on this plot, the collaborators determined the activation energy for the
transport parallel to the a-axis to E,; =0.98 eV and perpendicular E, ;= 0.84 eV. TINIT
materials usually have activation energies E, < 0.15 eV.®!

Despite considerable effort it was not possible to induce an N/I-transition by a thermal
stimulus in any studied CT-complex. Whereas a dramatic change in conductivity is
reported for the transition point, no such feature is observed for the tested materials.
Nevertheless, it is very interesting to see how the variation of the acceptor moiety in
CT-complexes can fundamentally change the behavior of the assembly. The transition in
crystal structure from a tilted (figure IV-7) to a coplanar arrangement (figure IV-9) leads to
a change from insulator to semimetal with anisotropic conductivity. Additional
calculations predict that the degree of charge-transfer Z is dependent on pressure along the
a-axis for 4-1/TCNQ. This is not predicted for 4-1/F4;-TCNQ.
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IV.4 Summary

A series of new charge-transfer complexes was prepared and characterized. For this, novel
pyrene based donors reported in chapters /I and /I were combined with strong acceptors.
In the series of UV-vis absorption spectra, the strongest acceptor (F4-TCNQ, 4-7) gave by
far the strongest response, i.e. the most intense and pronounced bathochromically shifted
CT-band. While the latter is to be expected, due to the smallest HOMO gonor/ LUMOjgeceptor
gap in this series, the former was not anticipated. The strong CT-interaction that arises
when 4-7 is used probably gives rise to a strongly bound state and as a consequence an
intense transition.”” The increase of the donor strength along a series (e.g. 4-1 -> 4-3)
sees the change from a neutral CT-state to an ionic system. The degree of charge-transfer,
as established by IR spectroscopy, shows that 4-3 (Z = 1) is much more prone to charge-
transfer as is the case for 4-2 (Z =0.22). In the search for a CT-complex that will give a
neutral-ionic transition upon external influences this means that 4-3 can be combined with
much weaker acceptors to reach the Z = 0.45 — 0.5 regime. The solid state structure of a
series of CT-complexes with 4-2 as donor was elucidated by single crystal X-ray
diffraction crystallography. In all cases a mixed stack arrangement was found. The
molecular arrangement varies significantly (twist angles, bend angles, m—7 distances etc.).
The crystallization of an analogous series using 4-3 as donor did not provide single crystals

suitable for X-ray diffraction, but only thin, intensely colored fibers.

In the context of SFB/TR 49 the possibility of a neutral-ionic transition for the 4-1/4-7
CT-complex was studied in cooperation with the HUHT group. For this system an
N/I-transition was not observed in conductivity measurements. Other sulfur containing

complexes are currently under investigation.

In the collaboration with the SCHONHENSE group the work-function shift by applying a thin
layer of 4-1 and 4-2 (as well as TCNQ CT-complexes thereof) on a gold surface was
studied by ultraviolet photoelectron spectroscopy (UPS). Using this as a starting point,
NEXAFS study on a charge-transfer complex was conducted. This study was able to
provide insight into the CT-process on an atomistic level. It pinpoints the transferred
electron to stem from the oxygen 2e and 6a; symmetric orbitals and to be directed to the
nitrogen b, and b,, symmetric orbitals. Single crystals required for this were provided by

the author.

Hard X-ray photoelectron spectroscopy (HAXPES) was used to investigate the effect of a
2:1 stoichiometry on the 4-1/TCNQ system. While solution UV-vis and IR spectroscopy
show only little consequence, a significant change in ionicity was identified in the
HAXPES experiment.



V. Emitters for thermally delayed
fluorescence in OLEDs

V.1 Introduction

With its International Research Training Groups (IRTG) the German Research Council
(Deutsche Forschungsgemeinschaft, DFG) provides a framework for the international
exchange of young scientists. The University of Mainz joined with Seoul National
University and Hannam University (South Korea) to form IRTG 1404 “Self-organized
Materials for Optoelectronics”. Researchers may obtain a scholarship to carry out part of
their work in the partner country and to subsequently obtain a joint degree from two
participating universities. Within this framework a collaboration with Professor

on thermally delayed fluorescence (TADF) in organic light emitting
devices (OLEDs) was initiated. This work encompassed the design of new emitters, their
synthesis, the characterization in solution and in solid state and finally the fabrication of a
working OLED device. The mechanism of TADF in OLEDs is discussed in detail in
chapter 1.3.4.

V.2 Molecular design

TADF emitters for blue OLEDs have the following prerequisites in common: '*

e The molecule has a blue fluorescence in the solid state;
e Materials should have good fluorescence quantum yield;
e The singlet -> triplet energy gap should be small (AEs;>1; < 0.5 eV).
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While the first two points may apply to all OLED chromophores, prerequisite three is
necessary for efficient TADF.

Based on these guidelines two emitter molecule designs were developed: The oxadiazole

based OD series and the pyrene based Py series.

V.21 Oxadiazole based emitters - The OD series

For the first series of molecules a linear donor—m-spacer—acceptor strategy was employed

1D

D - donor
A - acceptor
X - spacer

(illustrated in figure V-1).

V-1: OD series design. The donor (D) is tied to the acceptor (A) by the 7-spacer unit (X).

Fulfilling the first prerequisite, i.e. blue fluorescence, restricted the choice of donor and
acceptor units to some degree. In collaboration with the IVANOVA group an extensive
theoretical study was carried out to screen for promising donor and acceptor combinations.
The results of this study are presented in abridged form. A comprehensive discussion can
be found in the publication by VALCHANOV et al."’" Donors and acceptors for this study

were selected according to the following criteria:

(1) All main structural fragments are stable n-conjugated chemical species;

(1)  The donors have high-lying HOMOs and the acceptors low-lying LUMOs;

(iii)  The electron-donating / -withdrawing capacity of donors / acceptors is
varied smoothly by extension of the m-conjugated system and / or by

addition of functional groups to the main structural unit.

It became apparent that in order to achieve sufficient orbital partitioning an extension of

the spacer-unit “X” from m-phenylene to m-biphenylene was necessary.

Oxadiazole (5-7) emerged as the most promising candidate from the series of studied
acceptors. Keeping the acceptor moiety constant the donor residue was varied. Due to
efficient orbital partitioning, the variation of the donor was found to have little effect on
the LUMO energy.
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V-2: Building blocks used in the molecular modelling driven emitter design study.

The following structures were deemed most promising according to the calculation results.

Henceforth, they will be collectively designated as OD series (figure V-3):

5-11 5-12 5-13 5-14

V-3: The OD series materials. A homologus series was prepared by variation of the donor moiety.
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The calculated distribution of frontier orbitals in 5-11 is shown in figure V-4:

V-4: Calculated frontier orbitals of 5-11. The HOMO (left) is localized exclusively on the amine-donor. The
LUMO (right) is located on the oxadiazole-acceptor moiety. Overlap of HOMO and LUMO is not observed
(calculations courtesy of VALCHANOV et al.”’").

The orbital partitioning in 5-11 is significant. The HOMO is located on the amine-donor
while the LUMO is found on the oxadiazole acceptor moiety. Due to the weak conjugation
along the m-biphenylene bridge the respective frontier orbital is efficiently localized. For

the central phenyl unit no electron density in the FMOs is predicted.

The following singlet — triplet energy gaps (AEs;.>t1.calc) have been computed:

5-11 5-12 5-13 5-14

AEg1571 calo (€V)? 0.1 0.26 0.28 0.60

2 calculations courtesy of VALCHANOV et al.*™®

This series illustrates the effect of the donor variation on AEg.>1icac- A stronger donor
apparently reduced the energy gap. Carbazole (5-14) significantly widens the gap
compared to diphenylamine (5-13). 5-11 is the most promising candidate according to this

computational study.
V.2.2 Pyrene based emitters — The Py series
Yool © L0
para-Py @ O meta-Py

V-5: Py series designs for DFT study.

0,0
QO
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At the outset of the study, information on TADF emitter design was scarce. Thus, a second
loosely related series of blue emitters was developed. Drawing on the design principles
developed for the OD series the author of this manuscript chose pyrene as central building
block. It is an efficient fluorescent emitter and has successfully been employed in OLED
devices with a deep blue emission color.” As discussed in section 1./ pyrene possesses a
nodal plane in positions 2 and 7. Therefore, conjugation to substituents in these positions is
weak. This is used as basis for extensive orbital partitioning. Parallel to the OD series
diphenylamines were utilized as electron rich moiety. Compared to the OD series the
donor-acceptor interactions are significantly reduced. Nevertheless, an efficient orbital
partitioning is possible according to DFT calculations (vide infra) if in combination with

the nodal plane, the appropriate phenylene spacer is selected.

V-6: Fortier orbital densities of para-Py (cool colors indicate high orbital density).

As indicated, the connectivity of the phenylene linker plays a pivotal role in orbital
partitioning as can be seen when figures V-6 and V-7 are compared. In the case of para-Py
(figure V-6), the degenerated HOMO is mostly located on the triphenyl amine moiety.
However, there is also a significant participation of the pyrene scaffold predicted (green

and yellow color in the density plot).
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HOMO

LUMO

V-7: Frontier orbital densities of meta-Py materials (cool colors indicate high density).

In contrast, for meta-Py no participation of the pyrene-core in the HOMOs is observed. By
employing a meta-linker design the frontier orbitals will be spatially separated and the
triplet state destabilized. Furthermore, H-H repulsion between pyrene and the substituent
will impose a twisted structure on the molecule thus further enhancing the orbital

partitioning. In analogy to the OD series the amine moieties were varied to build up the
Py series.

o
® N
S S

"0 545 O

)
(J

V-8: Py series materials.

In calculations an acceptor (-F, -CN) substitution of the pyrene core (4 position) resulted in

the loss of wide bandgap behavior."*® Therefore, no such derivatives were prepared.
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V.3 Synthesis

V.3.1 The OD series

HN 4D

o Q b
O 5-16 5-17 5-18

don B R@ N§ B 9 -~
= NH + o v O
- j 5

o Qo e
NORQO 9 2, £

5-12 R = -OMe 5-17 5-16 5-18
5-13R = -H

V-9: Retrosynthetic analysis of OD series materials.

A retrosynthetic deconstruction of the OD series was carried out to devise an efficient
synthetic route.””" The two represented disconnections A and B were deemed most useful.
In A initially (A;) diphenyloxadiazole (5-16) is split off followed by severing of the
triphenyl amine bond yielding the symmetric diphenyl amine (5-17) and m-terphenyl
(5-18). In B the diphenyl amine (5-17) is disconnected in the first step and in B, the
diphenyloxadiazole (5-16) is detached from the central terphenyl (5-18). Both
disconnections provide simple, literature known building blocks.

Based on the disconnections the following synthetic route for the OD series materials was
established (figure V-10):
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V-10: OD series synthetic scheme. i: Pd(PPh;), Na,CO3, Tol, 50 °C, 4 d, 50 %. ii: Pd(PPh;s),, Na,COj3, Tol,
100 °C, 16 h, 65 %. iii: QPhos, Pd(DBA), NaOtBu, Tol, 100 °C, 16 h, 77 — 90 %.

In the first step a SUZUKI-MIYAURA cross coupling reaction of m-diiodobenzene (5-20) and
1-bromophenylboronic ester (5-21) provided the central bifunctional m-terphenyl unit
(5-22).°7 Chemoselectivity was achieved by low reaction temperature (50°C) and
repeated addition of small amounts of 5-21 as the reaction progressed. Long reaction times
(4 days) were required for adequate conversion of 5-20. The product was obtained in
modest yields as the iodo-versus-bromo-selectivity this is type of palladium catalysed
reactions is not very high. Increasing the reaction temperature resulted in a

homo-oligomerization of the boronic ester component.

For the second step the bisphenyloxadiazole-boronic ester (5-23) had to be prepared by
MIYAURA-borylation from the commercially available bromo-precursor.'”'! Ester 5-23
reacted with the m-terphenyl 5-22 in another SUZUKI-MIYAURA step. The reaction yielded
the product in 65 %. Debromination was the main side reaction. The coupling product 5-24

was the common precursor for the final synthesis step.
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V-11: Ligand screening OD series. I: Ligand, Pd(DBA),, KOtBu, Tol, 100 °C, 16 h.

The desired target compounds were prepared either by BUCHWALD-HARTWIG-
(5-11 - 5-13) or ULLMANN-type amination (5-14). All diphenylamine derivatives were
prepared using the QPhos ligand system.””*! It emerged from a short ligand screening to
provide superior results over XPhos or BINAP (table V-1).

Table V-1: Outcome ligand screening.

Qphos® XPhos® Binap®

Yield (%) > 90 76 30

2 1,2,3,4,5-pentaphenyl-1'-(di- tert-butylphosphino)ferrocene, ® 2-dicyclohexylphosphino-2',4',6'-
triisopropylbiphenyl, ¢ (1,1'-binaphthalene-2,2"-diyl)bis(diphenylphosphine)

Bis(p-dimethylaminophenyl)amine 5-25 was prepared using the same catalyst system.

N7 SNT H
i C N C
+
Br NH2 | |
5-28 5-29 5-25

Figure V-12: Synthesis 5-25. Qphos, Pd(DBA),, NaOtBu, Tol, 100 °C, 16 h.

Surprisingly, the QPhos system failed in the conversion of carbazole. 5-14 was prepared by
traditional ULLMANN-type reaction using copper iodide in DMF at 160°C.12"™
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V.3.2 The Py series
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V-13: Retrosynthetic analysis of Py series.

The retrosynthetic analysis of the Py series design offers two disconnection approaches
(A and B). In the first disconnection (A;) a 2,7-bisphenylpyrene and the diphenylamine
synthon are identified. In the second step (A2) a 2,7-functionalized pyrene and phenyl are
established. The second disconnection approach generates the 2,7-functionalized pyrene

synthon in B; and in a second step the diphenylamine synthon (B;).

For the synthesis of Py series materials the second disconnection was chosen as biphenyl
pyrenes have poor solubility which might hamper the synthetic effort. The
2,7-functionalized pyrene synthon is prepared in the form of 5-36 by regioselective C-H
activation / borylation procedure reported by COVENTRY et al®™ An alternative
2,7-dibromopyrene would have required a multi-step synthesis via tetrahydro pyrene.[Ss]
The triphenylamines 5-33 — 5-35 were prepared by BUCHWALD-HARTWIG cross coupling
whereas in the case of N-phenylcarbazole derivatives 5-40 — 5-42 ULLMANN-type reactions
were used. The respective target compounds 5-43 — 5-48 were prepared by subsequent

SUZUKI-MIYAURA reaction.
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V-14: Synthetic scheme Py series. i: Qphos, Pd(DBA), NaOtBu, Tol, 100 °C, 16 h 76 — 84 %. ii:

[Ir(i-OMe)(COD)],, tBuBipyr, Hex. 60 °C, 24 h 73 %. iii: Cul, K,CO3;, DMF, 160 °C, 16 h. iv: Pd(PPh;),
Na,CO;, Tol, 50 °C, 16 h, 50 %.

Molecules 5-43 — 5-48 were slightly soluble; purification by column chromatography was
not applicable. Repeated recrystallization afforded the materials in high purity. The
chromophores were prepared in > 500 mg scale. For vapor-deposition OLED-fabrication
large amounts of the material were required.



146 V Emitters for thermally delayed fluorescence in OLEDs

V.4 Characterization
V.41 OD series
V.4.1.1 Structure determination

All materials were identified by FD-MS and elemental analysis.

The low symmetry of OD series molecules leads to complex 'H-NMR spectra. As
structural variation within the series is limited, the assignment will be discussed using the

example of 5-13.

XYYV
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T T T T T T T T T T T T T T
8382818079787.776757473727.17.0
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10H Hs o

T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

V-15:'H- and H-H-COSY NMR spectra of 5-13 recorded in CD,Cl, at 293 K.

In collaboration with WAGNER the NMR signals were assigned to the positions in 5-13.
Signals /, 2 and 3 stem from the diphenylamine moiety. Signals 4, 5 as well as /3 and /4
are assigned to the diphenyloxadiazole. The remaining signals (6 through /2) are generated
by the m-triphenylene linker. For 5-11 and 5-12 additional methyl-group signals are
identified at Ove 5.1 = 2.4 ppm and Oy 5.12 = 3.2 ppm respectively.

V.4.1.2 Optoelectronic properties

V.4.1.2.1 Cyclic voltammetry

To design efficient OLED devices it is essential to determine the frontier orbital energies
of the chromophore in the emissive layer (EML). From this, hole- (HTL) and electron
transport materials (ETL) can be chosen for efficient charge carrier transfer to the
EML.""!
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In CV experiments only the oxidation signal was resolved under the employed conditions.
As OD series materials can be considered donor-acceptor materials resolving the reduction
signal might be expected as well."® When the calculated frontier orbital energies are taken
into consideration (table V-2) it becomes clear that the oxadiazole LUMO is still very high
in energy (i.e. its electron affinity is rather low). Thus, it is difficult to resolve the reduction
signal. The low solubility of OD series materials in acetonitrile® prevented its use as a

solvent.?%!

Current [uA]
o

o
L

U (vs. SHE) [V]

V-16: Cylic voltammograms of OD series recorded in dichloromethane at a scan rate of 100 mV/s using
Bu,NPFj as electrolyte. The voltammograms are referenced to the normal hydrogen electrode.””””!

For 5-11 three oxidation waves are observed. This can be interpreted as the stepwise
oxidation of all three nitrogen centers. In contrast, 5-12 only shows two clear waves at
higher potential. Methoxy-units are donating less electron density to the diphenylamine
moiety rendering the oxidation harder. 5-13 only exhibits one clear oxidation wave for the
first CV cycle (shown here). All three compounds behave similar to a series of substituted
triphenylamines reported in literature.”’® The oxidation signal can be assigned to the
triphenyl moieties in the materials. The N-phenylcarbazole derivative 5-14 gives a less
clear oxidation wave suggesting reduced redox-activity.”’” Oxidation is observed at
significantly higher potentials. From the onset of the oxidation wave the HOMO is derived

by the following relation:

Enomo = _(Uonset,Ox) — Unpe _(Uonset,Ox) —4.6eV (V-1)

Eq. (V-1): Uyyg = -4.6 €V gives the standard electrode potential of the normal hydrogen electrode (NHE) on
the zero vacuum level scale.”””

> A solvent commonly used in CV for its superior electrochemical stability.
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The computational results reliably predict the HOMO energy trend while the numerical
values diverge from the experimental results. This disparity can be attributed to the fact
that the DFT calculations are run in the gas-phase only, thus omitting intermolecular

interactions. The results are collected in table V-2:

Table V-2: Frontier orbital energies of OD series materials.

E E
Ugonser) (V) Etomo,Ex (ev)? E’g?/c))bEx Etomo,calc. (eV)* szg\c;')%alc'
5-11 0.2 -4.8 -1.7 -4.3 -1.7
5-12 0.7 -5.4 -1.8 -4.8 -1.7
5-13 1.0 -5.6 -2.0 -5.6 -1.7
5-14 1.4 -6.0 2.4 -5.3 -1.7

? Determined using Enue = -4.6 eV. ® derived in conjunction with the AEgpt (Table V-3) °DFT.

V.4.1.2.2

In order to study the OD series’ optical properties in the solid state, chromophores were

UV-vis absorption and photoluminescence spectroscopy

spun-cast from dichloromethane solution on a fused silica waver. UV-vis absorption and

PL spectra of the OD series in thin molecular films are collected in figure V-17.
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V-17: Normalized film UV-vis absorption (solid line) and PL spectra (symbols) of the OD series materials.
The PL intensity of 5-11 was too low to resolve its PL spectrum.

The UV-vis spectra of the triphenylamine derivatives 5-11, 5-12 and 5-13 show very
similar absorption bands. The absorption maximum is observed at around A = 303 nm and
can be attributed to the triphenylamine moieties.”*”! In 5-11 this band is slightly red shifted
and shows a significant tail (down to A =415 nm) in contrast to 5-12 and 5-13. The
secondary band (A =265 nm) varies in intensity. 5-14 exhibits a different absorption
behavior due to its carbazole moiety. Two sharp absorption peaks (A =295 nm
A =244 nm) are observed and can be attributed to a phenylcarbazole moiety.”*” The
optical bandgap is determined from the onset of the absorption spectrum. As expected, the

band gap is reduced in donor substituted derivatives (table V-3).
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The PL spectra of the OD series thin films are also included in figure V-17. A significant
hypsochromic shift is observed in the series from 5-12 to 5-14. The PL band of 5-12 is
broad (FWHM =90 nm) and featureless. Its maximum is found at Appmaxs.12 =498 nm
(green emission color). The PL quantum yields were determined by integrating sphere
method. It was found to be as low as ®pp =5.3 %. For 5-13 the PL spectrum has its
maximum at Appmaxsa3 =446 nm and a shoulder at 422 nm. The spectrum is sharper
(FWHM =70 nm) and has a higher quantum yield ®p; = 15.3 %. 5-14 has a deep-blue
fluorescence in the thin film with Apimixsaea =410nm with a weak shoulder at
ApL =442 nm. Within the OD series 5-14 has the sharpest emission peak
(FWHM = 60 nm) as well as a superior fluorescence quantum yield of ®p; =25.1 %. For
5-11 the PL intensity was insufficient to record a full PL spectrum.

Table V-3: Collected thin-film photophysical properties OD series.

S->T

Aabs,max AEop ApL max PL quantum gap> S -> T gapeyp.
(nm) (eV) (nm) yield (%)* ( e\;)at'f' (eV)
~ c Not

5-11 306 2.91 =570 <1 0.1 determined. ©
Not

5-12 302 3.24 498 5.3 0.26 determined.
5-13 301 3.40 446 15.3 0.28 0.40
5-14 243 3.50 410 25.1 0.60 0.61

2 determined by integrating sphere method. ° calculations courtesy of VALCHANOV et al.B"%,
¢ low PL intensity hampers determination.

The energy of the T triplet level was determined by recording time resolved PL spectra at
low temperatures. Long delay times make it possible to observe the weak organic
phosphorescence signal generated by the slow T; -> Sy transition. Low temperatures help

in these experiments to suppress the non-radiative decay of the triplet state.”®" This

method finds broad application in the study of organic triplet states.!*** *%!
1,2 T T T T T 1,2 T T
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V-18: Time resolved low temperature PL spectra of 5-13 (left, at T = 54 K) and 5-14 (right, at T =75 K). The
inset (right) shows an expansion of the weak phosphorescence signal.
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A series of time resolved PL spectra was recorded for 5-13 and 5-14 at 54 K and 75 K
respectively. The delay time** was varied from 25 ns to 2.5 ms. Up to a delay time of
300 us no significant change in the PL spectra is observed. Only at 2.5 ms delay new
features arise at A =510nm for 5-13 and at A =506 nm for 5-14. These features are
attributed to the respective T, -> Sy transition. The energy difference between the
phosphorescence and the fluorescence maximum gives the experimental AEg;.T; energy
gap collected in table V-3. For 5-11 and 5-12 the PL intensity was insufficient to observe

delayed luminescence. As a consequence, the triplet energy could not be determined.

As mentioned in chapter V.2./ an extensive molecular modelling study accompanied the
OD series design. The IVANOVA group calculated the AEs;.T; gap by time dependent DFT
calculations. For 5-14 the predicted value AEg.Tj caic. = 0.6 €V and the experimental value
AEsiT1,exp = 0.61 €V are in good agreement. In the case of 5-13 the theoretical approach
underestimated the gap by approximately 0.1 eV. Considering that TD-DFT methods often
overestimate the triplet energy by 0.25 to 0.4 eV (depending on the used functional) the
calculations are in excellent agreement with the experimental results.**4

In order to gauge the film forming properties of the OD series materials, the prepared thin
films were studied by optical microscopy. The dark field images are collected in figure
V-19.

V-19: Optical dark field micrographs of OD series films. 5-11 (top left) and 5-13 (bottom left) show bubbles
wereas 5-12 (top right) and 5-14 (bottom right) form smooth films. Scratch marks (top right) result from
stylus profilometry.

* ILe. the delay between photo excitation and the recording of the PL spectrum.
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All four materials form smooth films without grain boundaries. Grain bounderies in the
organic film reduce the charge carrier mobilities and thus may reduce the efficiency of the
device.!"*”! For 5-11 and 5-13 several bubbles are observed. This can be attributed to the
non-optimized fabrication process. As the films were also subjected to stylus profilometry,
the film of 5-12 shows some scrach marks but is otherwise smooth. Films were between
60 nm (5-14) to 110 nm (5-13) thick.

V.4.1.3 Conclusion

The OD series consists of four new molecules (5-11 to 5-14). The materials were designed
as blue emitters for TADF based OLED devices. From the prerequisites suggested by
ADACHI a molecular modeling study was conducted to minimize the AEg;r; energy
gap.[lgl] From this, especially 5-11 emerged as a promising candidate.”’"" A multistep
synthesis was planned. It was aimed to allow simple donor moiety variation, while keeping
the acceptor (oxadiazole) constant. Based on this strategy, materials 5-11 — 5-14 were
prepared. The optoelectronic properties were studied as part of the IRTG 1404 program at
Seoul National University in Korea during a three month research visit in the group of
Prof. _ After the determination of the HOMO energies by CV the
material was processed by spin-casting into thin-films. The optical properties of these films
were investigated by UV-vis absorption and PL spectroscopy. The characterization of the
triplet level energy was hampered by the disappointingly low PL efficiencies of 5-11 and
5-12. It was possible to determine AEg;.t; for 5-13 (0.40 eV) and 5-14 (0.60 eV), which is
close to the AEg;.T1< 0.5 eV suggested by ADACHI. The determined photoluminescence
quantum yields of all OD series materials were below ®pp < 30 %. In order to fabricate
efficient OLED devices it should be ®p;, > 50 %! The OD series materials were not

studied in OLED devices as a consequence.

The low fluorescence quantum yields of 5-11 and 5-12 can be explained in parts by
CT-interactions taking place in the molecule. While CT-fluorophores are commonly used
(e.g. coumarine dyes in bio imaging) they are impaired by low fluorescent quantum
yields.”®! Furthermore, the diphenylamine-moieties of 5-12 and especially 5-11 are not
stable in air. 4,4’-bis(dimethylamino)diphenylamine is used as redox indicator in analytical
chemistry (BINDSCHEDLER's green).”* ITO et al. identified a series of radical species.*"’
The fluorescence of 5-12 and 5-11 is probably quenched by the formation of analogous
oxidation products. The fact that fluorescence remained weak even after treating the film
with a reducing agent suggests that also CT-quenching is operational. As recently
discussed by LEE et al., small AEg;.1; often leads to poor PL efficiencies.*®” For 5-13 and
5-14 the PL quantum yield is improved to a level often found in oxadiazole containing

fluorophores, but still far inferior to current fluorescent materials.[*%3 38
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V4.2 The Py series

Parallel to the OD series the pyrene based Py series (5-43 to 5-48, see figure V-8) was

investigated.

V.4.2.1 Structure determination

All materials were identified by FD-MS and elemental analysis.

The structure of all materials was confirmed by 'H- and *C-NMR spectroscopy. The

assignment of NMR signals for triphenylamine derivatives is discussed on the basis of

5-46.
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V-20:'H- (panel) and 'H-PC HSQC (inset) NMR spectra of 5-46 recorded in C,D,Cl; at 374 K.

From the 'H-NMR it follows that 5-46 has nine non-equivalent protons at elevated
temperatures. At lower temperatures rotamers complicate the structure elucidation.The
solubility of 5-46 is insufficient for BC-NMR spectroscopy. Two singlets / and 2 at
0 =28.29 ppm (4 H) and & = 8.08 ppm (4 H) are assigned to the pyrene core at H; and H,
respectively. The singlet 3 (& = 7.63 ppm, 2 H) can be identified as part of the m-phenylene
linker (Hs). By considering the integration and splitting of signals 4 (6=7.19 ppm, d,
J=7.25Hz, 8H), 5 (6 =7.30 ppm, t, J =7.25 Hz, 8H) and 6 (8 = 7.30 ppm, t, J = 7.25 Hz,
4H) they can be assigned to the diphenylamine units. The remaining signals
70=753ppm, d, J=748Hz, 2H), 8 (0=745ppm, t, J=748 Hz, 2H) and
9 (6 =17.53 ppm, d, J = 7.14 Hz, 2H) are allocated to the m-phenylene linker.
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Using a 'H-">C correlation spectrum signals A (8 = 123.9 ppm) and B (8 = 128.0 ppm) can
be assigned to the pyrene scaffold. The m-phenylene linker generates signals
C (6=123.9 ppm), D (6=123.5ppm), E (6=130.0 ppm) and F (&= 122.6 ppm). The
diphenylamine moiety finally gives rise to signals G (8 = 124.4 ppm), H (8 = 129.5 ppm)
and I (8 =123.1 ppm). Quaternary carbon signals could not be resolved due to the low
solubility of 5-46.

5-43 is chosen as an example to discuss the NMR signal assignment for the carbazole

substituted pyrene derivatives (5-43 — 5-45).
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v-21:'H- (panel) and 'H.B¢ HSQC spectra of 5-43 recorded in C,D,Cl, at 373 K.

As in the case of 5-46 the pyrene scaffold can be identified by two singlets (/ and 2). In
this case they are shifted slightly down field to 8 = 8.52 ppm (H;) and & = 8.22 ppm (H>).
At 500 MHz NMR field strength signal 3 (8 = 8.23 ppm) is not fully resolved from singlet
2. From a 'H-'H COSY experiment (not shown) it can be identified as belonging to the
carbazole unit due to its strong coupling with signal /0 (6 = 7.37 ppm, t, J = 7.27 Hz, 4H).
By an area-under-the-curve argument signals 9 (8=7.50ppm, dd, J;=7.27 Hz,
J, =8.20Hz, 4H) and 8 (6 =7.59 ppm, d, J =8.20 Hz, 4H) can also be assigned to the
carbazole moieties. The remaining signals 4 (8=8.07 ppm, d, J=7.8Hz, 2H),
5(=17.85ppm, t, ] =7.8 Hz, 2H) and 6 (6 =7.70 ppm, d, J = 7.8 Hz, 2H) stem from the

m-phenylene linker.
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From the HSQC spectrum the following assignment of the carbon atoms is possible. Signal
A (8 =123.5 ppm) and B (8 = 127.7 ppm) stem from the pyrene scaffold. The m-phenylene
linker generates signals C (8= 126.1 ppm), D (6= 126.5 ppm), E (6 =130.1 ppm) and
F(3=125.5ppm). Finally, signals G (0=109.6ppm), H (&= 125.6 ppm),
I1(6=119.8 ppm) and J (6 = 120.0 ppm) are assigned to the carbazole unit.

V.4.2.2 Optoelectronic properties

V.4.2.2.1 Cyclic voltammetry

As for the OD series, frontier orbital energies were determined by cyclic voltammetry.
Only the oxidation waves were observed in the experiments. Accordingly, only HOMO
energies were determined electrochemically. The LUMO energies were again derived in

conjunction with the optical band gap AEqp.

CV experiments were conducted in THF and tetrabutylammonium hexafluorophosphate as
supporting electrolyte. For 5-43, 5-44 and 5-46 NPB, while for 5-45, 5-47 and 5-48

ferrocene was used as internal standard. In figure V-22 the voltammograms are referenced

versus the NHE electrode.
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V-22: Cylic voltammograms of Py series recorded in THF at a scan rate of 100 mV/s using Bu,NPFg as
electrolyte. The voltammograms are referenced to the normal hydrogen electrode. When applicable, Fc/Fc*
wave is labeled with an asterisk (*) symbol.

The carbazole derivatives 5-43 — 5-45 show limited electrochemical activity. The oxidation
waves of 5-43 and 5-44 have very similar onset values (Upxs43=1.37V,

Uoxs.44 = 1.41 V). As expected, alkylation only has a small effect on the HOMO energy
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(table V-4). For 5-43 an irreversible reduction is observed at U=1.2 V which is not
detected for 5-44. This reduction band might be an experimental artefact. The solubility of
5-43 is poor, thus the mass transport equilibrium at the working electrode may not be able
to fully establish itself leading to an additional signal.”**” In the case of 5-45 the methoxy
units clearly elevate the HOMO in terms of energy. The oxidation wave is recorded at
Uox 545 = 0.6 V equivalent to a HOMO energy of -5.3 eV.

Table V-4: Frontier orbital energies of Py series materials.

Uonset) (V) Euomoex(eV)'  THMOE Euomocu(eV)T  CiiMecae
5-43 1.37 -6.0 2.4 -5.37 -1.73
5-44 1.41 -6.0 -2.6 -5.42 -1.98
5-45 0.68 -5.3 -2.1 -4.87 -1.69
5-46 0.71 -5.4 2.2 -4.98 -1.52
5-47 0.60 -5.2 -2,0 -4.82 -1.47
5-48 0.39 -5.0 -1.9 -4.62 -1.39

? determined according to eq. (V-1) using Enye = -4.6 eV. ® derived in conjunction with the AEgpt
(table V-3Table V-3). °DFT.

For the triphenylamine derivatives 5-46 — 5-48 a stronger electrochemical activity is
registered. The first oxidation wave is consistently recorded at lower potentials
(Uox546=0.7V, Upxs5.47=0.6 V and Upxs4s =0.4 V) when compared to the carbazole
congeners. For 5-46 and 5-48 a second oxidation signal (corresponding to the second
triphenylamine substituent) is resolved at higher potential (Upxzs46=1.2V,
Uoxs.47=1.1 V). In the triphenylamine derivatives alkyl-substitution (5-47) raises the
HOMO energy by 0.2 eV. As for the OD series, the DFT calculations are well predicting
the trend of the frontier orbital energies and optical band gap of the Py series, yet the
numerical values are too high.

LUMO energies were derived from the optical bandgap AEgp (table V-5). All compounds
have a significant bandgap AEpp of 3.2 - 3.6 eV. As a consequence, the LUMO energy is
relatively high especially for the triphenyl derivatives. This is problematic for the design of
suitable OLED device structures (vide infra). At the time of writing, only 5-44 was studied
in working OLED devices.

V.4.2.2.2 Optical spectroscopy

In figure V-23 UV-vis and PL spectra of Py series molecules in THF solution are
collected. The corresponding absorption and emission maxima as well as the STOKES shift

of each compound are reported in table V-5.
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At first glance the UV-vis spectra of all materials of the series look similar. All have a
strong absorption maximum (€ ~ 4.8%10° — 5.7%10° mol*L"*cm™) in the region between
Aabs.max = 289 nm and 298 nm, a clear second band around Aaps = 339 nm and 344 nm as
well as a weaker feature around Aaps = 322 nm and 327 nm. For clarity, the region between
310 and 400 nm is expanded in an inset in figure V-23. The vibrational splitting is not

resolved for the main absorption band, as has been observed for other 2,7-functionalized

pyrenes.'" 77!
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V-23: Left:UV-vis absorption (solid line) and PL spectra (symbols) of Py series materials in THF solution.
Right: Expansion of the UV-vis absorption spectrum around the band gap.

The PL spectra look almost identical. All have a strong PL maximum at App .= 414 nm, a
second maximum at App =437 nm and a third feature at Ap. =466 nm. The relative
intensities of the spectral features are identical except for the methoxy substituted
derivatives (5-45 and 5-48). In these materials the weaker spectral features show an
increased intensity. All materials have a significant STOKES shift between 70 and 75 nm in

common.

Table V-5: Collected photophysical properties Py series materials in THF solution.

Aabs,max (M) [€ b a Stokes shift
Compound [(*10 L*Cm-1*mOI-J)] a AEOpt (eV) xPL,max (nm) (nm) a

289 [5.7]

5-43 3.57 414, 437, 466 75
339 [2.2] el
297 [4.9

5-44 [4.9] 3.47 414, 437, 466 70
344 [1.8]
298 [5.1]

5-45 3.21 416, 436, 465 71
343 [1.8]
293 [5.4]

5-46 3.31 414, 437, 466 75
339 [2.3]
296 [5.1

5-47 511 3.25 414, 437, 466 71
343 [2.0]
295 [5.8]

5-48 3.14 416, 436, 465 72
343 [2.3]

?recorded in THF, ° onset of absorption
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KAAFARANI et al. reported a study on 2,7-bis(carbazol-9-yl)pyrenes.’”"! They observed
similar two-transition UV-vis absorption spectra. In their discussion they utilize the
weaker, long wave absorption as absorption maximum (Aapsmax = 341 nm) and disregard
the stronger, high energy absorption (Aapsmax <330 nm). They report PL maxima at
APLmax = 429 nm for 5-50 and App max = 450 nm for 5-51. As discussed in the introductory
chapter, the Sp -> S, transition is usually rather weak whereas higher transitions So -> S(j.4n)

can be very strong, especially in 2,7-substituted pyrenes.''!

® <

5-50 5-51
V-24: 2,7-bis(carbazol-9-yl)pyrenes reported by KAAFARANI et al."”"

t-Bu
t-Bu

KAAFARANI et al. calculated Sp->Ss and Sp->S; to be the first transitions having
considerable transition dipole moments in 5-51 and attributed them to the low energy
absorption maximum. In their discussion they use this to explain the large STOKES shift of
86 nm observed for 5-50 and even 109 nm for 5-51. Their argument runs as follows: While
excitation is occurring only in an Sp->S(in transition, emission occurs in an
S1->Sy transition. Between excitation and re-emission, energy is dissipated by internal
conversion to the S1 state. This hypothesis was supported by relatively long fluorescent

lifetimes.

Generally, STOKES shifts reflect the reorganization energy between the ground and excited
state.*! %! Large STOKES shifts are often observed for donor-bridge-acceptor molecules

393 394
)[ ] )[ ]

where electron energy transfer (EET or intramolecular energy transfer (IMET

cascades are often possible.

For the Py series materials it can be supposed that a similar mechanism as reported by
KAAFARANI et al. is triggering the large STOKES shifts. Fluorescence lifetimes are also
large in these molecules (V.4.2.2.5). In order to get a deeper understanding of the
excitation and emission mechanism of the series solvatochromism experiments were
conducted. It was to be tested whether the ground state was polarized in contrast to the
excited state. This can be expected from the molecular modelling predicting high electron
density on the pendent carbazole units (HOMO) whereas the LUMO is localized on the

pyrene core (see figure V-7).

V.4.2.2.3 Solvatochromism

The dependency of spectroscopic properties (e.g. position or intensity of absorption /

emission maxima) on the solvent in which the analyte is dissolved is called solvatochromic
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effect or for short solvatochromism.*™ ***' The solvatochromic effect is caused by
differential solvation of the ground and the excited state.*%” If, for example, the excited
state is polar (i.e. has a dipole moment) while the ground state is not, interactions in polar
solvents will differ. The polar excited state will be stabilized (i.e. lower in energy). In
D-m-A dyes a significant solvatochromic effect is often observed.”*®! As solvatochromism
is usually more pronounced in the emission than in the excitation spectrum, the PL spectra
of 5-43, 5-44, 5-45 and 5-46 in five different solvents were recorded and are reproduced in
figure V-25. The following solvents were used(in the order of increasing polarity): hexane
< toluene < chloroform < THF < DMSO.. The four molecules were chosen to be able to
investigate the effect of changing the substituent on carbazole and the effect of TPA

compared to carbazole.
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V-25: Solvatochromism of 5-43 (top left), 5-44 (top right), 5-45 (bottom left) and 5-46 (bottom right). Clear
solutions are shown as solid lines (¢ = 1*10° mol/l), symbols signify turbidity in the sample.

The poor solubility of the studied materials allowed only for THF, chloroform and toluene
to prepare visually clear solutions (c = 1¥10° mol/l). These solutions are plotted as solid
lines in figure V-25. For the remaining solvents the material was not fully soluble. The

solid was allowed to settle for 1 h after sample preparation and decanted.

Small solvatochromic shifts in the position of the PL. maxima are found and collected in
table V-6. Between hexane and DMSO a shift between 5 — 9 nm is registered. The solvents
have a significant influence on the relative band intensity (Appmax VS. APL2nd.max )07 yet,
this influence is not consistent. For 5-43 the second PL. maximum reaches 92 % intensity in

DMSO and drops to 78 % in hexane. In contrast, for 5-44 the second PL maximum is as
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low as 66 % in DMSO and only rises to 75 % in hexanes. For the intermediate polarity
solvents the solvatochromic effect is even smaller. The maxima are shifted by about 1 nm

in toluene. These solvents also show little effect on the relative band intensities.

Materials with strong solvatochromism experience a shift of around AA =80 - 100 nm
between both extreme ends of the solvent polarity spectrum.””>! ZOPHEL et al. for example
have reported push-pull substituted pyrene derivatives with a solvatochromic shift of
AL =92 nm between hexane and THF.®”! Compared to this 5-43, 5-44, 5-45 and 5-46

exhibit practically no solvatochromic effect.

Table V-6: PL maxima of 5-43, 5-44, 5-45, and 5-46 in fife different solvents.

ArPL,max ArPL,max AtPL.max ArPL,max ArPL,max
Compound  (nm) (nm) (nm) (nm) (nm) A Hex ->
DMSO (nm)
Hexane Toluene CHCI; THF DMSO
413 415 414 414 418 5
5-43 432 437 436 437 441 9
457 462 461 462 459 2
412 416 414 414 417 6
5-44 432 437 436 437 440 8
456 462 461 462 464 8
411 416 414 416 418 7
5-45 431 436 436 436 441 10
455 465 465 465 465 10
412 415 414 414 418 6
5-46 434 437 436 437 440 6
457 462 461 462 466 9

From this we can conclude that the states involved in the observable transitions (excited or

[395] Therefore, an

ground) have no significant variation of their dipole moments.
asymmetric excitation (from the pyrene HOMO) to one of the triphenyl-amine termini
(LUMO) does not take place. Rather, in the C, symmetric molecule both termini are

equivalent and a symmetric excitation takes place.

V4224 Film study
Thin-film and OLED studies were conducted in the Organic Photonics Lab at Seoul

National University during a research visit as part of the IRTG program. In order to gauge
the emission properties of Py series molecules in an OLED device, thin films of 5-43, 5-44
and 5-46 were prepared by thermal evaporation onto a SiO; substrate and their PL spectra
recorded. In figure V-26 the solution and thin film emissions are compared. In the solid
state PL spectra are usually broadened and often lack vibrational fine splitting observed in
solution.”®! Molecules with an extended aromatic core may also form dimers by

Tt-T interactions. This, in turn, can lead to the formation of excimers. As mentioned before,
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in pyrene the fluorescence maximum is shifted to A =470 nm when excimers are
established."**’! Excimer fluorescence can be the exclusive EL mechanism of pyrene based
OLEDs, yet this sky blue emission color is not very desirable (e.g. for a full color
display).!'7% 38!
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V-26: Left: Solution (line) and film (symbols) PL spectra of 5-43 (black), 5-44 (red) and 5-46 (blue). Right:
Solution spectra of 5-44 at different concentrations (line, red: 1*10° mol/l; blue: 5%107* mol/l; green:
1%10™ mol/l; violet: 5%10° mol/l; yellow: 1*10” mol/l in CHCl;) compared to the film PL spectrum (black).

When the PL spectra in solution and in the solid state are compared, a significant
bathochromic shift of A~ 37 nm (Amax solution t0 Amax.fim) becomes apparent. In table V-7
details are presented. Only two PL bands can be identified in the solid state
(Ashoulder = 424 nm, Amax fiim = 450 nm). In terms of intensity, it is noteworthy that the
highest energy transition is not the strongest (for 5-46 the intensity in only 43 % and for
5-44 it is 76 % of the absorption maximum). The film spectra are significantly broadened
(e.g. FWHMs.44 soution = 47 nm to FWHM5._44 5im = 73 nm). The PL efficiencies in the films
have been determined by the integrating sphere method and are quite high. In figure V-26
(right) it can be seen that excimer formation is well suppressed in 5-44. Even at
concentrations as high as ¢ = 1*#10” mol/l (i.e. close to saturation) an excimer emission
(i.e. A>470nm) is not observed. In the studied concentration range, emission is

practically independent of the concentration.

Table V-7: Solution and film PL spectra of 5-43, 5-44 and 5-46 compared.

AtPL,max (nm)

. xPL,max (nm) Shift of Shift of PL PL efficiency
__inTHF Film PLmax (NM)  bands (nm)  (film) (%)®
(intensity in %)
5-43 414 (100) 424 (49) 36 10 57
437 (67) 450 (100) 13
5.44 414 (100) 424 (76) a7 10 47
437 (67) 451 (100) 14
414 (100) 424 (43) 10
5-46 38 62
437 (63) 452 (100) 15

% integrating sphere method




V.4 Characterization 161

The significant shift from solution to the film spectrum is not fully understood and
currently under investigation by the KiM group. Three lines of explanation seem
reasonable:

e Dimer formation;

® A new decay channel open in the solid state;

® Or type C excimer formation.

Formation of dimers is often found in PAHs in the solid state. Dimerization will shift the
absorption and emission spectra of a molecule to lower energies. The work of KAAFARANI
et al. discusses possible electronic transitions in 5-50 and 5-51.°%! Not all transitions
possible in the molecule, have high transition dipole moments. Due to symmetry
constraints some transitions are very weak in solution. A change in geometry from solution
to the solid state may open new decay channels and thus give rise to new emission
features. In order to test this hypothesis it would be necessary to calculate the transition
dipole moments of different geometries by TD-DFT. A collaborator for such a time
consuming study is still needed. Alternatively, the formation of a C-type excimer might
cause the significant change in the emission spectrum. NANDY ef al. studied the formation
of a static intramolecular pyrene excimer.”*””! In their work they suggest three possible

pyrene arrangements in the excimer:

V-27: Three modes of pyrene — pyrene dimer formation. A: Superimposed. B: Displaced along the molecule
short axis. C: Displaced along the molecule long axis (figure adapted from NANDY et al.”**").

When Py series geometry is considered, type A excimer formation (figure V-27) is very
unlikely due to the bulky pendant substituents. Type B and especially type C seem more
plausible. For the type C excimer NANDY et al. report a blue shift of the excimer
fluorescence t0 Amax = 460 nm (in DCM).** A bathochromic shift (Amax = 512 nm) in the
solid state is attributed to additional intermolecular excimer formation. As was shown in
the solvatochromism (figure V-25) and concentration study (figure V-26) excimer
formation was not observed in solutions of Py series molecules, even in poor solvents.
While this suggests that the substituents suffice to suppress the excimer formation in

solution they might be insufficient to suppress type C excimers in the solid state.

All three hypotheses are able to explain why in 5-44 the single molecule emission
maximum retains its relatively high intensity. The bulky tertiary-butyl groups hinder the
molecular approach in the solid state. The intermolecular interactions are therefore

suppressed.
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V.4.2.2.5 Time resolved photoluminescence spectroscopy

By recording the prompt and delayed PL spectra of a material at cryogenic and room
temperature it is possible to delineate the fluorescence, delayed fluorescence and
phosphorescence components of a bulk materials’ PL spectrum. By isolating the
phosphorescence component it is possible to assess the energy of the triplet state T and
therefore the AEs .1 energy gap.*”!! As stated in the introduction to this chapter the
AEg >11 energy gap should be smaller than 0.5 eV to for efficient TADF in an OLED .1

Figure V-28 shows a series of PL film spectra of 5-43, 5-44 and 5-46. In the room
temperature PL spectra (right column) only a small variation between the prompt and the
delayed spectra is observed. At long delay times (up to 100 us) noise creeps into the

spectra due to low PL intensities.
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V-28: Time resolved PL spectra of 5-43 (top), 5-44 (middle) and 5-46 (bottom) at cryogenic (left) and room
temperature (right). The delay time is varied from 10 ns up to 1 ms.
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At lower temperatures a significant shift in the emission spectra can be observed between
the prompt and the delayed acquisition (details are presented in table V-8). At short delay
times the emission resembles the room temperature emission. At long delays an additional

component is added. This is attributed to phosphorescence from the triplet state of the

respective molecule.

Table V-8: PL maxima at different temperatures and delay times.

ArPL,max (nm) ArPL,max (nm) PL.max (nm) AtPL.max (nm)
taeay = 25 NS taealy = 25 S ®  tgeay =25ns tdealy = 25 Us ° AE(S(;V?E:EX”'
T=45K? T=45K T =300 K T =300 K
5-43 454 484 454 454 0.18
5-44 423, 448 451-471 (br) 426, 448 426, 450 0.36
5-46 432, 453 432, 473 454 454 0.13

%in the case of 5-46 T = 54 K, ° in the case of 5-44 tye,, = 100 ps ° assuming the evolving band is
not a p-type delayed fluorescence.

The triplet energies derived by this method are exceptionally small for pyrene based
molecules (0.13 — 0.36 eV). MISTELBERGER and PORT report the triplet emission of a
pyrene crystal at A=592nm by a similar method which translates to

ABs 571 pyrenc = 1.1 €V.1""*! This experimental gap agrees well with the TD-DFT calculated
gap AEg; o7 cale 544 = 1.2 €V for 5-44.%
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V-29: Transient PL spectra of 5-43 (left), 5-44 (center) and 5-46 (right). The material is excited at a constant
excitation wavelength (5-43 = 485 nm, 5-44 = 480 nm, 5-46 = 475 nm) at an incremental change for

temperature.

In the transient PL experiment the PL intensity of only one emission wavelength is
observed in the time domain. This gives information on the temporal evolution of the
delayed emission. In figure V-29 a series of transient PL spectra of 5-43, 5-44 and 5-46 at
different temperatures is depicted. Often, an emission mechanism can be deduced by
establishing a rate law for the decay of the PL intensity. At first glance at the figure it is
obvious that delayed fluorescence is observed for all three materials. In 5-44 the decay rate
is much lower than in 5-43 or 5-46. Delayed luminescence lifetimes are extremely
sensitive to impurities.”® 5-44’s improved solubility may have allowed reaching superior

purity. For OLED device fabrication 5-44 was purified by zone refining.

* Calculations courtesy of IVANOVA group.
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At the time of writing, it has not been possible to determine the rate constants and rate laws
for the delayed fluorescence of the studied molecules. No linear relationship between
temperature and decay rate can be established. Probably more than one decay mechanism
is operational, as no single rate constant was able to describe the decay appropriately.
Investigations continue in the KiM group. For TADF the decay rate will increase with
temperature.'® "*®! At higher temperatures more energy (k*T) is available to the system
and surmounting the activation barrier for reverse-ISC becomes more facile.'™ The
current working hypothesis is that triplet-triplet annihilation may also be operational in the

Py series emitters.!"""!

V.4.2.3 OLED fabrication

To begin the investigations of the Py series performance in OLED devices 5-44 was
chosen. It has a superior film PL spectrum (higher short wave length component,
vide supra) as well as significantly extended delayed fluorescence lifetimes. However,
5-44 also has a significantly low energy component in its film PL. In the planned OLED
devices 5-44 was not only to be used as a neat film but also doped into the mCPPO1 matrix

material (host:guest system).[403]

T T
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V-30: Panel: Film PL spectra of 5-44 in a neat film (black), 10 % doped in mCPPOI (blue) and 5 % doped
in mCPPOI (red). The dashed line gives the film PL spectrum of mCPPOI. For comparison a solution PL
spectrum of 5-44 is given (yellow symbols). Inset: PL efficiency at different doping concentrations.

Utilizing the host:guest system leads to a dramatic hypsochromic shift of the PL spectrum
compared to the neat film of 5-44. Irrespective of solid state broadening, the host:guest
system’s PL spectrum is identical to the solution emission in chloroform (c = 110 mol/l)
(figure V-30). The fact that the emission maximum in the doped films reverts to
Amax = 414 nm makes this material very attractive for the use in OLED devices. One
disadvantage is that the luminescence quantum yield drops from 47 % to 40 % (10 wt% of
5-44) and even as low as 37 % (10 wt% of 5-44). This occurs probably due to incomplete
energy transfer from the host to the guest. Due to the large band-gap behavior of 5-44 the
choice of matrix materials is limited. Especially the energetically high lying LUMO
(ELumo 5-44 = -2.64 V) restricts the choice of suitable ETL materials. It was found that
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mCPPO1  (Erumo, mcpro1 =-2.60 €V) provides a close match in terms of energy.
Furthermore, mCPPO1 found broad applications for efficient exciplex co-host OLED
devices in the KiM group.** For future studies a screening of alternative matrices
(e.g. PO-T2T, ELumo =-2.82eV) is planned.[405]

Four different OLED device layouts (A — D, figure V-31) were screened. Prior to device

fabrication optical simulations were performed to minimize optical losses. 4!

A: Neat 5-44 EML B: Neat 5-44 EML C: Host:Guest EML D: Host:Guest EML
without EBL with EBL without EBL with EBL
24 261 252 24 964 g1 252 24 264 252 24 264 252
- - 3 - 3 -
LiF/AI LiF/Al 2 LiF/Al 23 LiF/Al
3 . = 3 3| o A 3 @ = 3 13| £ =
| &% ml S ¥ |8 ol 5128 mol S8 78|
: by g -
6.1 6.01 6.1 6.01 6.1 6.1
ReO; ReO; 6.2 ReO; 6.2 ReO, 6.2

68 — 6.79 6.8 — 6.79 68 = 6.79 6.8 — 6.79

V-31: Device layouts tested in the optimization study.

All devices were prepared by stepwise thermal evaporation onto an ITO functionalized
glass substrate (used as anode). Rhenium tetroxide was employed as hole injection layer,
followed by mCP as hole transport layer.*””! In the cases of B and D mCPPO1 was
introduced as electron blocking layer in cases A and C it was omitted. In designs A and B a
layer of pure 5-44 was used as emitting layer (EML) whereas C and D made use of the
mCPPO1:5-44 host:guest system introduced in figure V-30. The thickness of the electron
transport layer, comprising of TSPOI, was varied from 25 to 40 nm to empirically
optimize the charge balance of the device.!*”*! Lithium fluoride was applied as electron
injection layer and the stack covered with an aluminum cathode. A cover glass was glued

on the final device before exposing it to air.

Results of the device optimization study are compiled in figure V-32. EL spectra, the
current density vs. voltage as well as luminance vs. voltage curve and finally the external
quantum yield vs. current density relation are displayed (columns from left to right). Key
characterization data for the optimal ETL thicknesses (i.e. highest EQE) are collected in
table V-9 for the respective device structures.

Table V-9: Results OLED fabrication / optimization study.

Optimal FWHM

Max.
Device ELT maxI?rl;mm EL Turn on . Max EQE
structure  thickness spectrum  voltage (v) luminance (%)
(nm) a (nm) (nm) (cd/m”)
A 35 423 51 55 150 (11 V) 16
B 40 423 53 6.3 93 (13 V) 1.8
C 35 410 41 3.6 31 (6V) 2.9
D 40 410 40 3.3 33 (6 V) 3.1
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When the EL spectra of devices A and B are compared to the film PL data an unexpected
hypsochromic shift is evident. A new emission maximum is found at Agp max = 423 nm
alongside a shoulder at A = 444 nm. The intensity of this shoulder is dependent on the ETL
thickness; therefore it may be caused by diffraction within the OLEDs (microcavity
effect).*”®! The absence of the PL maximum at A = 450 nm in the EL spectrum suggest that
this band is not generated by pyrene excimers. BISBERG et al. describe solely pyrene
excimer EL in a polymer with strong excimer PL at around A = 470 nm.”*® For devices
Cand D again a (smaller) hypsochromic shift of the fluorescence maximum to
AELmax = 410 nm is observed. The clear shoulder at Ap;, =435 nm is less developed in the
EL spectrum. Again the intensity of this feature depends on the ETL thickness.
Additionally, the spectral purity of the emission is enhanced in the host:guest system. Full

width at half maximum is decreased by approximately 10 nm.

Change of the EML structure not only has as significant effect on the EL spectrum but also
on the electrical properties (e.g. turn-on voltage) of the devices. Devices A and B with their
neat-film EML need much higher driving voltage to give off light (Uyys =5.5V and
Uons = 6.3 V) than their host:guest counterparts C (Uopnc=6.6 V) and D (Ugyp =3.3V).
Lowering the driving voltages is important as this decreases the energy consumption of the
device. Furthermore, the current density per cm? is also reduced. This usually helps to
enhance the longtime stability of the device.*”®!

The luminance values are very low. Yet, the external quantum yields are reasonably good.
A and B show much higher luminance values (3 to 5 times higher), yet a lower EQE. It
must be recalled that luminance is a photometric unit, i.e. the photon flux is modulated to
the brightness perceived by the human eye.'*”” The standard luminosity function is very
low for wavelength A <450 nm."'”" Thus, the narrow deep-blue electroluminescence
emitted by devices C and D give low luminance values. For devices A and B the
EL spectrum is much broader and has a tail reaching A =550 nm, a region of high
sensitivity of the human eye. The external quantum yield is not a photometric
measurement. Thus, despite of low luminance values devices C and D give high EQEs. In
the last column of figure V-32 EQE versus current density behavior of the devices is
reported. For devices A and B the EQE increases rapidly and reaches its maximum at
1 mA/cm?. Increasing current density leads to a rapid efficiency roll-off (the decrease of
efficiency with increasing current density)."'"! In contrast, devices C and D exhibit very
high EQEs around the turn-on voltage, efficiency roll-off is starting to affect the devices at

current densities exceeding 2 mA/cm®.
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V-32: Results device optimization study.

The optimized device has a maximum EQE of 3.1 % and a turn on voltage of 3.3 V. The
EL maximum is located at Apaxpr =414 nm around a narrow FWHM of 40 nm. The
resulting CIE coordinates are x = 0.16 and y = 0.024. HU et al. recently reported a series of
bisanthracene based chromophores of deep-blue OLEDs with CIE color coordinates of
x=0.16 and y=0.06.""" The international telecommunication union (ITU) parameter
values for HDTV standard ITU-R BT.709 states for blue the CIE coordinates x = 0.15 and
y =0.06. The pyrene-based chromophores can be very well suited for wide color gamut

display applications.
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To put the EQE of 3.1 % for an OLED prepared from 5-44 in perspective it is useful to

reconsider equation (1-7) from chapter 1.3.2.

Nege =V X X X Pp, X & (V-2)

Eq. (V-2): y denotes the charge balance factor, y the exciton spin factor, ¢p; the PL quantum yield, & the out-
coupling efficiency.

Entering the known values for a fluorescence only device (x=0.25,
®pL5-44:5 in mcppo1 = 0.36 and & =20 %) into this equation the maximum external quantum

yield for an electronically balanced device (Y= 1) is given as:

T’EQE =1x 025 X 0.36 X 0.2 - nEQE,max = 1.8 % (V—3)

For an emitter with a relatively low ¢pr. as 5-44, neqe = 3.1 % is suggesting that ¥ > 0.25,
i.e. triplet states are most probably harvested in the device. As mentioned in
section V.4.2.2.5 the mechanism of triplet harvesting (TADF or/and TTA) is currently

under investigation.
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V.5 Summary

Thermally activated delayed fluorescence (TADF) is a very promising mechanism for
triplet harvesting in transition metal free OLEDs. Although it has only recently been
described in literature it already has attracted considerable academic attention. Dispensing
with the need of transition metal complexes will be especially useful for the fabrication of

blue electroluminescent devices.

In this study the efficacy of two different molecular structures was investigated. Both
structures aimed at minimizing the singlet - triplet energy gap AEg;.1; by destabilizing the
triplet state as a consequence of frontier orbital partitioning. In the case of oxadiazole
based materials (5-11 — 5-14) a push-pull arrangement with amine donors was chosen. For
the pyrene based molecules orbital partitioning was given by virtue of the electronic
structure of pyrene (nodal plane in positions 2 and 7). In both cases m-phenylene linkers

enhance the effect.

The oxadiazole based chromophores (OD series) offered disappointingly low
photoluminescent quantum yields and were not deemed useful for highly efficient OLEDs.
Furthermore, emitters 5-11 and 5-12 failed to provide blue luminescence probably due to

electron transfer from the strong donors.

Pyrene based materials 5-43 — 5-48 all provide blue luminescence in solution as well as in

the molecular film. The PL quantum yields in thin films are ¢p; around 50 %.
In the KM group photophysical properties were determined and OLED devices fabricated.

5-44 was used as emitter for a series of working devices. In all cases the carbazole groups
suppressed the formation of excimers, a pure, deep-blue electroluminescence

(Amax = 416 nm) was observed in optimized devices.

The external quantum yield of neg = 3.1 % observed in the best OLED prepared strongly
suggests harvesting of triplet states for electro luminescence in that device. At the time of
writing it was not clear which mechanism of triplet harvesting is operational in the system.

In the KM group this issue is currently being addressed.

For the near future the main focus should lie on finalizing the photophysical
characterization and OLED fabrication of the additional pyrene derivatives prepared. The
search for alternative matrices may lead to a more efficient energy transfer from the matrix
to the emitter in the doped film. This will improve the ¢py g1 Which in turn, will result in a

higher external quantum efficiency.
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Based on these results further structural modifications (e.g. dendronized phenyl

[413]

carbazoles'"*! or additional phenyl carbazoles in the 4 position of pyrene'®) might become

attractive structural variations.

Considering the later work of the ADACHI group, the reduction of flexibility in the
molecule appears to be an essential concept to improve ¢py.. Furthermore, the twist between
the termini and the pyrene core plays an essential role. In order to improve the rigidity of
the molecule and to force a larger twist on the resulting molecule the introduction of a

bulky substituent (R and R’) on the m-phenylene bridge should prove helpful.

<&
N 6 R
Q-

R = Me, iPr, tBu O

J

V-33: Modified Py series emitter design. Left: Lewis structure. Right: Calculated gas phase structure
(R=1iPr, R’ = H).

R and R* will limit the freedom of rotation due to steric interactions, non-radiative decay
will be hindered. In addition, the termini will be forced further out of the molecular plane
of the pyrene core. Orbital partitioning will be enhanced in turn. Care has to be taken that
the twist between the termini and the pyrene core will not reach 90° and, therefore, cancel
the transition probability between both units. Theoretic simulations may assist in the search

for a suitable combination of substituents R and R’.



VL. Functionalization of pyrene in the
positions 4,9 and 10

ZOPHEL et al. reported a selective K-region bromination of pyrene-4,5-dione (6-2) and

used this to prepare de-symmetrized pyrene derivatives with strong push-pull character.!®”!

_>

6-1 6-2
VI-1: Route to asymmetrically substituted pyrenes as described by ZOPHEL et al.'’™"!

In the course of their work the mono-brominated derivative 9-bromopyrene-4,5-dione (6-5)

was not relevant.

VI-2: Structure of 9-bromopyrene-4,5-dione (6-5).

This chapter will discuss two applications of 6-5 as building block for organic synthesis.
The first use is the synthesis of a three dimensional acceptor molecule. Also, 6-5 serves as
coupling partner in a SCHOLL-type oxidative cyclodehydrogenation reaction in the

synthesis of donor substituted rylene-derivatives.
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Vi1 [4,4'-Bipyrene]-9,9',10,10'-tetraone (6-6)

By  9,9’-carbon-carbon  bond  formation between  two units of 6-5
[4,4'-bipyrene]-9,9',10,10'-tetraone can be attained. Steric repulsion forces the molecule to
adopt a non-planar conformation. Figure VI-3 gives a molecular modelling (DFT)

representation of 6-6.

VI-3: Left: LEWIS-formula of 6-6. Right: Balls and sticks representation with LUMO distribution over-laid
(cool colors signify high LUMO densities). The calculated dihedral angle between two pyrene units is 74°.

According to these calculations the two pyrene units will adopt a bond angle of 74° in
respect to each other. In this conformation the acceptor is no longer purely two
dimensional. Yet, if the LUMO distribution is considered it becomes clear that it is
strongly localized at the o-diketone functions. The ketone functions are situated along the
molecule’s long axis. Thus, an element of anisotropy is retained (in contrast to Cg). It was
expected that the twisted geometry of 6-6 would improve its solubility compared to other
pyrene-tetraketone derivatives. The LUMO energy is computed to E;ymoprr=-3.2 €V, a
value very similar to the one computed for 6-2 (ELymo prr =-3.1 V). While not being a
very strong acceptor it still falls into an interesting energy region, close to copper
phthalocyanine CuPC (ELyymo = -3.5 eV)"*'*) and PCBM (Epumo = -3.7 eV).4"!

VI.1.1 Synthesis

As discussed for pyrene-4,5,9,10-tetraone, 6-5 does not tolerate organometallic complex
mediated cross coupling reaction conditions either. Thus, a reductive alkylation method
was chosen for the synthesis. As established in chapter /I for pyrene-4,5,9,10-tetraones, 6-7
was prepared by reductive alkylation as common precursor for further synthetic steps. The
chemical stability of 6-7 enables purification by column chromatography to remove side
products like 6-4. Initially, the synthesis of 6-9 was attempted by YAMAMOTO-type
nickel(0) mediated dimerization."*'> *'7! Yields were surprisingly low (< 15 %), possibly
due to steric effects. 6-8, which was prepared for the synthesis of rylene-type molecules,
enabled the synthesis of 6-9 by palladium catalyzed cross coupling reaction
(SUZUKI-MIYAURA reaction). To counteract the steric hindrance of this dimerization

reaction the SPhos ligand was employed. This system is reported to catalyze
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SUZUKI-MIYAURA type reactions in sterically encumbered systems.”’> *'®! Using this

system 6-9 was prepared in 66% yield after column chromatography.

i
Br = BPin 6-8 6-9 6-6

VI-4: Synthesis of 6-6. i: 1.1 eq. NBS, H,SOy, 2 h, RT, 62 %. ii: Me,SO, Na,SO;, NaOH, THF, H,0, 16 h, RT,
76 %. iii: ByPin, PdDPPF, NaOAc, DMF, 80 °C, 72 %. iv: SPhos, Pd;DBA;, Na,CO; Tol, H,0, 100 °C,
66 %. v: BBr;, CH,Cl,, 2 d; THF, air, RT 1 d.

A single crystal suitable for X-ray diffraction crystallography was grown by slow
evaporation of dichloromethane. Deprotection of 6-9 by boron tribromide was performed
in dichloromethane. The boron-complex precipitated from solution as a colorless solid.
After two days the reaction was stopped by the addition of water. After removal of the
volatiles the solid was re-dissolved in THF and stirred in air for one day. The crude
product precipitated and was collected by filtration. It was washed with water and
dichloromethane and subsequently recrystallized from THF. 6-6 was isolated as a red,
poorly soluble solid in 23 % yield.

VI.1.2 Characterization

Compound 6-9 was identified by FD-MS (m/z) and NMR-spectroscopy.
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VI-5:'H- (250 MHz, panel) and >C-APT NMR (75 MHz, inset) spectra of 6-9 recorded in CD>Cl, at 298 K.

—CD2CI2

=—-—HOD

For the C, symmetric 6-9 nine signals in the proton NMR spectrum are observed. Signals /
(0=8.59ppm, J;=7.7, J,=12Hz), 2 (d=850ppm, J, =72, J,=18 Hz),
4(5=832ppm, J;=7.8 Hz, J=1.2Hz) and 7 (6 =7.74 ppm, J; =7.8, J, = 1.8 Hz) are
doublets of doublets, generated by the protons in position 1,3,6 and 8 of pyrene. Signal 3
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(0 =8.28 ppm, s) is assigned to the proton in 10 position. Triplets 5 (6 =8.12, J; =7.7 Hz)
and 6 (6 =7.8 ppm, J; = 7.8 Hz are caused by the protons in 2 and 7 position. Finally, the
methoxy groups are identified by singlets 8 (6 = 4.28 ppm) and 9 (8 = 4.25 ppm).

From the "C-APT spectrum seven primary, two tertiary and nine quaternary carbon
signals can be identified. The two tertiary signals Q (8 =61.7 ppm) and R (8 = 61.6 ppm)
can be assigned to the methoxy groups just as signals A (0= 1454 ppm) and B
(0 = 145.3 ppm). Signal C is associated with the pyrene — pyrene bond. Other signals have

not been assigned unequivocally.

VI-6: Solid state structure of 6-9 (single crystal X-ray diffraction crystallography). Left: Molecule viewed
along a-axis. Center: Molecule viewed along c-axis. Right: Packing viewed along b-axis (colors give
symmetry equivalents).

In the solid state, 6-9 adopts a monoclinic unit cell of P 2,/C symmetry. The large unit cell
(a=11.403 A, b=12.962 A, c =34.867 A, V =5107 A3) encompasses eight molecules.
The molecules form dimers by CH-7 stacking. Short contacts are found between 2.88 A
and 3.01 A suggesting strong interactions. The two pyrene units of one molecule adopt a
staggered conformation with a twist-angle of 74.5°. This is in very good agreement with

the computed twist-angle in 6-6 (74°).

Low solubility allowed the characterization of 6-6 solely by MALDI-TOF mass

spectroscopy. The resulting mass spectrum is shown in figure VI-7:

— 6-6 (calc.

300 400 500 600 700 800 900 1000
mass (m/z)

VI-7: MALDI-TOF mass spectrum of 6-6 (black) compare to a calculated isotopic pattern of 6-6 (in red).
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The experimental mass spectrum is in very good agreement with the calculated isotopic
pattern (as shown in the inset of figure VI-7). The main signals are observed at
m/z = 462.086, 463.095 and 464.099 (calc. m/z = 462.089, 463.093 and 464.096). Signals
are observed at m/z < 464. They are spaced by 28 Da. corresponding to the loss of
carbonyl (C=0) from the molecule. This fragmentation is probably caused by high energy
photons used in the MALDI process. A characterization by cyclic voltammetry was not

possible due the low solubility of the product

VI.2 New rylene-type molecules

LORBACH et al. have shown in their study on SCHOLL-type reactions of pyrene derivatives
that cyclodehydrogenation in the K-region is problematic.”” In contrast, positions
1,3,6 and 8 show high activity in these oxidation reactions. The high orbital coefficients
(HOMO) in these positions (chapter 1.2) can be used to explain this behavior. The
opposing positions (1 and 8) are activated by alkoxy-substitution in the K-region (4,5).
VENKATARAMANA et al. utilized this for a selective bromination in these positions.””! So
far, this activation has only seldomly been exploited in SCHOLL-type reactions. LORBACH
et al. report in their publication the cyclodehydrogenation of 6-9 to the corresponding
perylene derivative 6-10.?° The improved solubility of 6-10 allowed an unequivocal proof
by NMR spectroscopy that exclusively six-membered rings were formed. A temporarily

discussed five-membered ring product (6-11) was thus ruled out.
o > .
IO O%

.0 0O -0 O-

6-9 6-10 6-11
VI-8: Cyclodehydrogenation of 6-9 reported by LORBACH. i: FeCl;, CH,Cl,, MeNO,, 30 min, RT.

SCHOLL-type reactions have been used in the synthesis of higher rylene-type molecules.*'”!

To further investigate the usefulness of compound 6-8 as building block for subsequent
SCHOLL-type reactions 6-13 was prepared by SUZUKI-MIYAURA-reaction. This reaction
provided 6-13 as a yellow solid in good yields (78 %).

%0 6-9 was provided by the author of this manuscript.
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VI-9: Attempted cyclodehydrogenation of 6-13. Only one bond was formed in the reaction (indicated in
green). i Pd(PPhg)4, NLIZCOj, TOl, H20, 100 OC, 78 %. ii: F@Cl_g, CHZCZZ, CHjNOZ, RT, 4 h.

In the cyclodehydrogenation reaction a color change was observed immediately after
addition of the oxidant (ferrous chloride). Within minutes an insoluble solid precipitated
out of the reaction mixture. It was found by MALDI-TOF mass spectroscopy that only one
bond was closed in the precipitate (6-14). Extending the reaction time did not lead to the
desired formation of the second bond (indicated in red in figure VI-9). This was attributed

to the insufficient solubility of 6-14.

—6-14 (exp.)

——6-13 (calc.)

—6-14 (calc.)
6-14 -2H (calc.)

766 768 770 772 774 776 778
I h mass (m/z)
_i‘ 2,

T T T T T 1
500 1000 1500 2000 2500 3000
mass [m/z]

VI-10: MALDI-TOF mass spectrum of 6-14 (black). Inset: Cut-out compared to calculated isotopic patterns
of 6-13 (red), 6-14 (blue) and the fully cyclodehydrogenated target compound 6-14[-2H] (green).

As can be seen in the MALDI-TOF spectrum of 6-14 (black curve in figure VI-10) the
mass signal very closely matches the isotopic pattern of the suggested structure (i.e. only
one C-C bond was formed, green pattern). The starting compound 6-13 is fully consumed.

The spectrum overview shows that the chlorination side-reaction is precluded.
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6-15

O.
Ci2H2s
6-16 6-17

VI-11: Pyrene-perylene-pyrene triade (6-16) with improved solubility. This allows full cyclodehydrogenation
to 6-17.

To improve the solubility during the cyclodehydrogenation reaction, 6-15 was prepared
and used as building block for 6-16. It was assumed that 6-16 would act as a suitable
substrate for FeCl; mediated SCHOLL-reaction to afford 6-17. It was found that indeed 6-17

is formed and can be isolated from side products by size exclusion chromatography.

—_—6-17

——6-17 (calc.)
6-17 + O (calc.)

—— 6-17 + 20 (calc.)

1380 1390 1400 1410 1420
mass (m/z)
T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 400C

mass (m/z)

VI-12: MALDI-TOF mass spectrum of 6-17 (black). Inset: Cut-out compared to calculated isotopic patterns
of 6-17(red), 6-17+0 (green) and 6-17+20 (blue).

Figure VI-12 gives the MALDI-TOF mass spectrum of 6-17 after purification. The
calculated isotopic pattern for 6-17 (depicted in red) is in very good agreement with the
main signal in the mass spectrum (m/z =1384.849). Two additional signals at
m/z = 1400.858 and m/z = 1416.882 are corresponding to the addition of 16 Da and 32 Da.
This is consistent with the addition of one and two atoms of oxygen. The frontier orbital

distribution of 6-17 according to DFT calculations is given in figure VI-13.
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VI-13: Frontier orbitals of 6-17 (alkyl chains have been approximated as methyl groups). Left, HOMO.
Right: LUMO

In figure VI-13 the HOMO has a high orbital coefficient in the former pyrene-K-region
(left). The same is true for the LUMO. The calculations give a HOMO energy of
Enomo =-4.27 eV (ELumo =-2.60 eV), which is well above the -4.5 eV given by ZHAN
et al. for air tolerant OFET materials."**"!

When this is considered together with the findings from MALDI-TOF mass spectroscopy
an oxidation of 6-17 under ambient conditions is a plausible explanation for the two
additional signals in the mass spectrum. The high orbital coefficients in the

DFT calculations suggest two positions of high reactivity.

6-13 and 6-16 were fully characterized by NMR spectroscopy. The molecules give sharp
signals in the proton as well as in the carbon spectrum. In contrast to this, it was not
possible to resolve the NMR spectrum of 6-17. Even in low concentrations
(C:S*IO'5 mol/l) and at elevated temperatures (393 K) only few sharp signals were
recorded. Broad, unstructured signals are observed at d = 8.2 ppm and d =7.1 ppm. The
addition of an excess of reducing agent (hydrazine) did not help to resolve a sharp
spectrum. This suggests that molecular stacking may contribute to the signal broadening.
In the field of rylene-diimide  chemistry bulky solubilizing  groups
(e.g. 2,6-diisopropylphenyl) are often required to suppress molecular stacking.mo]
Introducing such sterically demanding groups into 6-5 may be problematic. Attempts to
use tert-butyl chloride for reductive alkylations failed for 6-5 as well as for 6-3. The failure
is attributed in both cases to steric hindrance. For future work the use of branched alkyl-

chains may be helpful.
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VI-14: UV-vis absorption spectrum of 6-17 in THF.

The UV-vis absorption spectrum of 6-17 recorded in THF is given in figure VI-14. It
shows a structured absorption band with three peaks. The absorption maximum is located
at Amax = 720 nm. The Sp->S, absorption is located at 655 nm and the Sy->S; at 598 nm.
The optical bandgap is determined to 1.63 eV and in good agreement with the theoretically
predicted bandgap of AE,. = 1.67 eV. This spectrum resembles the absorption spectrum
of quaterrylene diimide, yet its absorption maximum is located at Amaxopr =762 nm and
the bandgap is as low as 1.40 eV."**"I The newly arisen rylene-type absorption features give

further confirmation that 6-17 was prepared in the SCHOLL-type reaction.

V1.3 Summary and outlook

It has been shown in this chapter that the bromination in 4 position of pyrene-9,10-dione
(6-5) can open new pathways of pyrene functionalization. This method complements the
works of ZOPHEL (6-3) as well as LORBACH on 4,10-functionalized pyrenes. In contrast to
their work the approach presented here uses a monofunctional building block. This allows

the targeted synthesis of dimers, e.g. 6-6.

Compared to the approach by WALKER et al.”® as implemented by LORBACH, this route
gives more flexibility regarding the solubilizing group. 6-15 thus prepared was essential
for the synthesis of the new quaterrylene derivative 6-17. It is well dispersible in common
organic solvents, yet the molecules have a strong tendency to form non-covalently bound

aggregates in solution.

The versatility of this building block was not fully exploited. Future works in the field of

rylene-type materials can easily be envisioned. Recently, the application of quaterrylene in

an OFET device with thermo cleavable alkyl substituents was reported."***
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C12Hzs g C12H2s
(o]

C1oHas Cq2Hzs Br

6-15 6-20
6-19

6-21

VI-15: Two possible extensions of the rylene-type molecule synthesis discussed in chapter VI.2.

Selective bromination of 4,5-dialkoxypyrenes in the 1 position provides access to 6-19.°"
The Suzuki coupling with 6-15 followed by a SCHOLL-type reaction can provide the
dinapthto[8,81,1°2,2’-bcd-kml]perylene derivative 6-18, i.e. the perylene analogue to
6-17. Preliminary experiments indicate that the cyclodehydrogenation reaction can provide
the desired product (identified in MALDI-TOF). Apparently, the reactivity of the
4 position is increased by the alkoxy substituents. 6-21 will give the corresponding
terrylene derivative. By reducing the lateral extension of the molecule, the bandgap will
increase.'**”! Thus, 6-21 or 6-18 may be used in air-stable OFET devices.

VI-16: Possible extension of 4,4’-bipyrene-9,9,10,10-tetraketone acceptor.

The acceptor strength of 6-6 might be improved by introducing additional electron
withdrawing substituents. Selective bromination of 4,5-dialkoxypyrene (6-23) will provide
access to 6-24. The iodine substituent allows chemoselective C-C bond formation by
ULLMANN-reaction to afford 6-25. The bromine substituents can be used to introduce
additional electron withdrawing groups (in this example nitrile). In a final step, the
diketone is formed in a deprotection/oxidation step. The nitriles in this example not only
lower the LUMO energy of 6-27 but will also enlarge the twist-angle between the two
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pyrene units due to steric demand. In contrast to the failed synthesis of the
1,3,6,8-tetracyanopyrene-4,5,9,10-tetraone (chapter III) the deprotection/oxidation step
should not be problematic as 6-27 is a weaker acceptor. Thus, the deprotection as well as

the oxidation should proceed as in the case of 2,7-dicyanopyrene-4,5,9,10-tetraone.

It was shown that the simple 4,9,10-functionalization of pyrene can give rise to new
molecular structures, thus far unattainable. Therefore this, so far overlooked, approach
merits further investigation.






VII. Conclusion

Almost 200 years have passed since its first description but still pyrene enjoys unbroken
interest by chemists around the world. For 2014 alone more than 1500 publications are
registered in the scientific search engine Thomson Reuters “Web of Science™”. To a large
extend this can be attributed to its interesting photophysical properties which can be
exploited in biochemistry or material science. *>+428! 14294321

The focus of this work was the synthesis of pyrene based acceptors and donors. In
chapter /1 the 2,4,5,7,9,10-substitution pattern was investigated as a possible access to very
strong acceptors with quinoid pyrene scaffold. It was not possible to isolate a stable
quinoid pyrene derivative. A tendency for oligomerization as well as low solubility
resulted in the failure of this endeavor. With 2-34 a new non-quinoidal pyrene-4,5,9,10-
tetraone acceptor pigment was synthesized. Exploiting the good availability and high
stability of 2,7-diiodo-4,5,9,10-tetramethoxypyrene a series of laterally extended electron

rich molecules have been derived.

The synthetic approaches to a non-quinoidal, strong pyrene-4,5,9,10-tetraone based
acceptor (1,3,6,8-tetracyanopyrene-4,5,9,10-tetraone, 3-29) have been discussed in
chapter I11. In the course of this work, it emerged that the deprotection/reoxidation reaction
procedure failed on electron deficient pyrene derivatives such as 3-16 and also on the less
electron deficient 3-34. Only 3-18 was successfully converted to the corresponding
tetraketone 3-32. Its experimental LUMO energy (ELumo = -4.2 eV) identifies 3-32 only as
an intermediate acceptor. Therefore, it can be concluded that the chosen synthetic approach
of reductive protection which was later followed by deprotection/reoxidation step is not
suitable to prepare strong acceptors. The variation of the protection scheme was not

compatible with the desired pyrene-4,5,9,10-tetraone substitution pattern.
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In contrast, novel 1,3,6,8-substitued donors based on 4,5,9,10-tetramethoxypyrene have
been presented in chapter 711. 1,3,4,5,7,8,9,10-Octamethoxypyrene (3-13) as well as 3-14
have been characterized and later studied in CT-complexes in combination with
TCNQ-type acceptors, as reported in section IV. Therein also the successes of the
SFB/TR 49 collaboration were discussed. For the first time the electronic excitation in a
non-TTF CT-complex was studied by HAXPES and NEXAFS.

Pyrene and its selective functionalization remain a fascinating challenge for synthetic
chemists as well. A series of new protocols have been developed recently. Still, to this day,

not all positions of pyrene can be addressed specifically.”*®!
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VII-1: New pyrene substitution patterns discussed in this work.

In this work, two new patterns of pyrene substitution have been developed. The synthesis
of eightfold functionalized pyrenes was established and utilized in chapter III. It was
shown  that under  suitable conditions a  fourfold  bromination  of
4,5,9,10-tetramethoxypyrene is possible and a series of 1,3,4,5,6,8,9,10-substituted pyrene
derivatives was achieved. By modifying the conditions reported by ZOPHEL et al. it was
possible to obtain an asymmetric 4,9,10-substituted pyrene derivative. This has been
utilized in chapter VI to prepare a non-planar acceptor molecule,
[4,4'-bipyrene]-9,9',10,10'-tetraone (6-6). The asymmetric functionalization also allowed
the synthesis of rylene-type molecules (6-14 and 6-17) by SCHOLL-type
cyclodehydrogenation reactions. The flexible alkoxy-protection scheme allowed the

introduction of solubilizing groups. This proved essential for the synthesis of 6-17.
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VII-2: Molecules designed as OLED emitters, as investigated in the IRTG 1404 collaboration.

~
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Finally, two separate series of molecules intended as emitters for OLEDs were presented in
chapter V. The molecules were designed to have a minimal singlet triplet energy gap
(AEs;.>11) while retaining a high fluorescence quantum yield ¢p and a deep blue emission
spectrum. Thermally activated delayed fluorescence (TADF) in OLEDs attracted
significant academic interest since it was first reported in 2011. TADF is considered a
promising approach to improve the efficiency of fluorescent OLEDs by harvesting triplet

states as fluorescent emission quanta. A small AEg; >t is a prerequisite for TADF.

The OD series has a small AEg;>1; (as established for 5-11) yet, failed to provide a
sufficient ¢pp, for the use in OLEDs. The Py series emitters, in contrast, combine both
desired properties and were successfully implemented in efficient OLED devices. Strong
evidences for the harvesting of triplet-states are found. The mechanism thereof is yet under

investigation.






VIII. Experimental Section

VIII.A General methods

VIll.1.1 Chemicals and solvents

Chemicals and solvents used in this work were obtained from the companies ABCR, Acros
Organics, Alfa-Aesar, Bio-Rad Laboratories, Fluka, Merck KGaA, Sigma-Aldrich, Strem
Chemicals and TCI Europe. Unless otherwise mentioned, they were used as received

without further purification.

VIIL.1.2 Chromatography

Preparative column chromatography was performed using silica gel purchased from Macherey-
Nagel GmbH & Co. KG and Merck KGaA with a grain size of 40—63 pum (flash silica gel) or
63—-200 um (silica gel). For analytical thin layer chromatography (TLC), silica gel “60 F254”
pre-coated on aluminium substrates procured from Merck KGaA were used. Compounds were
detected by fluorescence quenching at 254 nm or UV-B (366 nm) self-fluorescence. Gel
permeation chromatography was done using BioBeads X10 GPC material provided by Bio-Rad

Laboratories. Analytically pure solvents (p.a. or technical grade) were used as eluents.

VIIL.1.3 Microwave-assisted synthesis

Microwave-assisted reactions were performed in a microwave reactor type Discover (CEM
GmbH). Reactions were typically run under temperature control regime (300 W heating power,
air jet cooling of the glass reaction vessel). Internal pressures up to 14 bars were measured in

the sealed reaction vessels.
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VIIl.1.4 Inert atmosphere

Oxygen- or moisture-sensitive reactions were carried out under argon atmosphere (Westfalen
AG, grade 4.8). Unless stated otherwise, reactions were degassed by purging the reaction

mixture with a stream of argon.

VIII.2 Analytical methods

VIil.2.1 Electron spin resonance spectroscopy (ESR)

ESR spectra were recorded using an X-band spectrometer ESP300 E (Bruker GmbH),
equipped with an NMR gaussmeter ER035 (Bruker GmbH), a frequency counter ERO4IXK
(Bruker GmbH) and a variable temperature control continuous flow N, cryostat B-VT 2000
(Bruker GmbH). Samples were either degassed solutions at a concentration of ~10° M or small

crystallites. The g-factor corrections were obtained using the DPPH (g = 2.0037) as a standard.

VIIl.2.2 Elemental analysis

Elemental analysis of solid samples was carried out on a Vario EL machine (Foss Heraeus
GmbH) as a service measurement at the Institute for Organic Chemistry, Johannes-
Gutenberg-Universitit, Mainz. All samples were dried under vacuum in order to remove
possible residues of solvent molecules and humidity. Values for some samples show higher
variance than 0.40% from calculated values. The entrapment of solvent molecules and
atmospheric gases such as CO, is a common phenomenon in the analysis of aromatic

hydrocarbons.

VIIL.2.3 Emission spectroscopy

Solution emission spectra were recorded at room temperature on a TIDAS spectrofluorometer
(J&M GmbH). Analytical grade solvents were employed. Cuvettes made from QS grade
Quartz (Hellma GmbH & Co. KG) were used for the experiments.

Film experiments were performed using the integrating sphere method in combination with an
in-house built spectrofluorometer set-up in the organic photonics laboratory (OPL) at Seoul

National University, Rep. of Korea.



VIIIL.2 Analytical methods 189

VIil.2.4 Mass spectrometry

Field-desorption (FD) mass spectrometry was performed on a ZAB 2 SE-FPD spectrometer
(VG Instruments, Inc.).

MALDI-TOF mass spectrometry was conducted using a Reflex II-TOF spectrometer
(Bruker Daltonics GmbH). The machine utilizes a 337 nm nitrogen laser. If not stated
otherwise 1,8-dihydroxyanthracen-9(10H)-one (dithranol) or tetracyanoquinodimethane

(TCNQ) was used as the matrix substance.

High resolution (HR) mass spectrometry was performed on a maXis ESI-Q-TOF system
(Bruker Daltonics GmbH). The instrument was operated in wide pass quadrupole mode,
for MS experiments, with the TOF data being collected between m/z 100-5000 with low-
collision energy of 10-15 eV.

VIIL.2.5 Melting point

Melting points were determined using a Melting Point B-545 (Biichi Labortechnik AG)

apparatus under ambient atmosphere. Values reported are uncorrected.

VIII.2.6 Nuclear magnetic resonance spectroscopy

'H-NMR, ""C-NMR, H,H-COSY and C,H-COSY spectra were measured on DPX 250,
AMX 300, DRX 500 or DRX 700 spectrometer (Bruker GmbH) in various deuterated
solvents and at temperatures. The respective conditions are stated. Spectra were referenced
as follows from the deuterated solvents: for CHDCI, 8(1H)=5.32 ppm and CD,Cl,
8("*C) = 54.00 ppm; for CHCl; 8('H) = 7.26 ppm and &(*°C) = 77.16 ppm; for THF-d7H
8('H, low field signal) = 3.58 ppm and THF-d8 &('°C, low field signal) = 67.57 ppm; for
C,HDCl, &('H)=6.0ppm and GC,D,Cly &('°C)=73.78 ppm; for DMSO-d5H
8('H)=2.50 ppm and DMSO-d6 &('°C)=39.52ppm. The temperature dependent
experiments were performed between 298 and 393 K and regulated by a standard

"H-methanol (low temperature) and glycol (high temperature) NMR sample.

VIII.2.7 UV-vis spectroscopy

A Lambda 900 UV/Vis/NIR spectrometer (Perkin-Elmer, Inc.) was used for recording the
spectra. Unless stated otherwise, a sample concentration of 1*10° mol*L™" was used. The molar
extinction € is given in the unit L*mol«cm™. Solvents of spectroscopic grade were used.
Baseline correction was performed by subtracting the absorption measured for the cuvette
filled with the neat solvent. Cuvettes made from QS grade quartz (Hellma GmbH & Co. KG)

were used for the experiments.
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VIII.2.8 Single crystal X-ray diffraction crystallography

Single crystal X-ray diffraction measurements were carried out by PD. Dr. V. ENKELMANN
(Max Planck Institute for Polymer Research, Mainz) at 120 K with Mo Ka radiation
(A=0.71073 A) on a KappaCCD diffractometer (Bruker Nonius B. V.). The structure was

solved by direct methods and refined on F by full-matrix least-squares cycles.

VIII.2.9 Voltammetry

Cyclic voltammetry was measured on a Parstat 2273 instrument (Princeton Applied Research,
Inc.) in anhydrous solvent under argon atmosphere in a total volume of 2 mL. Recrystallized
and dried tetrabutylammonium hexafluorophosphate (BusNPF¢) was used as conductive salt at
0.1 M concentration. To a 1 mM solution of the sample compound ferrocene was added as
internal standard (0.5 mM). A platinum or glassy carbon working electrode (0.5 mm diameter),
a platinum wire as counter electrode and a silver wire as quasireference electrode were applied.
Scan rates are reported for the respective measurement. The voltammograms were calibrated
according to the half-wave potential of ferrocene. UgyFc/Fc* = 0.63 V vs. normal hydrogen
electrode (NHE) and EONHE =-4.6 eV vs. vacuum.”” The onset potentials were determined for

the evaluation of the frontier orbital energy.
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VIIL.3 Synthesis

VIIL3.1 2,7-functionalized pyrene derivatives

VIIL.3.1.1 Pyrene-4,5,9,10-tetraone (2-2)

2-2
Pyrene-4,5,9,10-tetraone was prepared according to a modified procedure reported by
HU et al. %37

MS (FD, 8KV):m/z 262.1 (100 %, M), calculated 262.02 g/mol.
"H-NMR (250 MHz, DMSO-de): & 8.34 (d,J = 7.7, 4H), 7.75 (t, ] = 7.7, 2H).

VIIL.3.1.2 2,7-Dibromopyrene-4,5,9,10-tetraone (2-3)

2-3
In a 25 mL Schlenk-flask pyrene-4,5,9,10-tetraone (2-2) (0.20 g, 0.76 mmol) was dissolved
in H,SO4 (3 mL). N-Bromosuccinimide (0.30 g, 1.7 mmol) was added and the resulting

mixture stirred at 40 °C for 4 h. The reaction mixture was poured onto water (100 mL), the
precipitate was collected by filtration. The crude product was washed (water, ethanol,
DCM and THF) and dried under high vacuum yielding the title compound a yellow solid
(0.25 2,78 %.).

Mp: 260 °C, (decomp.)

FD-MS (8 KV): m/z 420.1 (100 %, M"), calculated 420.0.

"H-NMR (C,D,Cly, 500 MHz, 140 °C): 6 = 8.61 (s, 4H).

BC-NMR (THF-dg, 175 MHz): 8 = 125.9, 133.4, 134.8, 137.6, 176.3.

Elemental analysis (%) found C, 46.04; H, 1.39; calculated C16H4Br204 C, 45.75; H,
0.96.
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VIIL.3.1.3 2,7-Diiodopyrene-4,5,9,10-tetraone (2-4)

In a 25mL Schlenk-flask, pyrene-4,5,9,10-tetraone (2-2) (0.20 g, 0.76 mmol) was
dissolved in H,SO4 (3 mL). N-Iodosuccinimide (0.67 g, 3 mmol) was added and the
resulting mixture stirred at 40 °C for 3 h. The reaction mixture was poured onto water
(100 mL) and the precipitate was collected by filtration. The crude product was washed
(water, ethanol, DCM and THF) than dried under high vacuum yielding the title compound
as an orange solid (280 mg, 72 %).

Mp: 246 °C, (decomp.)

FD-MS (8 KV): m/z 513,4 (100 %, M"), calculated 513.8.

"H-NMR (THF-ds, 300 MHz):8 = 8.5 (s, 4H).

BC.NMR (THF-dg, 75 MHz): 6 = 125.6, 133.1, 134.6, 137.0, 175.9.

Elemental analysis (%) found C, 38.82; H, 0.77 calculated C16H41204 C, 37.39; H, 0.78.

VIIL.3.1.4 2,7-Diiodo-4,5,9,10-tetramethoxypyrene (2-5)

A mixture of 2,7-diiodopyrene-4,5,9,10-tetraone (2-4) (0.35 g, 0.68 mmol), n-BusNBr
(0.18 g, 0.50 mmol), Na;S,0,4 (0.82 g, 4.7 mmol), THF (5 mL) and water (3 mL) was
stirred at 25 °C for 5 min. Dimethyl sulfate (0.78 g, 6.8 mmol) and a aqueous sodium
hydroxide solution (2 mL, 18 mmol) were added and the mixture stirred at 40 °C for 4 h.
Toluene and water were added and the resulting mixture extracted with toluene
(50 mL x 3). The combined organic phases were washed with sat. NaCl solution
(50 mL x 3), dried with MgSO; filtered and concentrated in vacuo. The residue was
subjected to column chromatography (silica, 4:1 Hex/DCM). The product was dried under
high vacuum yielding the title compound as a colorless solid (160 mg, 41 %).

Mp: 240-243 °C

FD-MS (8 KV): m/z 573.3 (100 %, M*), calculated 573.9.

TH-NMR (CD:>Cl, 300 MHz): & = 4.16 (s, 12H), 8.74 (s, 4H).
BC-NMR (CD,Cl,, 75 MHz): § = 61.8, 93.4, 119.8, 128.3, 130.4, 144.7
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Elemental analysis (%) found C, 41.78; H, 2.84 calculated C20H161204 C, 41.84; H,
2.81

VIIL.3.1.5 2,4,5,7,9,10-Hexamethoxypyrene (2-6)

In a 100 mL flame-dried Schlenk-flask 2,7-diodo-4,5,9,10-tetramethoxypyrene (2-5) (1 g,
1.74 mmol) was dissolved in 40 mL anhydrous DMF and 15 mL anhydrous toluene at
elevated temperatures (= 65 °C). Copper iodide (0.1 g, 0.52 mmol) and subsequently 2 mL
anhydrous sodium methylate solution in methanol (30 vol.%) were added. The mixture was
stirred 6 h at 100 °C. After cooling, the reaction crude was poured onto ice water and
extracted with CH,Cl, (100 mLx3). The combined organic phases were washed with water
(150 mLx3), sat. NaCl solution (150 mL) dried over Na,SO, and filtered. The solvent was
removed in vacuo. The residue subjected to column chromatography (toluene) and dried

under high vacuum yielding the title compound as a colorless solid (220 mg, 33 %).

Mp: 190.5 °C

FD-MS (8 KV): m/z 382.5 (100 %, M"), calculated 382.1

"H-NMR (CD,Cl, 250 MHz): & = 7.91 (s, 4H), 4.16 (s, 12H), 4.10 (s, 6H)

BC-NMR (CD,Cl,, 75 MHz): & = 158.56, 145.4, 129.4, 116.7, 105.2, 61.6

Elemental analysis (%) found C, 68.52; H, 6.13 calculated C22H2206 C, 69.1; H, 5.89
UV-vis [A / nm, (¢ / I*mol*cm ]: 323 (3,7*%10°), 338 (8,3*10%), 354 (1,2*10%), 378
(1,4%10%, 399 (2,2%10%).

Crystallographic data (CCDC deposition number): CCDC 857535

VIIL.3.1.6 2,4,5,7,9,10-Hexahydroxypyrene (2-12)

OH

. i‘@ o
HO O OH

OH
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In a 100 mL flame-dried Schlenk-flask 2,4,5,7,9,10-hexamethoxypyrene (2-6) (100 mg,
0.26 mmol) was dissolved in 10 mL anhydrous CH,Cl,. At 0 °C (ice bath) borontribromide
(3.14 mL 1 M solution in CH,Cl,, 3.14 mmol) was added. The mixture was allowed to
warm to room temperature and stirred for 24 h. The reaction was quenched by the addition
of water (50 mL) and extracted with CH,Cl, (15 mLx3). The combined organic phases
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were washed with sat. NaCl solution and the solvent removed in vacuo. The residue was
subjected to size exclusion chromatography (BioBeads S-X1; THF) yielding the title

compound as a colorless solid (12 mg, 15 %). It was not longtime stabile in air (< 1h).

FD-MS (8 KV): m/z 298.0 (100 %, M™), calculated 298.1
MALDI-TOF: m/z = 297.84 (100 %), 298.84 (36 %) calculated 298.05, 299.05 (17 %)

VIIL.3.1.7 2,7-Dihydroxypyrene-4,5,9,10-pyrenetetraone (2-13)

213
In a 100 mL flame-dried Schlenk-flask 2,4,5,7,9,10-hexamethoxypyrene (2-6) (100 mg,
0.26 mmol) was dissolved in 10 mL anhydrous CH,Cl,. At 0 °C (ice bath) borontribromide
(3.14 mL, 1 M solution in CH,Cl,, 3.14 mmol) was added. The mixture was allowed to

warm to room temperature and stirred for 24 h. The reaction was quenched by the addition
of water (50 mL) and extracted with CH,Cl, (15 mLx3). The combined organic phases
were washed with sat. NaCl solution, dried with MgSO, and filtered. The solvent was
evaporated in vacuo. The residue was picked up in 25 mL THF and stirred in air for 48 h,
the solvent was evaporated in vacuo. The crude product was subjected to repeated to size
exclusion chromatography (BioBeads S-X1; THF) yielding the title compound as a red
solid (7 mg, 9 %).

FD-MS (8 KV): m/z 293.8 (100 %, M™), calculated 294.0

MALDI-TOF: m/z = 294.78 (100 %), 295.78 (10 %) calculated 294.04, 295.04 (17 %)
"H-NMR (300 MHz, DMSO-d¢): & 7.55 (s, 4H), 10.62 (s, 2H).

BC.NMR (75 MHz, DMSO-de): & 120.5, 126.6, 132.0, 157.7, 177.3.

VIIL.3.1.8 2,2'-(4,5,9,10-Tetramethoxypyrene-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (2-17)

217
In a 50mL flame-dried Schlenk-flask 2,7-diodo-4,5,9,10-tetramethoxypyrene (2-5)
(250 mg, 0.43 mmol), bis(pinacolato)diboron (442.3 mg, 1,7 mmol), potassium acetate
(188 mg, 1.9mmol) and [1,1"-bis(diphenylphosphino)ferrocene]dichloropalladium(Il)
(21.5 umol) were dissolved in anhydrous dioxane (20 mL) and stirred 16 h at 90 °C. After
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cooling the mixture was poured onto sat. NaCl solution (200 mL) and extracted with
CH,Cl, (50 mLx3). The combined organic phases were washed with sat. NaCl solution
(50 mL) dried with MgSOQO, and filtered. The solvent was removed in vacuo. The residue
was subjected to column chromatography (silica/ CH,Cl,) yielding the title compound as a
colorless solid (191 mg, 76 %).

Mp: 167 °C (decomp.)

FD-MS (8 KV): m/z 574.3 (100 %, M"), calculated 574.3

"H-NMR (300 MHz, CD,CL): & 1.36 (s, 24H), 4.12 (s, 12H), 8.71 (s, 4H).

BC.NMR (75 MHz, CD,Cl,): 6 25.4, 61.6, 84.7, 122.8, 125.3, 128.5, 145.3.

Elemental analysis (%) found C, 69.34; H, 4.68 calculated C32H40B208 C, 66.93; H,
7.02.

VIIL.3.1.9 4,5,9,10-Tetramethoxypyrene-2,7-diol (2-18)

218
In a 50mL flame-dried Schlenk-flask  2,2'-(4,5,9,10-tetramethoxypyrene-2,7-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (2-17) was dissolved in 35 mL THF.
Finely ground sodium hydroxide (0.1 g) and hydrogen peroxide solution (30%; 10 mL)

were added. The mixture was stirred for 3 h at room temperature. The mixture was poured
on sat. NaCl solution (50 mL) and acidified with HCI to pH = 2 and extracted with THF
(50 mLx3). The combined organic phases were dried with MgSOy and filtered. The solvent
was removed in vacuo. The crude product was subjected to column chromatography
(silica; Hex/EE 2:1) yielding the title compound as a colorless solid (32 mg, 42 %).

FD-MS (8 KV): m/z 354.1 (100 %, M"), calculated 354.1
"H-NMR (250 MHz, DMSO-dg): & 4.06 (s, 12H), 7.70 (s, 4H), 10.03 (s, 2H).
BC-NMR (63 MHz, DMSO-dg): & 60.8, 105.9, 114.8, 127.9, 144.0, 155.4.
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VIII.3.1.10 N2,N7-bis(4-hexylphenyl)-4,5,9,10-tetramethoxypyrene-2,7-
diamine (2-20)

/ \ CeH13
O o @
HN 080 NH
@ o 0

CeH13
2-20

In a 25 mL flame-dried Schlenk-flask 2,7-diodo-4,5,9,10-tetramethoxypyrene 2-5 (40 mg,
66.9 umol), 4-hexylaniline (142.3 mg, 0.8 mmol), potassium tert-butoxide (112.6 mg,
1 mmol), bis(2-diphenylphosphinophenyl)ether (DPEphos) (3.6 mg, 6.7 umol) and
palladium (II) acetate (0,75 mg, 3.3 wmol) were dissolved in 5 mL anhydrous toluene and
stirred at 100°C for 16 h. The cooled mixture was poured on 100 mL water and extracted
with CH,Cl, (15 mLx3). The combined organic phases were washed with sat. NaCl
solution, dried with MgSQO, and filtered. The solvent was removed in vacuo, the residue
subjected to column chromatography (silica, Hex/EE 10:1 to 3:1) yielding the title
compound as a yellow crystalline solid (41 mg, 89 %). Crystals suitable for X-ray analysis
were grown by slow evaporation of CH,Cl,.
Mp: 164-168 °C
FD-MS (8 KV): m/z 672.1 (100 %, M"), calculated 672.4
"H-NMR (300 MHz, CD,Cl,): & 7.57 (s, 4H), 7.18 (dd, J = 9.4, 3.2 Hz, 1H), 6.17 (s, 2H),
2.59 (s, 1H), 1.87 (s, 13H), 1.65 (s, 3H), 1.32 (s, 1H), 0.89 (s, 1H).
BC-NMR (75 MHz, CD,Cl,): & 142.56 , 140.85 , 138.41 , 137.65 , 129.91 , 121.83 ,

120.07,119.92 , 113.67, 104.33 ,35.90 , 32.37, 32.30, 26.40 , 23.24 , 14.46 .
Crystallographic data (CCDC deposition number): CCDC 1025659

VIL.3.1.11  2-(7-lodo-4,5,9,10-tetramethoxypyren-2-yl)malononitrile (2-21)

2-21

In a 50 mL flame-dried Schlenk-flask malononitrile (73 mg, 1.1 mmol) was dissolved in
anhydrous toluene and sodium hydride (60% dispersion in mineral oil; 104 mg, 2.6 mmol)
carefully added. The mixture was stirred at room temperature until the gas evolution
abated. 2,7-Diodo-4,5,9,10-tetramethoxypyrene  (2-5) (300 mg, 0.52 mmol) and
bis(triphenylphosphine)palladium(II) dichloride (36.7 mg, 52.2 umol) were added in argon

counter-flow. The resulting mixture was stirred at 55 °C for 48 h. After cooling to room
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temperature the suspension was poured onto 400 mL 5% HCI solution and extracted with
CH,Cl, (100 mLx3). 400 mL sat. NaCl solution was added to the aqueous phase and
extracted with THF (150 mLx3). The organic phases were combined, washed with sat.
NaCl solution (200 mLx2) and dried with MgSQO,. The solvent was evaporated, the residue
was subjected to column chromatography (silica; Hex/EE 1:0 to 1:1) yielding the title

compound as a colorless solid (144 mg, 54 %).

Mp: 134 °C, (decomp.)

FD-MS (8 KV): m/z 512.6 (100 %, M"), calculated 512.3

"H-NMR (300 MHz, CD,CL): & 4.19 (s, 6H), 4.21 (s, 6H), 5.61 (s, 1H), 8.53 (s, 2H), 8.81
(s, 2H).

BC-NMR (75 MHz, CD,Cl,): § 29.7, 61.8, 118.0, 118.0, 128.8, 130.3, 130.7, 131.6.

VIIL.3.1.12 2,8-Diiodo-5,5,11,11-tetramethylpyreno[4,5-d:9,10-
d']bis([1,3]dioxole) (2-25)

>C 0:@ <

|
2-25

In a 1000 mL Schlenk-flask 2,7-diiodopyrene-4,5,9,10-tetraone (2-4) (3.2 g, 6.2 mmol)
was suspended in a mixture of H,O (250 mL), acetonitrile (250 mL) and THF (250 mL).
After degassing (freeze-pump-thaw cycling x3) 2-nitropropane (4.4 g, 49.8 mmol) and
sodium carbonate were added in rapid succession. The mixture was stirred at 60 °C for
16h. After cooling organic solvents were removed in vacuo. The residue was diluted with
250 mL sat. NaCl solution and extracted with CH,Cl, (250 mLx3). The combined organic
phases were washed with sat. NaCl solution, dried with MgSO, and filtered. The solvent
was removed in vacuo, the residue subjected to column chromatography (silica; PE / DCM
5:1) yielding the title compound as a yellow solid (1.3 g, 35 %).

Mp: 244 °C, (decomp.)

FD-MS (8 KV): m/z 598.1 (100 %, M"), calculated 597.9

"H-NMR (500 MHz, THF-ds): & 1.90 (d, J = 2.7 Hz, 12H), 7.91 — 8.48 (m, 4H).

3C.NMR (126 MHz, THF-ds): 6 25.4, 26.1,92.7, 116.5, 119.4, 121.8, 123.2, 125.5, 138.8.
Elemental analysis (%) found C, 44.22; H, 2.91; C22H161204 C, 44.17; H, 2.70
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VIII.3.1.13 ((2,7-Diiodopyrene-4,5,9,10-tetrayl)tetrakis(oxy))tetrakis(tert-
butyldimethylsilane) (2-26)

TBS-O “O O-TBS
TBS-O O O-TBS

|
2-26

In a 250 mL flame-dried Schlenk-flask 2,7-diiodopyrene-4,5,9,10-tetraone (2-4) (0.60 g,
1.2 mmol) and zinc powder (2.3 g, 35 mmol) were suspended in anhydrous 100 mL
CH,Cl, and stirred for 20 min. at room temperature. Tert-butylchlorodimethylsilane
(1.76 g, 11.7 mmol) and N,N,N’,N'-tetramethylethylenediamine (2.1 mL, 14.0 mmol) were
added and the mixture stirred under reflux 20 h. The cooled mixture was filtered through a
folding filter. The solvent was evaporated in vacuo, the residue subjected to column
chromatography (silica; PE/ CH,Cl, 8:1) yielding the title compound as a colorless solid
(810 mg, 71 %). The product contained small amounts (=7 % according to 1H—NMR) of
the 2-bromo7-iodo-derivative that could not be removed.

Mp: 170-172 °C

FD-MS (8 KV): m/z 974.3 (100 %, M"), calculated 974.2

"H-NMR (300 MHz, CD,Cl): & 0.13 (s, 24H), 1.20 (s, 36H), 8.68 (s, 4H).

BC-NMR (75 MHz, CD,CL): & -3.0, 19.3, 26.8, 54.2, 91.6, 100.6, 118.2, 128.3, 131.3,
138.4.

Elemental analysis (%) found C, 49.79; H, 6.73 calculated C40H641204Si4 C, 49.27; H,
6.62

Crystallographic data (CCDC deposition number): CCDC 1025657

VIII.3.1.14 N2,N8-Bis(4-hexylphenyl)-5,5,11,11-tetramethylpyreno[4,5-
d:9,10-d']bis([1,3]dioxole)-2,8-diamine (2-28)

CeH13

e 050 &
CeH1s
2-28
In a 25 mL flame-dried Schlenk-flask 2,8-diiodo-5,5,11,11-tetramethylpyreno[4,5-d:9,10-
d'Ibis([1,3]dioxole) (2-25) (40 mg, 66.9 umol) 4-hexylaniline (142.3 mg, 0.8 mmol),
potassium fert-butoxide (112.6 mg, 1 mmol), palladium (II) acetate (0,75 mg, 3.3 pmol)
and bis(2-diphenylphosphinophenyl)ether (DPEphos) (3.6 mg, 6.7 umol) were dissolved in

5 mL anhydrous toluene and stirred at 100°C for 16 h. The cooled mixture was poured on
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100 mL water and extracted with CH,Cl, (15 mLx3). The combined organic phases were
washed with sat. NaCl solution, dried with MgSQO, and filtered. The solvent was removed
in vacuo, the residue subjected to column chromatography (silica, Hex/EE 10:1 to 3:1)
yielding the title compound as a green crystalline solid (41 mg, 89 %). Crystals suitable for

X-ray analysis were grown by slow evaporation of CH,Cl,.

Mp: 191-192 °C

FD-MS (8 KV): m/z 696.6 (100 %, M"), calculated 696.4

"H-NMR (300 MHz, CD,Cl,): 8 0.91 (td, J = 5.5, 4.1, 2.3 Hz, 6H), 1.30 — 1.43 (m, 12H),
1.58 — 1.71 (m, 4H), 1.95 (d, J = 2.3 Hz, 12H), 2.56 — 2.68 (m, 4H), 6.17 (s, 2H), 7.15 —
7.30 (m, 8H), 7.57 (s, 4H).

BC-NMR (75 MHz, CD,CL): & 14.5, 23.2, 26.4, 29.6, 32.3, 32.4, 35.9, 104.3, 113.7,
119.9, 120.1, 121.8, 129.9, 137.7, 138.4, 140.9, 142.6.

Elemental analysis (%) found 79.31; H, 7.58; N, 4.00 calculated C46H52N204 C, 79.28;
H, 7.52; N, 4.02

Crystallographic data (CCDC deposition number): CCDC 1025660

VIIL.3.1.15 4,4'-(4,5,9,10-Tetramethoxypyrene-2,7-diyl)dibenzonitrile (2-30)

e -
-0 OoO-
2-30

In a 50 mL flame-dried Schlenk-flask 2,7-diodo-4,5,9,10-tetramethoxypyrene (2-5) (1 g,
1.78 mmol) and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (1g,
4.35 mmol) were dissolved in a mixture of 20 mL toluene, 10 mL Na,CO; solution
(2Mol/1) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling X3).
Tetrakis(triphenylphosphine)palladium (0.1 g, 0.87 mmol) was added and the mixture
stirred at 100 °C for 16 h. The cooled solution was filtered through a sinter filer. The solid
was washed with water (400 mL), methanol (400 mL), hexane (300 mL) and CH,Cl,
(50 mL). Recrystallization from THF yielded the title compound as a yellow solid
(730 mg, 80 %).

Mp: 232 -233 °C

FD-MS (8 KV): m/z 524.2 (100 %, M™), calculated 524.2

"H-NMR (300 MHz, THF-dg): & 4.24 (s, 12H), 7.89 — 7.98 (m, 4H), 8.12 — 8.19 (m, 4H),
8.74 (s, 4H).
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VIIL.3.1.16  4,4'-(4,5,9,10-Tetrakis((tert-butyldimethylsilyl)oxy)pyrene-2,7-
diyl)dibenzonitrile (2-31)

TBS-O O-TBS

v 585 o

TBS-O O-TBS
2-31

In a 50 mL flame-dried Schlenk-flask ((2,7-diiodopyrene-4,5,9,10-
tetrayl)tetrakis(oxy))tetrakis(zert-butyldimethylsilane) (2-26) (1.1 g, 1.13 mmol) and 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile ~ (0.59 g, 2.59 mmol) were
dissolved in a mixture of 20 mL toluene, aq. Na,CO;3 solution (2 mol/L, 10 mL) and
0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (65.2 mg, 0.06 mmol) was added and the mixture
was stirred at 100 °C for 16 h. The cooled solution was poured onto 100 mL water and
extracted with CH,Cl, (150 mLx3). The combined organic phases were washed with sat.
NaCl solution (100 mL) and dried with MgSO,. The solvent was removed, the residue
subjected to column chromatography (silica; PE/DCM 2:1) and dried under high vacuum
yielding the title compound as a yellow solid (840 mg, 82 %).

Mp: 194- 196 °C

FD-MS (8 KV): m/z 924.6 (100 %, M"), calculated 924.5

"H-NMR 300 MHz, CD,Cl,): & 0.17 (s, 24H), 1.22 (s, 36H), 7.86 (d, J = 8.3 Hz, 4H), 8.00
(d, J=8.3 Hz, 4H), 8.64 (s, 4H).

BC.NMR (75 MHz, CD,Cl,): 6 -2.9, 19.4, 26.9, 30.3, 111.6, 118.5, 128.9, 130.8, 133.4,
136.5, 139.5, 147.1.

Elemental analysis (%) found C, 70.03; H, 7.86; N, 3.05 calculated C54H72N204Si4 C,
70.08; H, 7.84; N, 3.03.

VIIL.3.1.17 4,4'-((4,5,9,10-Tetramethoxypyrene-2,7-diyl)bis(ethyne-2,1-
diyl))bis(N,N-dimethylaniline) (2-35)

In a 25 mL flame-dried Schlenk-flask, 2,7-diodo-4,5,9,10-tetramethoxypyrene (120 mg,
0.21 mmol), 4-ethynyl-N,N-dimethylaniline (75 mg, 0.52 mmol), triphenylphosphine
(5.5 mg, 21 umol), copper iodide (8.0 mg, 42 pumol) and
bis(triphenylphosphine)palladium(Il) dichloride (13.4 mg, 21 umol) were dissolved in
9 mL anhydrous toluene and 3 mL anhydrous triethylamine. The resulting mixture was

stirred 16 h at 85°C. After cooling to room temperature the mixture was poured onto
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100 mL water and extracted with CH,Cl, (50 mLx3). The combined organic phases were
washed with sat. NaCl solution (75 mL), dried with MgSOy and filtered. The solvent was
removed in vacuo, the residue subjected to column chromatography (silica; hex / EE 3:1)

yielding the title compound as a yellow solid (93 mg, 73 %).

Mp: 214-217 °C

FD-MS (8 KV): m/z 608.2 (100 %, M"), calculated 608.3

"H-NMR (300 MHz, CD,ClL): & 3.02 (s, 12H), 4.21 (s, 12H), 6.73 (d, J = 8.9 Hz, 4H),
7.44 —7.58 (m, 4H), 8.50 (s, 4H).

BC.NMR (75 MHz, CD,Cl,): é 40.6, 61.7, 89.0, 91.9, 110.1, 112.4, 120.2, 122.1, 122.7,
129.1, 133.3, 145.2, 151.0.

Elemental analysis (%) found C, 78.79; H, 6.12; N, 4.59 calculated C40H36N204 C,
78.92; H, 5.96; N, 4.60

VIIL.3.1.18 3,3'-(4,5,9,10-Tetramethoxypyrene-2,7-diyl)bis(2-(4-
(dimethylamino)phenyl)buta-1,3-diene-1,1,4,4-tetracarbonitrile)
(2-36)

2-36
In a 25mL flame-dried Schlenk-flask 4,4'-((4,5,9,10-tetramethoxypyrene-2,7-
diyl)bis(ethyne-2,1-diyl))bis(N,N-dimethylaniline) (2-35) (55 mg, 85 pumol) was dissolved
in anhydrous CH,Cl,, Tetracyanoethylene (23.2 mg, 180.1 umol) was added, the mixture

stirred for 2h at room temperature. The solvent was removed in vacuo, the residue
subjected to column chromatography (silica, Hex/EE 3:1 to 1:1) yielding the title
compound as a red solid (98 mg, 85 %).

Mp: 186-189 °C, (decomp.)

FD-MS (8 KV): m/z 864.5 (100 %, M"), calculated 864.3

'TH.NMR (300 MHz, CD,Cl,): 8 3.16 (s, 12H), 4.18 (d, J = 1.6 Hz, 12H), 6.72 — 6.87 (m,
4H), 7.84 — 8.00 (m, 4H), 8.74 (s, 4H).

BC.NMR (75 MHz, CD,Cl): & 40.6, 53.3, 53.6, 54.4, 54.7, 62.4, 112.1, 112.8, 113.1,
114.3, 115.1, 118.5, 120.5, 122.4, 130.8, 131.4, 133.2, 146.1, 155.2, 163.7, 170.4.
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VIIL.3.1.19  ((4,5,9,10-Tetramethoxypyrene-2,7-diyl)bis(ethyne-2,1-
diyl))bis(trimethylsilane) (2-37a)

In a 50 mL flame-dried Schlenk-flask, 2,7-diodo-4,5,9,10-tetramethoxypyrene (100 mg,
0.70 mmol), ethynyltriisopropylsilane (79.4 mg, 0.44 mmol), triphenylphosphine (4.6 mg,
17.4 umol), copper iodide (6.6 mg, 32.8 umol) and bis(triphenylphosphine)palladium(II)
dichloride (11.2 mg, 17.4 umol) were dissolved in 12 mL anhydrous toluene and 6 mL
anhydrous triethylamine. The resulting mixture was stirred 16 h at 85°C. After cooling to
room temperature the mixture was poured onto 100 mL water and extracted with CH,Cl,
(100 mLx3). The combined organic phases were washed with sat. NaCl solution (100 mL),
dried with MgSO, and filtered. The solvent was removed in vacuo and the crude product
subjected to column chromatography (silica; PE/CH,Cl, 1:1) yielding the title compound
as a colorless crystalline solid (107 mg, 90 %). Crystals suitable for X-ray analysis were

grown by slow evaporation of CH,Cl,.

Mp: 173 — 176 °C, (decomp)

FD-MS (8 KV): m/z 682.8 (100 %, M"), calculated 682.4

"H-NMR. (300 MHz, CD,Cl): & 0.92 (s, 36H), 1.43 (h, 6H) 4.10 (s, 12H), 8.39 (s, 4H).
BC.NMR (75 MHz, CD,Cl,): 6 18.9, 21.4, 61.7,95.4, 106.1, 122.1, 122.9, 129.5, 145.2.

VIIL.3.1.20 ((4,5,9,10-Tetramethoxypyrene-2,7-diyl)bis(ethyne-2,1-
diyl))bis(trimethylsilane) (2-37b)

In a 50mL flame-dried Schlenk-flask, 2,7-diodo-4,5,9,10-tetramethoxypyrene (2-5)
(100 mg, 0.17 mmol), ethynyltrimethylsilane (42.8 mg, 0.44 mmol), triphenylphosphine
(4.6 mg, 17.4 umol), copper iodide (6.6 mg, 32.8 umol) and
bis(triphenylphosphine)palladium(Il) dichloride (11.2 mg, 17.4 umol) were dissolved in
12 mL anhydrous toluene and 6 mL anhydrous triethylamine. The resulting mixture was
stirred 16 h at 85°C. After cooling to room temperature the mixture was poured onto
100 mL water and extracted with CH,Cl, (100 mLx3). The combined organic phases were
washed with sat. NaCl solution (100 mL), dried with MgSOy and filtered. The solvent was

removed in vacuo, the crude product subjected to column chromatography (silica;
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PE/CH,Cl, 1:1) yielding the title compound as a colorless crystalline solid (77 mg, 86 %).

Crystals suitable for X-ray analysis were grown by slow evaporation of CH,Cl,.

Mp: 162 °C, (decomp)

FD-MS (8 KV): m/z 514.2 (100 %, M"), calculated 514.2

"H-NMR (300 MHz, CD,CL): & 0.26 (s, 18H), 4.10 (s, 12H), 8.39 (s, 4H).

BC.NMR (75 MHz, CD,Cl,): 6 0.3, , 61.7,95.5, 106.4, 121.8, 122.8, 129.2, 145.2.
Elemental analysis (%) found C, 70.02; H, 6.69 calculated C30H3404Si2 C, 70.00; H,
6.60;

VIIL.3.1.21  4,5,9,10-Tetramethoxy-2,7-bis(phenylethynyl)pyrene (2-38)

In a 100 mL flame-dried Schlenk-flask, 2,7-diodo-4,5,9,10-tetramethoxypyrene (2-5)
(400 mg, 0.70 mmol), ethynylbenzene (234 mg, 2.3 mmol), triphenylphosphine (54.8 mg,
0.21 mmol), copper iodide (39.8 mg, 0.21 mmol) and bis(triphenylphosphine)palladium(II)
dichloride (73.4 mg, 0.1 mmol) were dissolved in 30 mL anhydrous toluene and 15 mL
anhydrous triethylamine. The resulting mixture was stirred 16 h at 85°C. After cooling to
room temperature the mixture was poured onto 100 mL water and extracted with CH,Cl,
(150 mLx3). The combined organic phases were washed with sat. NaCl solution (200 mL),
dried with MgSO, and filtered. The solvent was removed in vacuo, the crude product
subjected to column chromatography (silica; CH,Cl,) yielding the title compound as a
yellow solid (316 mg, 87 %).

Mp: 259 - 262 °C

FD-MS (8 KV): m/z 522.3 (100 %, M"), calculated 522.2

"H-NMR (300 MHz, CD,Cl): & 4.22 (s, 12H), 7.43 (dd, J = 4.9, 2.3 Hz, 6H), 7.64 — 7.73
(m, 4H), 8.58 (s, 4H).

BC.NMR (75 MHz, CD,Cl,): 6 90.3, 90.7, 100.4, 121.7, 122.3, 123.6, 128.9, 129.1, 132.1,
133.6, 145.1.

Elemental analysis (%) found C, 83.01; H, 5.09 calculated C36H2604 C, 82.74; H, 5.01.
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VIIL.3.1.22 4,5,9,10-Tetramethoxy-2,7-bis(4',5',6'-triphenyl-[1,1':2",1"-
terphenyl]-3'-yl)pyrene (2-45)

In a 10 mL microwave vial 4,5,9,10-tetramethoxy-2,7-bis(phenylethynyl)pyrene (2-44)
(200 mg, 0.38 mmol) and 2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-one (323.7 mg,
0.84 mmol) were suspended in a mixture of 3.3 mL diphenylether and 0.1 mL propylene
carbonate and heated in a microwave reactor at 220 °C for 8 h. After cooling the mixture
was poured on 500 mL hexane and filtered through a silica plug. The solvent was removed
in vacuo, the crude product was subjected to column chromatography (silica/ PE / CH,Cl,
3:1 to CH,Cl,) yielding the title compound as a colorless solid (320 mg, 67 %).

Mp: 257 °C

FD-MS (8 KV): m/z 1234.2 (100 %, M™), calculated 1234.5

"H-NMR (500 MHz, THF-ds, 323K): & 3.63 (s, 12H), 6.53 — 6.61 (m, 4H), 6.65 (dd, J =
8.4, 6.8 Hz, 8H), 6.70 — 6.82 (m, 18H), 6.86 (dddd, J = 10.3, 7.5, 3.5, 1.9 Hz, 20H), 7.86
(s, 4H).

BC-NMR (126 MHz, THE-dg, 323K): & 61.3, 119.8, 123.7, 126.0, 126.0, 127.5, 127.7,

127.9, 132.5, 132.6, 132.8, 139.2, 141.6, 142.0, 142.0, 142.1, 142.1, 142.2, 145.7.
Elemental analysis (%) found C, 89.39; H, 5.49 calculated C92H6604 C, 89.44; H, 5.38.

VIIL.3.1.23 Cyclodehydration product (2-46)

aga
8582

L 5L
agaga

2-46
In a 25mL flame-dried Schlenk-flask 4,5,9,10-tetramethoxy-2,7-bis(4',5',6'-triphenyl-
[1,1:2",1"-terphenyl]-3'-yl)pyrene (2-45) was dissolved in degassed, stabilizer free CH,Cl..

The solution was purged by a CH,Cl, saturated argon stream. Iron (III) chloride (72 eq)
suspended in Nitromethane was added and was stirred for 7 d at room temperature. The
mixture was poured on 100 mL ethanol to precipitate the product. The product was isolated

by filtration through a glass frit.

MALDI-TOF (8 KV): m/z m/z: 1210.35 (100.0%), 1211.35 (99.5%), 1212.36 (42.8%),
1213.36 (11.7%) (100%), calculated: 1210.31 (100.0%), 1211.31 (99.5%), 1212.32
(42.8%), 1213.32 (11.7%)
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VIIL.3.2 1,3,6,8-Functionalized pyrene derivatives

VIIL.3.2.1 4,5,9,10-Tetramethoxypyrene (3-8)

_0 O O
X

3-8
The compound was prepared according to the procedure reported by ZOPHEL et al. '*"!

Crystallographic data (CCDC deposition number): CCDC 1025939

VIIL.3.2.2 1,3,6,8-Tetrabromopyrene-4,5,9,10-tetraone (3-6)

In a 25mL flame-dried Schlenk-flask 4,5,9,10-tetramethoxypyrene (3-8) (300 mg,
930 umol) was dissolved in 15 mL anhydrous PhNO,. Bromine (2.32 mL, 45.53 mmol)
was added and the mixture heated to 160 °C for 16 h. After cooling methanol was added
and the crude product isolated by filtration (glass frit), washed with water, methanol,
CH,Cl, and small amounts of THF and dried in vacuo yielding the title compound as an
orange solid (12 mg, 2 %).

Mp: 241 °C, (decomp.)

FD-MS (8 KV): m/z 578.1 (100 %, M), calculated 577.66
"H-NMR (500 MHz, 373K, C,D,CLy): & 6.95 (s, 2H).

VIIL.3.2.3 1,3,6,8-Tetrabromo-4,5,9,10-tetramethoxypyrene (3-10)

In a 100 mL flame-dried Schlenk-flask 4,5,9,10-tetramethoxypyrene (300 mg, 0.93 mmol)
was dissolved in anhydrous carbon tetrachloride (20 mL) and warmed to 55°C. Freshly
distilled bromine (1.19 g, 7.5 mmol) was added rapidly (CAUTION vigorous reaction!)
and the mixture was stirred for additional 4 h. After cooling 15 mL Na;S,0; solution
(2 Mol/L) were added, the mixture diluted by adding 100 mL water and extracted with
CH,Cl, (100 mLx3). The combined organic phases were washed with sat. NaCl solution
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dried with MgSO, and filtered. The solvent was removed in vacuo, the crude product was
subjected to column chromatography (silica; PE/CH,Cl, 7:1 ) yielding the title compound
as a yellow solid (256 mg, 43 %).

Mp: 267-272 °C

FD-MS (8 KV): m/z 637.4 (100 %, M"), calculated 637.7

"H-NMR (500 MHz, 373K, C,D,Cly): 8 4.11 (s, 12H), 8.66 (s, 2H).

BC.NMR (75 MHz, THF): 6 60.2, 100.0, 123.5, 125.6, 141.1, 147.1.

Elemental analysis (%) found C, 37.61; H, 2.24 calculated C20H14Br404 C, 37.66; H,
2.21

Crystallographic data (CCDC deposition number): CCDC 1025662

VIIL.3.2.4 1,3,4,5,6,8,9,10-Octamethoxypyrene (3-13)

313

In a 25 mL flame-dried Schlenk-flask 1,3,6,8-tetrabromo-4,5,9,10-tetramethoxypyrene
(3-10) (200 mg, 0.31 mmol) and copper iodide (280 mg, 1.47 mmol) were suspended in
anhydrous DMF (10 mL). Water free sodium methoxide solution (30 %, 3.14 mL,
3.14 mmol) was added and the mixture stirred at 120 °C for 16 h. After cooling the mixture
was poured onto aq. ammonia solution (10 %, 300 mL) and extracted with CH,Cl,
(100 mLx3). The combined organic phases were washed with ammonia solution (10%,
100 mL) and sat. NaCl solution, dried with MgSO, and filtered. The solvent was removed
in vacuo, the crude product was subjected to column chromatography (silica; CH,Cl,)
yielding the title compound as an orange crystalline solid (83 mg, 59 %). Crystals suitable
for X-ray diffraction analysis were grown by slow vapor diffusion of PE into a

dichloromethane solution of 3-13.

Mp: 184-188 °C

FD-MS (8 KV): m/z 442.4 (100 %, M"), calculated 442.2

"H-NMR (300 MHz, CD,CL): & 3.89 (s, 12H), 4.08 (s, 12H), 7.20 (s, 2H).

BC-NMR (75 MHz, CD,CL): 8 57.9, 61.7,99.7, 113.4, 126.7, 145.5, 153.7.

Elemental analysis (%) found C, 65.21; H, 5.31 calculated C24H2608 C, 65.15; H, 5.92.
Crystallographic data (CCDC deposition number): CCDC 1025640
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VIIL.3.2.5 4,5,9,10-Tetramethoxy-N1,N1,N3,N3,N6,N6,N8,N8-octakis(4-
methoxyphenyl)-3a,3a1-dihydropyrene-1,3,6,8-tetraamine (3-14)

\ /
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In a 50 mL flame-dried Schlenk-flask 1,3,6,8-tetrabromo-4,5,9,10-tetramethoxypyrene
(3-10) (140 mg, 0.22 mmol), bis(4-methoxyphenyl)amine (211.3 mg, 0.92 mmol),
bis(dibenzylideneacetone)palladium(0) (3.79 mg, 6.58 umol), 1,2,3,4,5-pentaphenyl-1'-(di-
tert-butylphosphino)ferrocene (QPhos) (9.4 mg, 13.2 umol) and sodium fert-butoxide
(158.2 mg, 1.65 mmol) were suspended in 15 mL anhydrous toluene and stirred 16 h at
105°C. The cooled solution was poured onto water (100 mL) and extracted with CH,Cl,
(50 mLx3). The combined organic phases were washed with 100 mL sat. NaCl solution,
dried with MgSQO, and filtered. The solvent was removed in vacuo, the crude product was

subjected to column chromatography (silica, Hex/EE 10:1 to 3:1) yielding the title
compound as a red solid (195 mg, 72 %).

Mp: 225-227 °C

FD-MS (8 KV): m/z 1232.0 (100 %, M"), calculated 1232.5

"H-NMR (300 MHz, CD,Cl,): & 3.42 (s, 12H), 3.72 (s, 24H), 6.58 — 6.73 (m, 16H), 6.77 —
6.94 (m, 16H), 7.30 (s, 2H).

BC-NMR (75 MHz, CD,Cl,): § 55.9, 61.4, 99.7, 114.5, 121.7, 123.3, 133.2, 140.7, 143.1,
143.2, 146.0, 154.9.

Elemental analysis (%) found C, 74.10; H, 5.78; N, 4.53. calculated C76H70N4012 C,
74.01; H, 5.88; N, 4.54.

Crystallographic data (CCDC deposition number): CCDC 1025641

VIII.3.2.6 ((4,5,9,10-Tetramethoxypyrene-1,3,6,8-tetrayl)tetrakis(ethyne-2,1-
diyl))tetrakis(triisopropylsilane) (3-15)

In a 50 mL flame-dried Schlenk-flask, 1,3,6,8-tetrabromo-4,5,9,10-tetramethoxypyrene
(3-10) (200 mg, 0.31 mmol), ethynyltriisopropylsilane (343 mg, 1.88 mmol),
triphenylphosphine (14.6 mg, 62.8 umol), copper iodide (6 mg, 31.4 umol) and
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bis(triphenylphosphine)palladium(Il) dichloride (22 mg, 31.4 umol) were dissolved in
12 mL anhydrous toluene and 6 mL anhydrous triethylamine and stirred 16 h at 85°C.
After cooling to room temperature the mixture was poured onto 100 mL water and
extracted with CH,Cl, (100 mLx3). The combined organic phases were washed with sat.
NaCl solution (100 mL), dried with MgSO, and filtered. The solvent was removed in
vacuo, the crude product subjected to column chromatography (silica; PE/CH,Cl, 4:1)
yielding the title compound as an orange crystalline material (267 mg, 82 %). Crystals

suitable for X-ray analysis were grown by slow evaporation of CH,Cl,.

Mp: 212-214 °C, (decomp.)

FD-MS (8 KV): m/z 1043.0 (100 %, M"), calculated 1042.7

"H-NMR (300 MHz, CD,CL): & 1.09 (s, 12H), 1.24 (s, 72H), 4.12 (s, 12H), 8.37 (s, 2H).
BC-NMR (75 MHz, CD,CL): & 12.3, 30.3, 54.2, 61.7, 97.0, 100.6, 108.9, 115.8, 129.2,
143.6, 148.3.

Crystallographic data (CCDC deposition number): CCDC 1025651

VIIL.3.2.7 1,3,6,8-Tetracyano-4,5,9,10-tetramethoxypyrene (3-16)

3-16

In a 25 mL flame-dried Schlenk-flask 1,3,6,8-tetrabromo-4,5,9,10-tetramethoxypyrene
(3-10) (200 mg, 0.31 mmol), sodium cyanide (92.2 mg, 1.88 mmol), copper iodide
(35.8 mg, 0.19 mmol) and Nl,Nz—dimethylethane—l,2—diamine (110.6 mg, 1.25 mmol) were
suspended in anhydrous toluene (7 mL) and stirred for 48 h at 105°C. The cooled
suspension was poured on ammonia solution (30 %, 20 mL) and extracted with THF
(100 mLx4). The combined organic phases were washed with sat. NaCl solution (200 mL)
and dried with MgSO,. The raw product was adsorbed onto silica and subjected to column
chromatography (silica; EE/Hex 1:3 to EE) yielding the title compound as an orange solid
(9 mg, 4 %).

Mp: 248-250 °C, (decomp.)

FD-MS (8 KV): m/z 422.1 (100 %, M"), calculated 422.1

"H-NMR (500 MHz, 373K, C,D,Cly): 8 4.21 (s, 12H), 8.72 (s, 2H).

BC-NMR (125 MHz, THF-ds): & 60.2, 100.0, 117.4, 123.5, 125.6, 141.1, 147.1.
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VIil.3.2.8 1,3,6,8-Tetraiodo-4,5,9,10-tetramethoxypyrene (3-17)

317

In a 50 mL flame-dried Schlenk-flask, 1,3,6,8-tetrabromo-4,5,9,10-tetramethoxypyrene
(3-10) (128 mg, 0.2 mmol), sodium iodide (481.2 mg, 3.21 mmol), N',N*-dimethylethane-
1,2-diamine (4.83 mg, 0.16 mmol) and copper iodide (15.3 mg, 80,3 umol) were
suspended in anhydrous 1,4-dioxane and stirred for 48 h at 80 °C. The cooled solution was
filtered through a plug of Celite which was washed with THF (300 mL). The organic
solvents were evaporated, the crude product washed with water (200 mL), methanol
(200 mL), hexane (200 mL) and CH,Cl, (75 mL). The crude product was recrystallized
from THF and dried under high vacuum yielding the title compound as a yellow solid
(68 mg, 41 %).

Mp: 231-234 °C, (decomp.)

FD-MS (8 KV): m/z 825.4 (100 %, M"), calculated 825.7

"H-NMR (500 MHz,323 K, THF-ds): 8 4.00 (s, 12H), 9.37 (s, 2H).

BC-NMR (126 MHz, 323 K, THF-dg): & 61.1, 67.6, 83.9, 122.8, 129.1, 146.8, 156.7.
Elemental analysis (%) found 29.11; H, 1.78. calculated C20H141404 C, 29.08; H, 1.71.

VIIL.3.2.9 1,3,6,8-Tetrakis(3,5-bis(trifluoromethyl)phenyl)-4,5,9,10-
tetramethoxypyrene (3-18)

318
In a 50 mL flame-dried Schlenk-flask 1,3,6,8-tetrabromo-4,5,9,10-tetramethoxypyrene
(3-10) (75 mg, 0.12 mmol) and 2-(3,5-bis(trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (139,9 mg, 0.71 mmol) were dissolved in a mixture of 4 mL toluene,
Na,COs; solution (2 mL, 2 mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-
thaw cycling x3). Tetrakis(triphenylphosphine)palladium (14.9 mg, 12.9 umol) was added

and the mixture was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL
of water and extracted with CH,Cl, (50 mLx3). The combined organic phases were
washed with sat. NaCl solution (100 mL), dried with MgSO, and filtered. Evaporation of
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the solvents provided a crude product that was subjected to column chromatography
(silica; PE/CH,Cl; 2:1) yielding the title compound as a yellow solid (53 mg, 61 %).

Mp: 277-279 °C

FD-MS (8 KV): m/z 1170.6 (100 %, M™), calculated 1170.7

"H-NMR (300 MHz, CD,Cl,): & 3.33 (s, 12H), 7.73 (s, 2H), 7.96 (s (br), 4H), 8.01 (s (br),
8H).

BC.NMR (75 MHz, CD,Cl,): & 60.2, 120.8, 122.4, 126.0, 127.0, 129.5, 130.7, 131.1,
132.6, 134.2, 146.7.

Elemental analysis (%) found C, 40.67; H, 2.31. calculated C52H26F2404 C, 53.35; H,
2.24.

VIIL.3.2.10 3,7,9-Tetrabromo-5,5,11,11-tetramethylpyreno[4,5-d:9,10-
d']bis([1,3]dioxole) (3-20)

Br Br
®
o) (0]
s OOQ <
Br Br

3-20

In a 100mL flame-dried Schlenk-flask 5,5,11,11-tetramethylpyreno[4,5-d:9,10-
d'Ibis([1,3]dioxole) (200 mg, 0.58 mmol) was dissolved in anhydrous carbon tetrachloride
(30 mL) and warmed to 55°C. Freshly distilled bromine (1.11 g, 6.93 mmol) was added
rapidly (CAUTION vigorous reaction!) and the mixture stirred for 4 h at 55°C. The
reaction was quenched by adding Na,S,;03 solution (15 mL, 2 Mol/L), the phases were
separated, the aqueous phase was diluted by adding 100 mL water and extracted with
CH,Cl, (100 mLx3). The combined organic phases were washed with sat. NaCl solution
and dried with MgSO4. The solvent was evaporated, the crude product was subjected to
column chromatography (silica; PE/CH,Cl, 10:1) yielding the title compound as a yellow
solid (187 mg, 46 %).

Mp: 282 °C, (decomp.)

FD-MS (8 KV): m/z 661.3 (100 %, M"), calculated 661.8

"H-NMR (300 MHz, THF-dg): & 1.91 (s, 12H), 8.47 (s, 2H).
Crystallographic data (CCDC deposition number): CCDC 1025642
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VIIL.3.2.11  N1,N1,N3,N3,N6,N6,N8,N8-Octakis(4-methoxyphenyl)-3a,3a1-
dihydropyrene-1,3,6,8-tetraamine (3-25)
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3-25
In a 50mL flame-dried Schlenk-flask 1,3,6,8-tetrabromopyrene (3-10) (100 mg,
0.19 mmol), bis(4-methoxyphenyl)amine (265.7 mg, 1.16 mmol),

bis(dibenzylideneacetone)palladium(0) (3.33 mg, 5.79 umol), 1,2,3,4,5-pentaphenyl-1'-(di-
tert-butylphosphino)ferrocene (QPhos) (8.26 mg, 11.59 umol) and sodium terz-butoxide
(139.2 mg, 1.45 mmol) were suspended in 30 mL anhydrous toluene and stirred 16 h at
105°C. The cooled solution was poured onto water (100 mL) and extracted with CH,Cl,
(50 mLx3). The combined organic phases were washed with 100 mL sat. NaCl solution,
dried with MgSO, and filtered. The solvent was removed in vacuo, the crude product was
subjected to column chromatography (silica, Hex/EE 10:1 to 3:1) yielding the title
compound as an orange solid (195 mg, 72 %).

Mp: 213-215 °C

FD-MS (8 KV): m/z 1232.0 (100 %, M"), calculated 1232.5

"H-NMR (300 MHz, CD,Cl,): & 3.72 (s, 24H), 6.67 — 6.76 (m, 16H), 6.84 — 6.91 (m,
16H), 7.46 (s, 2H), 7.90 (s, 4H).

BC-NMR (75 MHz, CD,Cl,): 6 55.9, 115.0, 123.1, 123.8, 126.5, 129.2, 143.2, 155 4.
Crystallographic data (CCDC deposition number): CCDC 1025938

VIIL.3.2.12 1,3,6,8-Tetrakis(3,5-bis(trifluoromethyl)phenyl)pyrene-4,5,9,10-
tetraone (3-32)

In a 25 mL flame-dried Schlenk-flask 1,3,6,8-tetrakis(3,5-bis(trifluoromethyl)phenyl)-
4,5,9,10-tetramethoxypyrene (3-18) (40 mg, 34.2 umol) was dissolved in 10 mL anhydrous
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CH,Cl,. At 0 °C (ice bath) borontribromide (0.48 mL, 1 M solution in CH,Cl,, 0.48 mmol)
was added. The mixture was allowed to warm to room temperature and stirred for 72 h.
The reaction was quenched by the addition of nitric acid (65%, 50 mL) and stirred for an
additional hour. The phases were separated, the aqueous phase was extracted with CH,Cl,
(15 mLx3). The combined organic phases were washed with sat. NaCl solution the solvent
was removed in vacuo, the crude product was subjected to size exclusion chromatography
(BioBeads S-X1; THF) yielding the title compound as a red solid.

Mp: 252- 259 °C, (decomp.)

FD-MS (8 KV): m/z 1110.3 (100 %, M™), calculated 1110.1

"H-NMR (300 MHz, CD,CL,): & 7.40 (s, 2H), 7.81 (s, 8H), 8.02 (s, 4H).

BC.NMR (75 MHz, THF-dg): & 121.7, 125.3, 128.4, 130.2, 131.0, 131.4, 137.0, 143.1,
146.6, 178.3.

Elemental analysis (%) found C, 38.77; H, 1.14 calculated C48H14F2404 C, 51.91; H,
1.27.

VIIL.3.2.13  4,5,9,10-Tetramethoxy-1,3,6,8-tetrakis(trifluoromethyl)pyrene
(3-34)

3-34
In a 25mL flame-dried Schlenk-flask 1,3,6,8-tetraiodo-4,5,9,10-tetramethoxypyrene
3-17) (200 mg, 0.24 mmol) and (1,10-phenanthroline)(trifluoromethyl)copper(I)
(326.8 mg, 1.05 mmol) were dissolved in anhydrous DMF and stirred at 60°C for 24 h.
The mixture was poured onto water (300 mL) and extracted with CH,Cl, (150 mLx3). The

combined organic phases were washed with aq. ammonia solution (10 %, 100 mLx2), sat.
NaCl solution (100 mLx2) dried with MgSO, and filtered. After removal of volatile
solvents in vacuo, the crude product was subjected to column chromatography (silica;
PE/CH,Cl, 10:1 v:v) yielding the title compound as a yellow crystalline solid (113 mg,

78 %). Crystals suitable for X-ray analysis were grown by slow evaporation of CH,Cl,.

Mp: 245-247 °C

FD-MS (8 KV): m/z 594.1 (100 %, M"), calculated 594.1

"H-NMR (300 MHz, CD,Cl,): & 4.08 (s, 12H), 8.92 (s, 2H).

BC-NMR (75 MHz, CD,Cl,): 8 61.5, 122.5, 123.0, 123.2, 126.8, 127.0, 148.5.
Crystallographic data (CCDC deposition number): CCDC 1025646



VIIL.3 Synthesis 213

VIIL.3.2.14 4,5,9,10-Tetramethoxy-2,7-bis(trifluoromethyl)pyrene (3-36)

3-36
In a 25mL flame-dried Schlenk-flask 2,7-diodo-4,5,9,10-tetramethoxypyrene (2-5)
(200 mg, 0.35 mmol) and (1,10-phenanthroline)(trifluoromethyl)copper(I) (326.8 mg,
1.05 mmol) were dissolved in anhydrous DMF and stirred at 60°C for 24 h. The mixture
was poured onto water (300 mL) and extracted with CH,Cl, (150 mLx3). The combined

organic phases were washed with aq. ammonia solution (10 %, 100 mLx2), sat. NaCl

solution (100 mLx2) dried with MgSO, and filtered. After removal of volatile solvents in
vacuo, the crude product was subjected to column chromatography (silica; PE/CH,ClI, 10:1
v:v) yielding the title compound as a colorless solid (167 mg, 83 %). Crystals suitable for X-

ray analysis were grown by slow evaporation of CH,Cl,.

Mp: 244-246 °C

FD-MS (8 KV): 458.1 m/z (100 %, M"), calculated 458.1

"H-NMR (500 MHz, THF-dy): § 4.09 (s, 12H), 8.93 (s, 4H).

BC-NMR (126 MHz, THF-ds): & 61.5, 67.6, 122.4, 123.0, 123.3, 123.5, 123.6, 123.8,
124.6, 126.7, 127.2, 128.9, 130.5, 149.2.

F NMR (471 MHz, THF-ds): & -57.9.

Elemental analysis (%) found C, 56.35; H, 3.09 calculated C22H16F604 C, 57.65; H,
3.52

Crystallographic data (CCDC deposition number): CCDC 1025644

VIII.3.2.15 2,7-Bis(trifluoromethyl)pyrene-4,5,9,10-tetraone (3-37)

3-37
In a 100 mL flame-dried Schlenk-flask 4,5,9,10-tetramethoxy-2,7-
bis(trifluoromethyl)pyrene (3-36) (50 mg, 0.11 mmol) was dissolved in 10 mL anhydrous
CH,Cl,. At 0 °C (ice bath) borontribromide (1,75 mL 1 M solution in CH,Cl,, 1.75 mmol)

was added. The resulting mixture was allowed to warm to room temperature and stirred for

24 h. The reaction was quenched by the addition of nitric acid (65%, 50 mL) and extracted
with CH,Cl, (15 mLx3). The combined organic phases were washed with sat. NaCl
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solution. The solvent was removed in vacuo, the residue is re-dissolved in 25 mL THF and
stirred in air for 48 h at room temperature. The solvent is removed, the residue subjected
repeated to size exclusion chromatography (BioBeads S-X1; THF) yielding the title
compound as an orange solid (13 mg, 29 %).

Mp: 226 °C, (decomp.)
FD-MS (8 KV): m/z 398.5 (100 %, M"), calculated 398.5
"H-NMR (300 MHz, CD,Cl,): 6 8.79 (s, 4H).

VIIL3.3 Materials for TADF OLEDs

VI11.3.3.1 N,N- Bis (4-(Dimethylamino)phenyl 4"'-(5-phenyl-1,3,4-oxadiazol-
2-yl)-[1,1":3',1":3",1""-quaterphenyl]-3-amine (5-11)

@«s. é@m

In a 25 mL flame-dried Schlenk-flask 2-(3"-bromo-[1,1":3',1":3",1""-quaterphenyl]-4-yl)-5-
phenyl-1,3,4-oxadiazole (5-24) (0.1 g, 0.19 mmol), bis (4-(dimethylamino)phenyl)amine
(96.4 mg, 0.38 mmol), bis(dibenzylideneacetone)palladium(0) (1.09 mg, 1.89 umol),
1,2,3,4,5-pentaphenyl-1'-(di-fert-butylphosphino)ferrocene (QPhos) (2.7 mg, 3.8 pumol)
and sodium tert-butoxide (45.4 mg, 0.48 mmol) were suspended in 15 mL anhydrous
toluene and stirred 16 h at 105°C. The cooled solution was diluted with water, the phases
were separated and the aqueous phase was extracted with CH,Cl, (50 mLx3). The
combined organic phases were washed with 100 mL sat. NaCl solution, dried with MgSOj4
and filtered. Evaporation of the solvent gave a crude product that was subjected to column
chromatography (silica, CH,Cly) and recycling GPC (chloroform) yielding the title
compound as a colorless solid (110 mg, 82 %).

FD-MS (8 KV): m/z 703.3 (100 %, M"), calculated 703.3

'H- / PC-NMR: Due to diamagnetic interfernce NMR spectra were not resolved.
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VIIL.3.3.2 N,N-bis(4-Methoxyphenyl)-4"'-(5-phenyl-1,3,4-oxadiazol-2-yl)-
[1,1:3',1":3",1""-quaterphenyl]-3-amine (5-12)

A QO™
@oh O O @

\
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5-12 O.

In a 25 mL flame-dried Schlenk-flask 2-(3"-bromo-[1,1":3',1":3",1""-quaterphenyl]-4-yl)-5-
phenyl-1,3,4-oxadiazole (5-24) (0.1 g, 0.19 mmol), bis(4-methoxyphenyl)amine (65.0 mg,
0.28 mmol), bis(dibenzylideneacetone)palladium(0) (2.17 mg, 3.78 umol), 1,2,3,4,5-
pentaphenyl-1'-(di-zert-butylphosphino)ferrocene (QPhos) (5.4 mg, 7.6 umol) and sodium
tert-butoxide (45.4 mg, 0.48 mmol) were suspended in 15 mL anhydrous toluene and
stirred 16 h at 105°C. The cooled solution was diluted with water, the phases were
separated and the aqueous phase was extracted with CH,Cl, (50 mLx3). The combined
organic phases were washed with 100 mL sat. NaCl solution, dried with MgSO, and
filtered. Evaporation of the solvent gave a crude product that was subjected to column
chromatography (silica, CH,Cly) and recycling GPC (chloroform) yielding the title

compound as a colorless solid (102 mg, 80 %).

Mp: 209 - 211 °C

FD-MS (8 KV): m/z 677.4 (100 %, M"), calculated 677.3

'H-NMR (500 MHz, C,CL4D»): 6 3.79 (d, J = 2.1 Hz, 6H), 6.80 — 6.99 (m, 5H), 7.06 —
7.30 (m, 7H), 7.45 - 7.69 (m, 9H), 7.78 (d, J = 2.1 Hz, 1H), 7.83 (dd, J = 8.3, 2.1 Hz, 2H),
7.88 (t,J=1.9 Hz, 1H), 8.15 (dq, J =5.2, 2.6, 2.2 Hz, 2H), 8.23 (dd, J = 8.4, 2.1 Hz, 2H).
BC.NMR (126 MHz, C,CI41D,): 6 55.7, 115.1, 120.4, 124.7, 126.0, 126.1, 126.2, 126.5,
127.0, 127.1, 127.5, 127.8, 129.1, 129.4, 147.4, 149.4, 149.8.

Elemental analysis (%) found C, 81.48; H, 5.29; N, 6.75 calculated C46H35N303 C,
81.51; H, 5.21; N, 6.20

VIIL.3.3.3 N,N-Diphenyl-4"'-(5-phenyl-1,3,4-oxadiazol-2-yl)-[1,1":3",1":3",1""-
quaterphenyl]-3-amine (5-13)

s. ég

513
In a 25 mL flame-dried Schlenk-flask 2-(3"'-bromo-[1,1":3',1":3",1""-quaterphenyl]-4-yl)-5-
phenyl-1,3,4-oxadiazole (5-24) (0.1 g, 0.19 mmol), diphenylamine (63.9 mg, 0.38 mmol),
bis(dibenzylideneacetone)palladium(0) (1.09 mg, 1.89 umol), 1,2,3,4,5-pentaphenyl-1'-(di-
tert-butylphosphino)ferrocene (QPhos) (2.7 mg, 3.8 umol) and sodium tert-butoxide
(45.4 mg, 0.48 mmol) were suspended in 15 mL anhydrous toluene and stirred 16 h at
105°C. The cooled solution was diluted with water, the phases were separated and the

aqueous phase was extracted with CH,Cl, (50 mLx3). The combined organic phases were
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washed with 100 mL sat. NaCl solution, dried with MgSQO, and filtered. Evaporation of the
solvent gave a crude product that was subjected to column chromatography (silica,
CH,Cl,) and recycling GPC (chloroform) yielding the title compound as a colorless solid
(102 mg, 80 %).

Mp: 219 - 222 °C

FD-MS (8 KV): m/z 617.2 (100 %, M™), calculated 617.3

"H-NMR (500 MHz, 373 K , C,CLiD,): 8 7.02 — 7.10 (m, 2H), 7.11 — 7.42 (m, 12H), 7.45
(q, J =2.1 Hz, 1H), 7.50 — 7.74 (m, 8H), 7.88 (ddd, J = 26.4, 18.0, 2.3 Hz, 4H), 8.20 (dt, J
= 8.3, 2.3 Hz, 2H), 8.27 (dd, J = 8.5, 2.7 Hz, 2H).

BC.NMR (126 MHz, 373 K, C,Cl4D»,): 6 120.2, 121.4, 122.7, 122.8, 122.9, 123.0, 124.2,
125.8, 125.9, 126.0, 126.1, 126.8, 126.9, 127.3, 127.7, 128.9, 129.0, 129.1, 129.2, 1294,
131.5, 140.3, 147.7, 148.3.

Elemental analysis (%) found C, 85.59; H, 5.03; N, 6.84 calculated C44H31N30 C,
85.55; H, 5.06; N, 6.80.

VIIL.3.3.4 2-(3"'-(9H-Carbazol-9-yl)-[1,1':3',1":3",1""-quaterphenyl]-4-yl)-5-
phenyl-1,3,4-oxadiazole (5-14)

J o 9We
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In a 25 mL flame-dried Schlenk-flask 2-(3"-bromo-[1,1":3',1":3",1""-quaterphenyl]-4-yl)-5-
phenyl-1,3,4-oxadiazole (5-24) (0.1 g, 0.19 mmol), carbazole (63.2 mg, 0.38 mmol),
bis(dibenzylideneacetone)palladium(0) (2.17 mg, 3.78 umol), tri-tert-butylphosphane
(2.3 mg, 11.3 umol) and sodium tert-butoxide (45.4 mg, 0.48 mmol) were suspended in
15 mL anhydrous toluene and stirred 16 h at 105°C. The cooled solution was diluted with
water, the phases were separated and the aqueous phase was extracted with CH,Cl,
(50 mLx3). The combined organic phases were washed with 100 mL sat. NaCl solution,
dried with MgSO, and filtered. Evaporation of the solvent gave a crude product that was
subjected to column chromatography (silica, CH,Cl,) and recycling GPC (chloroform)
yielding the title compound as a colorless solid (83 mg, 64 %).

Mp: 143 °C, (decomp.)

FD-MS (8 KV): m/z 615.2 (100 %, M"), calculated 615.2

"H-NMR (500 MHz, 373 K, C,Cl4D;): 6 7.31 — 7.38 (m, 2H), 7.47 (t, J = 7.6 Hz, 2H),
7.53 (d, J = 8.2 Hz, 2H), 7.57 — 7.66 (m, 6H), 7.71 (d, J = 7.6 Hz, 1H), 7.72 — 7.80 (m,
4H), 7.85 (d, J = 7.6 Hz, 1H), 7.87 — 7.91 (m, 2H), 7.92 — 8.01 (m, 3H), 8.13 — 8.23 (m,
4H), 8.26 (dd, J = 8.3, 1.8 Hz, 2H).

BC.NMR (126 MHz, C,CLl41D»): 6 109.9, 120.2, 120.3, 120.4, 123.6, 126.1, 126.4, 127.0,
127.1, 127.5, 127.9, 129.1, 129.5, 130.3, 131.7.

Elemental analysis (%) found 85.79; H, 4.78; N, 6.91. calculated C44H29N30 C, 85.83;
H, 4.75; N, 6.82.
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VIIL.3.3.5 3,3"-Dibromo-1,1':3',1"-terphenyl (5-22)

5-22

In a 500 mL flame-dried Schlenk-flask (3-bromophenyl)boronic acid (4.06 g, 20.22 mmol)
and 1,3-diiodobenzene (3.33 g, 10.11 mmol) were dissolved in a mixture of 250 mL
toluene, Na,COj3 solution (125 mL, 2 Mol/L) and 1.00 mL Aliquat 336 and (freeze-pump-
thaw cycling x3). Tetrakis(triphenylphosphine)palladium (0.58 g, 0.51 mmol) was added
and the mixture was stirred at 70 °C for 48 h. The cooled mixture was poured on 250 mL
of water and extracted with CH,Cl, (250 mLx3). The organic phases were combined,
washed with sat. NaCl solution (300 mL) and dried with MgSQO,. Evaporation of the
solvents provided a crude product that was subjected to column chromatography (silica;
PE) yielding the title compound as a colorless oil (840 mg, 24 %).

The analytical results agree with the reported data.!*?!

VIIL.3.3.6 2-Phenyl-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)-1,3,4-oxadiazole (5-23)

ok
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5-23

In a 50mL flame-dried Schlenk-flask 2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole
(500 mg, 1.7 mmol), bis(pinacolato)diboron (632.4 mg, 2,5 mmol), [1,1-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il)  (34.0 mg, 41.5 umol)  and
potassium acetate (407 mg, 4.2 mmol) were dissolved in anhydrous dioxane (20 mL). The
mixture was stirred 16 h at 90 °C. After cooling the mixture was poured onto sat. NaCl
solution (200 mL), the suspension was extracted with CH,Cl, (50 mLx3). The combined
organic phases were washed with sat. NaCl solution (50 mL) and dried with MgSQOy. The
solvent was removed; the residue was subjected to column chromatography (silica;
CH,Cl,) yielding the title compound as a colorless solid (444 mg, 77 %).

Mp: 172-174 °C, (decomp.)

FD-MS (8 KV): m/z 348.1 (100 %, M™), calculated 348.2

"H-NMR (300 MHz, CD,ClL): & 1.37 (d, J = 3.1 Hz, 12H), 7.50 — 7.66 (m, 3H), 7.87 —
8.04 (m, 2H), 8.05 — 8.30 (m, 4H).

BC.NMR (75 MHz, CD,Cl,): § 25.3, 84.8, 124.6, 126.4, 126.7, 127.4, 129.7, 132.3, 135.8,
165.1, 165.3.
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VIIL.3.3.7 2-(3"'-Bromo-[1,1':3",1":3",1""-quaterphenyl]-4-yl)-5-phenyl-1,3,4-

oxadiazole (5-24)
2
@\(\0’& O O Br

5-24

In a 50mL flame-dried Schlenk-flask 2-phenyl-5-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)-1,3,4-oxadiazole (5-23) (0.28 mg, 0.81 mmol) and 3,3"-
dibromo-1,1":3",1"-terphenyl (5-22) (0.63 g, 1.62 mmol) were dissolved in a mixture of
20 mL toluene, Na,COj3 solution (12 mL, 2 mol/L) and 0.1 mL Aliquat 336 and degassed
(freeze-pump-thaw cycling x3). Tetrakis(triphenylphosphine)palladium (28.1 mg,
24.4 umol) was added and the mixture was stirred at 100 °C for 16 h. The cooled mixture
was poured on 250 mL of water and extracted with CH,Cl, (250 mLx3). The organic
phases were combined, washed with sat. NaCl solution (300 mL) and dried with MgSOy,.
Evaporation of the solvents provided a crude product that was subjected to column
chromatography (silica; PE) yielding the title compound as a colorless solid (470 mg, 55
%).

Mp: 168 °C
FD-MS (8 KV): m/z 529.0 (100 %, M*), calculated 528.1

VIII.3.3.8 Bis(4-(dimethylamino)phenyl)amine (5-25)

H
N
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5-25
In a 100 mL flame-dried Schlenk-flask 4-bromo-N,N-dimethylaniline (5.0 g, 25.0 mmol),
Nl,Nl—dimethylbenzene—1,4—diamine (3.4 g, 25.00 mmol),
bis(dibenzylideneacetone)palladium(0) (143.7 mg, 0.25 mmol), 1,2,3,4,5-pentaphenyl-1'-
(di-tert-butylphosphino)ferrocene (QPhos) (356.2 mg, 0.5 mmol) and sodium terz-butoxide
(2.6 g, 27.5 mmol) were suspended in 15 mL anhydrous toluene and stirred 16 h at 105°C.
The cooled solution was diluted with water, the phases were separated and the aqueous
phase was extracted with CH,Cl, (250 mLx3). The combined organic phases were washed
with 100 mL sat. NaCl solution, dried with MgSO, and filtered. The solvent was removed
in vacuo, the crude product was subjected to column chromatography (silica, CH,Cl,)

yielding the title compound as a colorless solid (5.1 g, 80 %).

Mp: 121 °C, (decomp.)
FD-MS (8 KV): m/z 255.3 (100 %, M"), calculated 255.2
The analytical results agree with the reported data.[**"!
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VIIL.3.3.9 3-Bromo-N,N-diphenylaniline (5-33)

Br\©
A
5-33

In a 50 mL flame-dried Schlenk-flask 1-bromo-3-iodobenzene (3.0 g, 10.75 mmol),
diphenylamine (1.82 g, 10.75 mmol), copper iodide (40.9 mg, 0.21 mmol), cyclohexane-
1,2-diamine (0,25 g, 2.15 mmol) and potassium tert-butoxide (1.81 g, 16.2 mmol) were
suspended in 20 mL anhydrous dioxane and stirred at 100°C for 16 h. The cooled mixture
was poured onto 400 mL ammonia solution (10 % in water) and extracted with CH,Cl,
(100 mLx3). The combined organic phases were washed with sat. NaCl solution dried with
MgSO; and filtered. The solvent was removed in vacuo, the crude product was subjected to
column chromatography (silica; PE/CH,Cl, 5:1) yielding the title compound as a colorless
solid (2.69 g, 77 %).
Mp: 194 °C
FD-MS (8 KV): m/z 325.0 (100 %, M"), calculated 323.0
"H-NMR (300 MHz, CD,Cl,): & 6.93 — 7.01 (m, 1H), 7.02 — 7.14 (m, 8H), 7.15 — 7.20 (m,
1H), 7.24 —7.34 (m, 4H).

BC.NMR (75 MHz, CD,CL): & 122.0, 123.2, 124.2, 125.3, 125.4, 126.0, 130.0, 131.0,
147.8, 150.1.

VIIL.3.3.10 3-Bromo-N,N-bis(4-(tert-butyl)phenyl)aniline (5-34)

Br< :
SRS\
t-Bu t-Bu

5

-34

In a 50 mL flame-dried Schlenk-flask 1-bromo-3-iodobenzene (3.0 g, 10.75 mmol), bis(4-
(tert-butyl)phenyl)amine (3.0 g, 10.75 mmol), copper iodide (40.9 mg, 0.21 mmol),
cyclohexane-1,2-diamine (0,25 g, 2.15 mmol) and potassium tert-butoxide (1.81 g,
16.2 mmol) were suspended in 20 mL anhydrous dioxane and stirred at 100°C for 16 h.
The cooled mixture was poured onto 400 mL ammonia solution (10 % in water) and
extracted with CH,Cl, (100 mLx3). The combined organic phases were washed with sat.
NaCl solution and dried with MgSO, and filtered. The solvent was removed in vacuo, the
crude product was subjected to column chromatography (silica; PE/CH,Cl, 10:1) yielding
the title compound as a colorless solid (3.51 g, 75 %).

Mp: 172-174 °C
FD-MS (8 KV): m/z 435.1 (100 %, M"), calculated 435.2
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"H-NMR (300 MHz, CD,Cl,): § 1.32 (s, 18H), 6.79 — 6.96 (m, 2H), 6.97 — 7.11 (m, 4H),
7.24 (dt, J=6.8, 1.6 Hz, 1H), 7.27 - 7.34 (m, 4H), 7.35 (d, /= 1.9 Hz, 1H).

BC-NMR (75 MHz, CD,CL,): & 31.8, 34.8, 94.9, 121.9, 126.9, 130.7, 131.0, 145.1, 147.2,
150.3.

VIIL.3.3.11  3-Bromo-N,N-bis(4-methoxyphenyl)aniline (5-35)

Br©
N
SeReW
5-35
In a 50 mL flame-dried Schlenk-flask 1-bromo-3-iodobenzene (3.0 g, 10.75 mmol), bis(4-
methoxyphenyl)amine (2.46 g, 10.75 mmol), copper iodide (40.9 mg, 0.21 mmol),
cyclohexane-1,2-diamine (0,25 g, 2.15 mmol) and potassium tert-butoxide (1.81 g,
16.2 mmol) were suspended in 20 mL anhydrous dioxane and stirred at 100°C for 16 h.
The cooled mixture was poured onto 400 mL ammonia solution (10 % in water) and
extracted with CH,Cl, (100 mLx3). The combined organic phases were washed with sat.
NaCl solution and dried with MgSO, and filtered. The solvent was removed in vacuo, the
crude product was subjected to column chromatography (silica; PE/CH,Cl, 2:1) yielding
the title compound as a colorless solid (2.69 g, 77 %).

Mp: 186-188 °C

FD-MS (8 KV): m/z 383.9 (100 %, M"), calculated 383.1

"H-NMR (250 MHz, CD,Cl): & 3.79 (s, 6H), 6.73 — 6.91 (m, 6H), 6.98 — 7.11 (m, 4H),
7.14 (s, 1H), 7.20 (s, 1H).

BC.NMR (63 MHz, CD,Cl,): 6 56.0,95.0, 115.3, 119.4, 127.5, 128.6, 129.2, 130.8, 140.6,
150.8, 157.0.

VIIL.3.3.12 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (5-36)

Tt

5-36

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene was prepared according to a

modified procedure by COVENTRY e al.! 7]

FD-MS (8 KV): m/z 454.3 (100 %, M"), calculated 454.25
"H-NMR (250 MHz, CD,Cl,): & 1.45 (s, 24H), 8.12 (s, 4H), 8.60 (s, 4H).
BC.NMR (63 MHz, CD,Cl,): § 25.4, 84.7, 116.6, 126.7, 128.2, 131.4, 131.7.
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VIIL.3.3.13 3,6-Dimethoxy-9H-carbazole (5-39)

MeOOMe

5-39
3,6-Dimethoxy-9H-carbazole (5-39) was prepared according to a procedure by
ACKERMANN et al.'?"

FD-MS (8 KV): m/z 227.0 (100 %, M"), calculated 227.1
"H-NMR (250 MHz, CD,CL,): & 3.91 (s, 6H), 7.04 (dd, J = 8.8, 2.5 Hz, 2H), 7.33 (dd, J =
8.8,0.6 Hz, 2H), 7.52 (d, J/ = 2.0 Hz, 2H), 7.93 (s, 1H).

VIIL.3.3.14 9-(3-Bromophenyl)-9H-carbazole (5-40)

Br©
5-40

In a 100 mL flame-dried Schlenk-flask 1-bromo-3-iodobenzene (5.0 g, 17.7 mmol),
carbazole (3.25 g, 19.44 mmol), copper iodide (841.3 mg, 4.42 mmol), 2,2'-bipyridine
(689,9 mg, 4.42 mmol) and potassium carbonate (5.37 g, 38.9 mmol) were suspended in
40 mL anhydrous DMF and stirred at 120°C for 4 h. The cooled mixture was poured onto
400 mL ammonia solution (10 % in water) and extracted with CH,Cl, (100 mLx3). The
combined organic phases were washed with sat. NaCl solution and dried with MgSO, and
filtered. The solvent was removed in vacuo, the crude product was subjected to column
chromatography (silica; PE/CH,Cl, 1:1) yielding the title compound as a colorless
crystalline material (3.72 g, 65 %).
Mp: 188 °C
FD-MS (8 KV): m/z 321.3 (100 %, M"), calculated 321.0
"H-NMR (300 MHz, CD,Cl,): & 7.20 (ddd, J = 8.0, 4.6, 3.6 Hz, 2H), 7.27 — 7.35 (m, 4H),
7.37 - 7.47 (m, 2H), 7.52 (dt, J = 7.5, 1.8 Hz, 1H), 7.65 (t, J/ = 1.9 Hz, 1H), 8.04 (dt, J =
7.7, 1.0 Hz, 2H).

BC-NMR (75 MHz, CD,ClL): & 110.2, 120.9, 123.7, 124.0, 126.4, 126.7, 130.6, 131.1,
131.8, 139.7, 141.2.
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VIIL.3.3.15 9-(3-Bromophenyl)-3,6-di-tert-butyl-9H-carbazole (5-41)

2

5-41
In a 50 mL flame-dried Schlenk-flask 1-bromo-3-iodobenzene (0.32 g, 1.14 mmol), 3,6-di-
tert-butyl-9H-carbazole (0.35 g, 1.25 mmol), copper iodide (54.2 mg, 0.29 mmol), 2,2'-
bipyridine (44,5 mg, 0.29 mmol) and potassium carbonate (0.35g, 2.5 mmol) were
suspended in 20 mL anhydrous DMF and stirred at 120°C for 4 h. The cooled mixture was
poured onto 400 mL ammonia solution (10 % in water) and extracted with CH,Cl,
(100 mLx3). The combined organic phases were washed with sat. NaCl solution and dried
with MgSO, and filtered. The solvent was removed in vacuo, the crude product was
subjected to column chromatography (silica; PE/CH,Cl, 10:1) yielding the title compound
as a colorless crystalline material (0.34 g, 68 %).
Mp: 172 °C
FD-MS (8 KV): m/z 433.3, 435.3 (100 %, M"), calculated 433.15, 443.15
"H-NMR (300 MHz, CD,Cl,): & 1.48 (s, 18H), 7.28 — 7.43 (m, 2H), 7.46 — 7.63 (m, 4H),
7.67 —7.85 (m, 1H), 7.88 — 8.22 (m, 2H).

BC-NMR (75 MHz, CD,Cl,): § 32.3, 35.2, 109.7, 116.9, 123.6, 124.1, 124.4, 125.9, 126.6,
130.2, 130.5, 131.7, 131.8, 136.1, 136.5, 139.5, 140.2, 144.0.

VIIL.3.3.16  9-(3-Bromophenyl)-3,6-dimethoxy-9H-carbazole (5-42)

3

5-42
In a 50 mL flame-dried Schlenk-flask 1-bromo-3-iodobenzene (2.0 g, 7.0 mmol), 3,6-
dimethoxy-9H-carbazole (5-39) (0.4 g, 1.76 mmol), copper iodide (76.2 mg, 0.4 mmol),
2,2'-bipyridine (62,5 mg, 0.4 mmol) and potassium carbonate (0.49 g, 3.5 mmol) were
suspended in 20 mL anhydrous DMF and stirred at 120°C for 4 h. The cooled mixture was
poured onto 400 mL ammonia solution (10 % in water) and extracted with CH,Cl,
(100 mLx3). The combined organic phases were washed with sat. NaCl solution and dried
with MgSOy and filtered. The solvent was removed in vacuo, the crude product was
subjected to column chromatography (silica; PE/CH,Cl, 1:2) yielding the title compound
as a colorless crystalline material (0.53 g, 76 %).

Mp: 179 °C
FD-MS (8 KV): m/z 381.1, 383.1 (100 %, M*%), calculated 381.0, 383.0
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"H-NMR (300 MHz, CD,Cl,): & 3.94 (s, 6H), 7.04 (ddd, J = 9.0, 2.6, 0.8 Hz, 2H), 7.34
(dd, J = 8.9, 4.4 Hz, 2H), 7.40 — 7.56 (m, 2H), 7.58 (d, J = 2.5 Hz, 2H), 7.72 — 7.81 (m,
1H), 7.93 (t, /= 1.9 Hz, 1H).

BC-NMR (75 MHz, CD,Cl,): § 56.5, 95.0, 103.5, 111.1, 115.7, 123.6, 124.5, 125.7, 126.4,
130.0, 130.4, 131.7, 131.8, 135.9, 136.4, 140.2, 155.0.

VIIL.3.3.17 2,7-Bis(3-(9H-carbazol-9-yl)phenyl)pyrene (5-43)

& L 0
ReSS< o gy
O 5-43

In a 50 mL flame-dried Schlenk-flask 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyrene (0.75 g, 1.65 mmol) (5-36) and 9-(3-bromophenyl)-9H-carbazole (5-40) (1.12 g,
3.47 mmol) were dissolved in a mixture of 20 mL toluene, Na,COs solution (10 mL,
2mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (95.4 mg, 82.6 umol) was added and the mixture
was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and
filtered. The crude product was washed with water (300 mL), methanol (200 mL), hexane
(200 mL) and cool CH,Cl, (150 mL), recrystallized from toluene (x3) yielding the title
compound as a colorless solid (593 mg, 52 %).
Mp: 257 °C
FD-MS (8 KV): m/z 684.2 (100 %, M™), calculated 684.3
"H-NMR (500 MHz, 373 K, C,CLiD»): & 7.37 (t, J = 7.5 Hz, 4H), 7.50 (t, J = 7.7 Hz, 4H),
7.59 (d, J=8.2 Hz, 4H), 7.70 (d, J = 7.8 Hz, 2H), 7.85 (t, J = 7.8 Hz, 2H), 8.07 (d, J = 7.8
Hz, 2H), 8.16 (s, 2H), 8.22 (d, J = 8.5 Hz, 8H), 8.52 (s, 4H).
BC.NMR (126 MHz, 373 K, C,CLiD,): & 109.8, 120.0, 120.1, 123.5, 123.7, 123.9, 125.9,
126.5, 126.8, 127.9, 130.3, 131.6, 137.9, 138.5, 141.1, 143.2.

Elemental analysis (%) found C, 91.24; H, 4.73; N, 4.03 calculated C52H32N2 C, 91.20;
H,4.71; N, 4.09

VIII.3.3.18 2,7-Bis(3-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)pyrene (5-44)

el evaniaan

TG .

In a 50 mL flame-dried Schlenk-flask 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyrene (5-36) (0.50 g, 1.1 mmol) and 9-(3-bromophenyl)-3,6-di-tert-butyl-9H-carbazole
(5-41) (1.00 g, 2.31 mmol) were dissolved in a mixture of 20 mL toluene, Na,CO; solution
(10 mL, 2 mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (101.8 mg, 88.1 wmol) was added and the mixture
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was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and
filtered. The crude product was washed with water (300 mL), methanol (200 mL), hexane
(200 mL) and cool CH,Cl, (150 mL), filtered through a plug of silica (CH,Cl,),
recrystallized from toluene (x3) yielding the title compound as a colorless solid (0.61 g,
61 %).

Mp: 225-226 °C

FD-MS (8 KV): m/z 909.3 (100 %, M"), calculated 909.5

"H-NMR (500 MHz, 373 K, C,CLiD,): & 1.56 (s, 36H), 7.50 — 7.59 (m, 8H), 7.67 — 7.75
(m, 2H), 7.83 (t, J = 7.8 Hz, 2H), 8.02 (d, J = 8.1 Hz, 2H), 8.17 (t, J = 1.9 Hz, 2H), 8.22 (d,
J=2.4Hz, 8H), 8.52 (d, J = 3.2 Hz, 4H).

BC.NMR (126 MHz, 373 K, C,Cl4D,): & 31.9, 34.5, 73.8, 109.3, 116.1, 123.4, 123.6,
123.7,123.9, 125.5, 126.0, 126.3, 127.9, 128.8, 130.1, 131.6, 138.1, 139.0, 139.4, 143.1.
Elemental analysis (%) found C, 89.77; H, 7.12; N, 3.11 calculated C68H64N2 C, 89.82;
H, 7.09; N, 3.08.

VIIL.3.3.19 2,7-Bis(3-(3,6-dimethoxy-9H-carbazol-9-yl)phenyl)pyrene (5-45)

J-RPecaysch

In a 50 mL flame-dried Schlenk-flask 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyrene (5-36) (1.0 g, 2.2 mmol) and 9-(3-bromophenyl)-3,6-dimethoxy-9H-carbazole
(5-42) (1.85 g, 4.84 mmol) were dissolved in a mixture of 20 mL toluene, Na,CO; solution
(10 mL, 2 mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (176.1 mg, 0.18 mmol) was added and the mixture
was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and
filtered. The crude product was washed with water (300 mL), methanol (200 mL), hexane
(200 mL) and cool CH,Cl, (150 mL), filtered through a plug of silica (CH)Cl,),
recrystallized from toluene (x3) and yielding the title compound as a colorless solid
(1.04 g, 59 %).

Mp: 239 °C, (decomp.)

FD-MS (8 KV): m/z 804.9 (100 %, M"), calculated 805.0

"H-NMR (500 MHz, 373 K C,CLiD»): & 3.96 (s, 12H), 7.09 (dd, J = 8.9, 2.5 Hz, 4H), 7.45
(d, J = 8.9 Hz, 4H), 7.59 — 7.64 (m, 6H), 7.77 (t, J = 7.8 Hz, 2H), 7.97 (dt, J = 8.0, 1.2 Hz,
2H), 8.08 (t, J = 1.9 Hz, 2H), 8.17 (s, 4H), 8.46 (s, 4H).

BC.NMR (126 MHz, 373 K, C,CLD,): & 56.5, 104.1, 110.8, 115.4, 120.4, 123.9, 124.0,
124.1,125.7, 126.3, 126.6, 128.1, 130.4, 131.8, 136.9, 138.2, 139.2, 143.3, 154.5.
Elemental analysis (%) found C, 83.61; H, 5.05; N, 3.47. calculated C56H40N204 C,
83.56: H, 5.01; N, 3.48.
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VIIL.3.3.20 3,3'-(Pyrene-2,7-diyl)bis(N,N-diphenylaniline) (5-46)

QO
o oo™
oo ©

In a 50 mL flame-dried Schlenk-flask 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yDpyrene (5-36) (300.0 mg, 0.66 mmol) and 3-bromo-N,N-diphenylaniline (5-33)
(535.4 mg, 1.65 mmol) were dissolved in a mixture of 10 mL toluene, Na,CO3 solution
(SmL, 2mol/L) and 0.05mL Aliquat 336 and (freeze-pump-thaw cycling X3).
Tetrakis(triphenylphosphine)palladium (38.2 mg, 33.0 umol) was added and the mixture
was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and
filtered. The crude product was washed with water (300 mL), methanol (200 mL), hexane
(200 mL) and cool CH,Cl, (150 mL), recrystallized from toluene (x3) yielding the title
compound as a colorless solid (347 mg, 76 %).

Mp: 246 °C

FD-MS (8 KV): m/z 688.3 (100 %, M™), calculated 688.3

"H-NMR (500 MHz, 373 K, C,CLiD,): § 6.98 — 7.34 (m, 22H), 7.42 (t, J = 7.8 Hz, 2H),
7.53(d,J=7.6Hz, 2H), 7.63 (t, J = 1.9 Hz, 2H), 8.08 (s, 4H), 8.29 (s, 4H).

BC-NMR (126 MHz, 373 K, C,CLD,): & 120.4, 122.5, 123.0, 123.8, 124.4, 127.9, 129.3,
131.6.

Elemental analysis (%) found C, 90.62; H, 5.33; N, 4.05 calculated C52H36N2 C, 90.67;
H, 5.27; N, 4.07.

VIIL.3.3.21 3,3'-(Pyrene-2,7-diyl)bis(N,N-bis(4-(tert-butyl)phenyl)aniline)

(5-44)
a0

t-Bu

o0
t-Bu 5-47 t-Bu

In a 50 mL flame-dried Schlenk-flask 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyrene (5-36) (0.68 g, 1.5 mmol) and 3-bromo-N,N-bis(4-(zert-butyl)phenyl)aniline
(5-34) (1.58 g, 3.27 mmol) were dissolved in a mixture of 20 mL toluene, Na,COj3 solution
(10 mL, 2mol/L) and 0.05 mL Aliquat 336 and (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (137.4 mg, 0.12 mmol) was added and the mixture

was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and
filtered. The crude product was washed with water (300 mL), methanol (200 mL), hexane
(200 mL) and cool CH,Cl, (100 mL), filtered through a plug of silica (CH,Cl,),
recrystallized from toluene (x3) yielding the title compound as a colorless solid (740 mg,
53 %).
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Mp: 203-205 °C

FD-MS (8 KV): m/z 912.7 (100 %, M™), calculated 912.5

"H-NMR (500 MHz, 333 K, THF-ds): & 1.32 (s, 36H), 7.01 — 7.12 (m, 12H), 7.31 (d, J =
8.7 Hz, 8H), 7.37 (t, J = 7.9 Hz, 2H), 7.47 —7.53 (m, 2H), 8.06 (s, 4H), 8.31 (s, 4H).
BC.NMR (126 MHz, 333 K, THF-dg): 6 32.0, 35.1, 122.9, 123.8, 124.1, 124.7, 124.9,
125.0, 127.0, 128.8, 130.6, 132.7, 140.1, 143.8, 146.7, 146.7, 150.2.

Elemental analysis (%) found C, 89.39; H, 7.53; N, 3.08 calculated C68H68N2 C, 89.43;
H, 7.51; N, 3.07.

VIIL.3.3.22 3,3'-(Pyrene-2,7-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (5-48)

OMe O OOMe
Q 5
Meo’© O 5-48 %e

In a 50 mL flame-dried Schlenk-flask 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yDpyrene (5-36) (1.0g, 2.2mmol) and 3-bromo-N,N-bis(4-methoxyphenyl)aniline
(5-35)(1.86 g, 4.84 mmol) were dissolved in a mixture of 20 mL toluene, Na,CO3 solution
(10 mL, 2 mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (203.6 mg, 0.18 mmol) was added and the mixture
was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and
filtered. The crude product was washed with water (300 mL), methanol (200 mL), hexane
(200 mL) and cool CH,Cl, (150 mL), filtered through a plug of silica (CH,Cl,),
recrystallized from toluene (x3) yielding the title compound as a colorless solid (760 mg,
42 %).

Mp: 229 °C, (decomp.)

FD-MS (8 KV): m/z 808.5 (100 %, M"), calculated 808.3

"H-NMR (500 MHz, 333 K, THF-dg): 6 3.75 (s, 12H), 6.85 (d, J = 8.9 Hz, 8H), 6.93 (dd, J
=8.1,2.3 Hz, 2H), 7.07 - 7.13 (d, J = 8.9 Hz, 8H), 7.30 (t, J = 7.9 Hz, 2H), 7.36 — 7.41 (m,
2H), 7.50 (d, J = 2.0 Hz, 2H), 8.07 (s 4H), 8.29 (s 4H).

BC.NMR (126 MHz, 333 K, THF-dg): & 55.8, 67.6, 115.8, 121.3, 121.5, 121.6, 124.6,
124.9, 127.4, 128.8, 130.4, 132.7, 140.3, 142.5, 143.6, 150.9, 157.5.

Elemental analysis (%) found C, 83.20; H, 5.46; N, 3.51 calculated C56H44N204 C,
83.14; H, 5.48; N, 3.46.
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VIIL.3.4 4,9,10-Functionalized pyrenes

VIIl.3.4.1 Pyrene-4,5-dione (6-2)

')

Pyrene-4,5-dione was prepared according to a procedure by HU et al.! 9,

VIIL.3.4.2  9-Bromopyrene-4,5-dione (6-5)

In a 25 mL flame-dried Schlenk-flask pyrene-4,5-dione (6-2) (1.0 g, 4.31 mmol) and N-
bromosuccinimide (766.4 mg, 4.31 mmol) was dissolved in 10 mL concentrated sulfuric
acid and stirred for 2 h at 40°C. The mixture was poured onto 300 mL ice water, the crude
product was collected by filtration, washed with water, methanol, hexane and CH,Cl,

yielding the title compound as an orange solid (827 mg, 62 %).

Mp: 220-224 °C, (decomp.)
FD-MS (8 KV): m/z 309.8 (100 %, M"), calculated 310.0

VII.3.4.3 [4,4'-Bipyrene]-9,9',10,10'-tetraone (6-6)

6-6
In a 25 mL flame-dried Schlenk-flask 9,9',10,10'-tetramethoxy-4,4'-bipyrene (6-9) was
dissolved in 10 mL anhydrous CH,Cl,. At 0 °C (ice bath) borontribromide (0,48 mL 1 M

solution in CH,Cl,, 0.48 mmol) was added. The mixture was allowed to warm to room

temperature and stirred for 8 h. The reaction was quenched by the addition of nitric acid
(65%, 50 mL) and stirred for an additional hour. The phases were separated, the aqueous
phase was extracted with CH,Cl, (15 mLx3). The combined organic phases were washed
with sat. NaCl solution. The solvent was evaporated to give a crude product that is washed

with hot THF and dried in high vacuum to provide the title compound as a red solid
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Mp: 254 °C, (decomp.)
FD-MS (8 KV): m/z 462.1 (100 %, M"), calculated 462.1
MALDI-TOF: m/z = 462.086, 463.095 and 464.099 (calc. 462.089, 463.093 and 464.096)

VIIL.3.4.4  9-Bromo-4,5-dimethoxypyrene (6-7)

(I) OOO Br
s
6-7
In a 100 mL flame-dried Schlenk-flask  9-bromopyrene-4,5-dione (6-5) (0.70 g,
2.25 mmol), BuyNBr (0.507 g, 1.57 mmol) and Na;S,0, (1.57 g, 9.0 mmol) were
suspended in 10 mL THF and 5 mL water. Methyliodide (1.6 g, 11.3 mmol) was added
followed by aqueous potassium hydroxide solution (7 mL 4.5 M). The reaction mixture
was stirred at 40°C for 16 h. CH,Cl, (40 mL) was added, the phases separated. The
aqueous phase was extracted with CH,Cl, (100 mLx3), the combined organic phases were
dried with MgSO, and filtered. The solvent was removed in vacuo, the crude product was

subjected to column chromatography (silica; PE/DCM 1:1) yielding the title compound as
a colorless solid (430 mg, 56 %).

Mp: 171-173 °C

FD-MS (8 KV): m/z 340.2 (100 %, M"), calculated 340.0

"H-NMR (300 MHz, CD,CL,): & 4.12 (d, J = 1.5 Hz, 6H), 7.86 — 8.20 (m, 3H), 8.37 (s,
1H), 8.42 — 8.80 (m, 3H).

BC.NMR (75 MHz, CD,Cl,): 6 61.7, 81.2, 98.0, 100.6, 101.2, 106.0, 112.9, 120.7, 121.2,
124.6, 124.9, 127.1, 127.2, 131 4.

Elemental analysis (%) found C, 63.41; H, 3.80 calculated C18H13BrO2 C, 63.36; H,
3.84.

VIIL.3.4.5 2-(9,10-Dimethoxypyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (6-8)

b O J%
&

In a 25 mL flame-dried Schlenk-flask 9-bromo-4,5-dimethoxypyrene (6-7), (127 mg,
0.37 mmol) [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (5.44 mg,
7.5 wmol), bis(pinacolato)diboron (104.0 mg, 0.41 mmol) and potassium acetate (108 mg,
1.1 mmol) were dissolved in anhydrous DMF (10 mL). The mixture was stirred 16 h at
90 °C. After cooling the mixture was poured onto water (300 mL), the suspension was
extracted with CH,Cl, (50 mLx3). The combined organic phases were washed with sat.

NaCl solution (50 mL), dried with MgSO, and filtered. The solvent was removed in vacuo,
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the crude product was subjected to column chromatography (silica; CH,Cl, yielding the

title compound as a colorless solid (122 mg, 84 %).

FD-MS (8 KV): m/z 388.3 (100 %, M"), calculated 388.2

"H-NMR (250 MHz, CD,Cl,): & 1.40 (s, 12H), 4.11 (d, J = 0.5 Hz, 6H), 7.96 (td, J = 7.8,
6.2 Hz, 2H), 8.11 (dd, J = 7.8, 1.2 Hz, 1H), 8.41 (ddd, J = 7.9, 5.9, 1.2 Hz, 2H), 8.60 (s,
1H), 8.96 (dd, J=7.9, 1.1 Hz, 1H).

BC-NMR (63 MHz, CD,Cl,): & 25.4, 61.5, 61.6, 84.6, 119.7, 120.8, 123.2, 125.6, 126.1,
126.5, 126.6, 128.7, 129.0, 130.7, 133.2, 134.0, 138.8

VIIL.3.4.6 9,9',10,10'-Tetramethoxy-4,4'-bipyrene (6-9)
QU4
b SO
JOCT T ®
! O 6-9

In a 25 mL flame-dried Schlenk-flask 9-bromo-4,5-dimethoxypyrene (180 mg, 0.52 mmol)
and  2-(9,10-dimethoxypyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (180 mg,
0.46 mmol) were dissolved in a mixture of 10 mL toluene, Na,COs solution (5 mL,
2mol/L) and 0.05mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (42.9 mg, 37 umol) was added and the mixture was
stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and extracted
with CH,Cl, (50 mLx3). The organic phases were combined, washed with sat. NaCl
solution (100 mL), dried with MgSO, and filtered. The solvent was removed in vacuo, the
crude product was subjected to column chromatography (silica; CH,Cl,) yielding the title

compound as a colorless solid (207 mg, 85 %).

Mp: 227 - 229°C

FD-MS (8 KV): m/z 522.3 (100 %, M"), calculated 522.2

"H-NMR (250 MHz, CD,Cl,): & 4.27 (d, J = 6.3 Hz, 12H), 7.71 — 7.84 (m, 4H), 8.12 (t, J
=7.7 Hz, 2H), 8.20 — 8.26 (m, 2H), 8.28 (s, 2H), 8.50 (dd, J/ =7.2, 1.8 Hz, 2H), 8.59 (dd, J
=7.7,1.2 Hz, 2H).

BC-NMR (63 MHz, CD,Cl,): § 61.6, 61.7, 100.5, 106.1, 120.0, 120.1, 122.5, 123.2, 123.5,
124.4,125.3, 126.5, 126.9, 128.9, 129.2, 129.4, 131.4, 132.0, 138.3, 145.4, 209.7.
Elemental analysis (%) found C, 82.62; H, 5.07 calculated C36H2604 C, 82.74; H, 5.01.

VIIL.3.4.7 3,9-Bis(9,10-dimethoxypyren-4-yl)perylene (6-13)

In a 50 mL flame-dried Schlenk-flask 3,9-dibromoperylene (39.9 mg, 97.4 umol) and
2-(9,10-dimethoxypyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (6-8) (84.0 mg,
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0.22 mmol) were dissolved in a mixture of 4 mL toluene, Na,COs solution (10 mL,
2mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (14.9 mg, 12.9 umol) was added and the mixture
was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and
extracted with CH,Cl, (50 mLx3). The organic phases were combined, washed with sat.
NaCl solution (100 mL) dried with MgSO, and filtered. The solvent was removed in
vacuo, the crude product was subjected to column chromatography (silica; CH,Cl,)

yielding the title compound as a yellow solid (119 mg, 71 %).

Mp: 229-232 °C
FD-MS (8 KV): m/z 772.6 (100 %, M™), calculated 772.3

"H-NMR (500 MHz, 373 K, C,D,Cly): 8 4.29 (d, J = 6.1 Hz, 12H), 7.34 (dt, J = 12.3, 8.0
Hz, 2H), 7.46 — 7.55 (m, 2H), 7.74 (dd, J = 12.6, 7.6 Hz, 2H), 7.86 (g, J = 7.1, 5.8 Hz, 2H),
7.91 (td, J=7.7, 1.9 Hz, 2H), 8.11 (t, J = 7.7 Hz, 2H), 8.15 — 8.25 (m, 4H), 8.27 (d, J= 7.4
Hz, 1H), 8.34 (d, J = 7.4 Hz, 1H), 8.43 (d, J = 7.6 Hz, 1H), 8.52 (dd, J = 15.0, 7.6 Hz, 3H),
8.58 (d, J = 7.9 Hz, 2H).

BC.NMR (126 MHz, 373 K, C.D,CL): & 61.2, 119.7, 119.7, 120.2, 120.3, 120.4, 120.6,
120.7, 122.8, 123.2, 123.9, 124.7, 126.1, 126.3, 126.8, 126.9, 126.9, 128.5, 128.8, 128.8,
128.8, 129.0, 129.0, 130.9, 131.3, 131.4, 131.5, 131.6, 131.7, 134.5, 137.9, 138.5, 144.8,
145.0.

Elemental analysis (%) found C, 87.29; H, 4.30 calculated C56H3604 C, 87.02; H, 4.70.

VII.3.4.8 9-Bromo-4,5-bis(dodecyloxy)pyrene (6-15a)

‘ C12Has
Cr
(0]

CiaHas
6-15a
In a 100 mL  flame-dried  Schlenk-flask, 9-bromopyrene-4,5-dione  (6-5)
(0.70 g, 2.25 mmol), tetrabutylammonium bromide (0.57 g, 1.57 mmol) and sodium
dithionite (1.57 g, 9.00 mmol) were suspended in a mixture of 35 mL THF and 20 mL
water and stirred vigorously for five minutes at room temperature. 1-Bromodocecane
(2.19 mL, 11.25 mmol) followed by aqueous potassium hydroxide solution (15 mL, 4 M)
were added and the reaction was stirred at 40°C for 16 . CH,Cl, (200 mL) was added and
extracted with CH,Cl, (100 mLx3). The combined organic phases were dried over MgSQO4
and filtered. The solvent was removed in vacuo, the crude product was subjected to column

chromatography (silica; PE) yielding the title compound as a colorless oil (0.83 g, 56 %).

Mp: 178-179°C

FD-MS (8 KV): m/z 648.1 (100 %, M"), calculated 648.4

"H-NMR (300 MHz, CD,Cl,): & 0.93 (t, J = 6.4 Hz, 6H), 1.10 — 1.55 (m, 32H), 1.64 (p, J
=7.0 Hz, 4H), 1.99 (p, J = 6.9 Hz, 4H), 4.33 (t, J/ = 6.8 Hz, 4H), 8.00 (d, J/ = 6.9 Hz, 2H),
8.09 (t, /= 8.0 Hz, 1H), 8.38 (s, 1H), 8.54 (dd, J = 16.8, 7.9 Hz, 3H).
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BC.NMR (75 MHz, CD,Cl,): 6 23.4, 27.0, 30.1, 30.3, 30.4, 30.4, 31.3, 32.6, 74.4, 120.8,
121.3, 122.4, 122.8, 124.0, 124.4, 124.8, 127.0, 127.1, 129.5, 129.8, 130.2, 131.4, 131.7,
144.5, 144.6.

Elemental analysis (%) found C, 72.01; H, 9.04 calculated C40H57BrO2 C, 73.94; H,
8.84.

VIIL.3.4.9 2-(9,10-Bis(dodecyloxy)pyrene-4-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (6-15)

QL Q ‘ C12H2s
oB O ‘ o
Q
Ci2H2s
6-15
In a 25 mL flame-dried Schlenk-flask 9-bromo-4,5-bis(dodecyloxy)pyrene (6-15a) (1.60 g,
2.5 mmol), [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (36.0 mg,
49.3 umol), bis(pinacolato)diboron (687.81 mg, 2.7 mmol) and potassium acetate (725 mg,
7.4 mmol) were dissolved in anhydrous DMF (10 mL) and stirred 16 h at 90 °C. After
cooling the mixture was poured onto water (300 mL) and extracted with CH,Cl,
(100 mLx3). The combined organic phases were washed with sat. NaCl solution (50 mL)
and dried with MgSO, and filtered. The solvent was removed in vacuo, the crude product
was subjected to column chromatography (silica; PE/CH,Cl, 2:1) yielding the title

compound as a colourless oil (1.05 g, 61 %).

Mp: 168-171°C

FD-MS (8 KV): m/z 696.5 (100 %, M"), calculated 696.5

"H-NMR (250 MHz, CD,Cl,): § 0.92 (q, J = 6.7, 4.7 Hz, 6H), 1.33 (q, J = 17.1, 13.5 Hz,
36H), 1.51 (s, 12H), 1.99 (d, J = 8.6 Hz, 4H), 4.35 (t, / = 6.6 Hz, 4H), 8.06 (dt, / = 8.8, 7.8
Hz, 2H), 8.16 — 8.28 (m, 1H), 8.54 (ddd, J = 7.8, 4.2, 1.2 Hz, 2H), 8.72 (s, 1H), 9.08 (dd, J
=7.9, 1.1 Hz, 1H).

BC-NMR (63 MHz, CD,Cl,): § 14.5, 23.3, 25.4, 26.9, 30.0, 30.2, 30.3, 30.3, 31.2, 32.6,
74.3, 84.6, 119.8, 121.0, 123.3, 124.4, 125.5, 126.0, 126.6, 129.3, 129.6, 130.7, 134.0,
138.9, 144.1, 144.8.

VIIL.3.4.10 3,9-Bis(9,10-bis(dodecyloxy)pyrene-4-yl)perylene (6-16)

In a 50 mL flame-dried Schlenk-flask 3,9-dibromoperylene (79.5 mg, 0.19 mmol) and
2-(9,10-bis(dodecyloxy)pyrene-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6-15)
(300.0 mg, 0.43 mmol) were dissolved in a mixture of 4 mL toluene Na,CO;3 solution
(10 mL, 2 mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
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Tetrakis(triphenylphosphine)palladium (29.9 mg, 25.8 umol) was added and the mixture
stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water and extracted
with CH,Cl, (50 mLx3). The organic phases were combined, washed with sat. NaCl
solution (100 mL) dried with MgSO, and filtered. The solvent was removed in vacuo, the
crude product was subjected to column chromatography (silica; CH,Cl,) yielding the title

compound as a yellow solid (119 mg, 71 %).

Mp: 184-185°C

FD-MS (8 KV): m/z 1390.2 (100 %, M"), calculated 1390.0

"H-NMR (300 MHz, CD,CL,): & 0.93 (td, J = 6.8, 6.4, 4.0 Hz, 12H), 1.23 — 1.54 (m, 64H),
1.69 (dqd, J =12.4,7.1, 5.5, 3.4 Hz, 8H), 2.06 (ddd, J = 12.2, 6.1, 3.1 Hz, 8H), 4.43 (td, J
= 6.6, 5.1 Hz, 8H), 7.27 — 7.49 (m, 4H), 7.75 (dd, J = 7.6, 4.9 Hz, 2H), 7.83 (dd, J = 7.9,
1.2 Hz, 2H), 7.93 (td, J = 7.8, 2.2 Hz, 2H), 8.14 (td, J = 7.7, 0.8 Hz, 2H), 8.19 — 8.28 (m,
4H), 8.31 (dd, J = 7.7, 1.2 Hz, 1H), 8.35 — 8.42 (m, 1H), 8.47 (d, J = 7.8 Hz, 1H), 8.53 (d,
J=7.8Hz, 1H), 8.55 — 8.66 (m, 4H).

BC-NMR (75 MHz, CD,Cl,): § 14.5, 23.3, 27.0, 30.0, 30.2, 30.3, 31.2, 32.6, 74.4, 120.3,
120.8, 120.9, 121.1, 121.2, 123.1, 123.6, 124.2, 125.1, 126.6, 126.9, 127.3, 129.3, 129.4,
129.5, 129.5, 129.8, 131.4, 131.8, 132.1, 134.9, 138.3, 139.0, 144.8, 150.6

Elemental analysis (%) found C, 86.15; H, 8.95 calculated C100H12404 C, 86.40; H,
8.99

VIIL.3.4.11  11,12,23,24-Tetrakis(dodecyloxy)benzo[vwx]naphtho[2,1,8,7-
kimn]naphtho[2',1',8',7':6,7,8]tetrapheno[5,4,3-cde]hexaphene
(6-17)

O.C12H25
Ci2H2s
(o]

(o]
Ci2Hzs

6-17 Cq2H2s

In a 25 mL flame-dried Schlenk-flask 9-bis(9,10-bis(dodecyloxy)pyrene-4-yl)perylene
(6-17) (10 mg, 7.19 pmol) was dissolved in 10 mL stabilizer-free CH,Cl, and purged by
bubbling argon through the solution for 20 min. Iron(Ill)chloride (14 mg, 86.3 wmol) was
dissolved in 2 mL nitromethane and added to the reaction mixture at room temperature.
The mixture was stirred for 4 h at room temperature. The crude product was precipitated
by the addition of methanol, collected by filtration, washed with water and methanol and

subjected to size exclusion chromatography (CH,Cl,) yielding the title compound as a blue
solid.

FD-MS (8 KV): m/z 1385.4 (100 %, M"), calculated 1385.9
MALDI-TOF: m/z 1385.89 (100 %, M") calcd 1385.92
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VIIL.3.4.12 4,5,9',10'-Tetrakis(dodecyloxy)-1,4'-bipyrene (6-18a)

In a 25mL flame-dried Schlenk-flask 1-bromo-4,5-bis(dodecyloxy)pyrene (6-19)
(72.0 mg, 0.11 mmol) and 2-(9,10-bis(dodecyloxy)pyrene-4-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (6-15) (77.2 mg, 0.11 mmol) were dissolved in a mixture of 4 mL toluene,
Na,COs3 solution (10 mL, 2 mol/L) and 0.05 mL Aliquat 336 and (freeze-pump-thaw
cycling x3). Tetrakis(triphenylphosphine)palladium (6.4 mg, 5.5 umol) was added and the
mixture was stirred at 100 °C for 16 h. The cooled mixture was poured on 50 mL of water
and extracted with CH,Cl, (25 mLx3). The organic phases were combined, washed with
sat. NaCl solution (100 mL) and dried with MgSO, and filtered. The solvent was removed
in vacuo, the crude product was subjected to column chromatography (silica; CH,Cly)
yielding the title compound as a colorless solid (84 mg, 74 %).

Mp: 158°C

FD-MS (8 KV): m/z 1138.6 (100 %, M*), calculated 1138.9

TH-NMR (300 MHz, CD>CL,): 5 0.82 — 0.98 (m, 12H), 1.30 (q, J = 6.5, 5.5 Hz, 63H), 1.67
(qd, J = 7.4, 3.4 Hz, 8H), 1.91 — 2.25 (m, 8H), 4.41 (p, J = 7.0 Hz, 8H), 7.61 (dd, J = 8.5,
4.1 Hz, 1H), 7.71 = 7.90 (m, 4H), 8.00 — 8.15 (m, 3H), 8.20 (g, J = 4.6, 4.0 Hz, 3H), 8.49 —
8.62 (m, 3H), 8.68 (d, J = 8.0 Hz, 1H).

BC.NMR (75 MHz, CD,Cl,): & 14.5, 14.5, 23.3, 23.3, 26.9, 27.0, 30.0, 30.0, 30.2, 30.3,
30.3, 31.2, 31.3, 32.5, 32.6, 74.4, 119.8, 120.2, 120.3, 123.1, 123.5, 123.5, 124.4, 124.9,
126.5, 126.7, 126.9, 127.9, 129.1, 129.5, 129.8, 129.9, 130.7, 131.3, 131.5, 132.2, 135.6,
138.7, 144.6, 144.7, 144.7.

VIIL.3.4.13 1,2,9,10-tetrakis(dodecyloxy)dinaphtho[2,1,8,7-defg:2',1',8',7'-
opgr]pentacene (6-18B)

Ci2Has
(o]

6-18b Ci2Hps

In a 25 mL flame-dried Schlenk-flask 4,5,9',10'-tetrakis(dodecyloxy)-1,4'-bipyrene (26 mg,
22.8 umol) (6-18) was dissolved in 5 mL stabilizer-free CH,Cl, and purged by bubbling
argon through the solution for 20 min. Iron(IIl)chloride (14.8 mg, 91.3 umol) was
dissolved in 1 mL nitromethane and added to the reaction mixture at room temperature.
The mixture was stirred for 4 h at room temperature. The crude product was precipitated

by the addition of methanol, collected by filtration, washed with water and methanol and
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subjected to size exclusion chromatography (CH,Cl,) yielding the title compound as a

yellow solid.

FD-MS (8 KV): m/z 1137.2 (100 %, M™), calculated 1136.9
"H-NMR (250 MHz, CD,Cl,): 8 0.70 — 0.95 (m, 12H), 1.26 (s, 64H), 1.62 (d, J = 8.5 Hz,
8H), 1.99 (dd, J = 14.2, 7.6 Hz, 8H), 4.03 — 4.64 (m, 8H), 7.24 — 8.81 (m, 12H).

VIIL.3.4.14 4,5-Bis(dodecyloxy)pyrene (6-19a)

O C12H2s

(0

(J 2
Ci2H2s

6-19a
4,5-bis(dodecyloxy)pyrene was prepared according to a procedure published by
VENKATARAMAN ef al.”"!

VIIL.3.4.15 1-Bromo-4,5-bis(dodecyloxy)pyrene (6-19)

B
' O Cq2H2s
Cr
(0]

CiaHas
6-19
In a 25 mL flame-dried Schlenk-flask, 4,5-bis(dodecyloxy)pyrene (1.00 g, 1.75 mmol) was
dissolved in 30 mL CH,Cl,. A bromine solution (1 M, in CH,Cl,, 1,93 mL, 1,93 mmol)
was added slowly at room temperature and the resulting mixture was stirred for 2 h.
Na,S,0s5 solution was added, the phases were separated, the aqueous phase was extracted
with CH,Cl, (100 mLx3). The combined organic phases were washed with sat. NaCl
solution, dried with MgSOy and filtered. The solvent was removed in vacuo, the crude
product was subjected to column chromatography (silica; PE/CH,CL, 5:1) yielding the

title compound as a colorless solid (954 mg, 84 %).

Mp: 196-197 °C

FD-MS (8 KV): m/z 648.5 (100 %, M"), calculated 648.4

"H-NMR '"H NMR (250 MHz, CD,Cl,): & 0.79 — 1.01 (m, 6H), 1.31 (d, J = 7.5 Hz, 32H),
1.62 (dq, J = 10.5, 2.9 Hz, 4H), 1.96 (dqd, J = 10.3, 6.7, 3.7 Hz, 4H), 4.32 (td, J = 6.6, 4.1
Hz, 4H), 8.05 (t, J=7.7 Hz, 1H), 8.11 — 8.27 (m, 3H), 8.37 (dd, J = 14.7, 8.8 Hz, 2H), 8.53
(dd, J=7.8, 1.2 Hz, 1H).
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VIIL.3.4.16 1,5-Bis(9,10-bis(dodecyloxy)pyrene-4-yl)naphthalene (6-21a)

6-21a
In a 50 mL flame-dried Schlenk-flask 1,5-dibromonaphthalene (70.0 mg, 0.24 mmol) and
2 (9,10-bis(dodecyloxy)pyrene-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6-15)

(358.0 mg, 0.51 mmol) were dissolved in a mixture of 4 mL toluene, Na,CO;3 solution
(10 mL, 2 mol/L) and 0.05 mL Aliquat 336 and degassed (freeze-pump-thaw cycling x3).
Tetrakis(triphenylphosphine)palladium (29.9 mg, 25.8 umol) was added and the mixture
was stirred at 100 °C for 16 h. The cooled mixture was poured onto water (50 mL) and
extracted with CH,Cl, (50 mLx3). The organic phases were combined, washed with sat.
NaCl solution (100 mL) dried with MgSO, and filtered. The solvent was removed in
vacuo, the crude product was subjected to column chromatography (silica; CH,Cl,)

yielding the title compound as a colorless solid (127 mg, 41 %).

Mp: 198-201°C, (decomp.)

FD-MS (8 KV): m/z 1265.0 (100 %, M"), calculated 1264.9

"H-NMR (700 MHz, CD,Cl,): 4 0.89 (dt, J = 8.3, 7.0 Hz, 12H), 1.26 — 1.43 (m, 64H), 1.63
—1.71 (m, 8H), 2.00 — 2.05 (m, 8H), 4.37 — 4.43 (m, 8H), 7.44 (ddd, J = 8.8, 6.7, 2.5 Hz,
2H), 7.64 — 7.70 (m, 4H), 7.72 (dd, J = 7.8, 1.0 Hz, 1H), 7.83 (dd, J = 7.7, 1.1 Hz, 1H),
7.90 (t, J =7.7 Hz, 1H), 7.95 (t, J = 7.7 Hz, 1H), 8.12 (td, J = 7.6, 6.3 Hz, 2H), 8.18 (s,
1H), 8.21 — 8.27 (m, 3H), 8.55 (ddd, J = 14.5, 7.7, 1.1 Hz, 2H), 8.59 (ddd, J = 7.8, 2.1, 1.1
Hz, 2H).

BC-NMR (176 MHz, CD,CL): & 13.9, 22.7, 26.4, 29.4, 29.7, 30.6, 31.9, 73.8, 100.0,
114.0, 119.6, 125.9, 126.7, 128.0, 128.9, 130.7, 131.5, 133.2, 138.0, 143.4, 144.0, 144.2.
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VIil.4 Crystallographic data

Viil.4.1 2,4,5,7,9,10-Hexamethoxypyrene (2-6)

Crystal Data for C;H»O¢ (M =382.41): monoclinic, space group P2/c (no. 14),
a=8.1780(4) A, b= 7.8530(2) A, ¢ = 14.2480(6) A, f = 97.6840(15)°, V = 906.82(6) A°,
Z=2, T=1200K, p(Mo Ka)= 0.102 mm™, Dcalc = 1.400 g/mm’, 8692 reflections
measured (7.226 < 20 < 61.944), 2875 unique (Rijy,; = 0.042) which were used in all
calculations. The final R; was 0.0414 (I>3.0o(I)) and wR, was 0.0519 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 857535

VIIl.4.2 N2,N7-Bis(4-hexylphenyl)-4,5,9,10-tetramethoxypyrene-
2,7-diamine (2-20)

Crystal Data for CyHNO, (M =336.45): triclinic, space group P-1 (no. 2),
a=73490(4) A, b= 8.1540(6) A, c= 15.9780(9) A, o= 82.188(3)°, f= 76.849(4)°,
y=77.044(4)°, V= 90497(10)A°, Z= 2, T= 1200K, p(Mo Ka)= 0.078 mm’,
Dcalc =1.235 g/mm3, 11743 reflections measured (5.146 < 20 < 60.094), 5201 unique
(Rint = 0.050) which were used in all calculations. The final R, was 0.0794 (I>2.0c(I)) and
wR; was 0.0879 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025659
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VIIL.4.3 (2,7-Diiodopyrene-4,5,9,10-
tetrayl)tetrakis(oxy))tetrakis(tert-butyldimethylsilane)
(2-26)

Crystal Data for C40HeBr,OsSs (M =897.02): triclinic, space group P-1 (no. 2),
a=7.56702) A, b=11.1324(4) A, c = 14.4791(5) A, a = 84.9791(16)°, = 78.5154(19)°,
y= 74.8416(19)°, V= 1152.88(7)A’, Z= 1, T= 180.0K, p(Mo Ka)= 1.974 mm™,
Dcalc =1.292 g/mm3 , 16764 reflections measured (5.746 < 20 < 61.884), 7278 unique
(Rine = 0.079) which were used in all calculations. The final R; was 0.0489 (I>2.0c(I)) and
wR, was 0.0537 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025657

VIil.4.4 N2,N8-Bis(4-hexylphenyl)-5,5,11,11-
tetramethylpyreno[4,5-d:9,10-d']bis([1,3]dioxole)-2,8-
diamine (2-28)

Crystal Data for C4Hs,N,O4 (M =696.93): monoclinic, space group P2/a (no. 14),
a=9.1357(7) A, b= 16.1928(9) A, c = 12.7618(9) A, f= 99.423(3)°, V= 1862.4(2) A°,
Z=2, T= 120.0K, p(Mo Ko) = 0.078 mm™, Dcalc = 1.243 g/mm’, 12742 reflections
measured (7.174 < 20 < 55.002), 4241 unique (Rjy; = 0.045) which were used in all
calculations. The final R; was 0.0564 (I>2.0o(I)) and wR, was 0.0575 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025660
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VIIL.4.5 4,5,9,10-Tetramethoxypyrene (3-8)

Crystal Data for C;)HoO, (M =161.18): monoclinic, space group C2/c (no. 15),
a=155468(10) A, b= 10.777910) A, c= 10.23408) A, f= 114.524(5)°,
V=1560.12) A’, Z= 8, T= 120.0K, p(Mo Ko) = 0.095 mm™', Dcalc = 1.372 g/mm’,
6636 reflections measured (4.752 < 20 < 61.008), 2336 unique (Riy = 0.051) which were
used in all calculations. The final R, was 0.0429 (I>3.0c6(1)) and wR, was 0.0533 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025939

VIil.4.6 1,3,6,8-Tetrabromo-4,5,9,10-tetramethoxypyrene (3-10)

Crystal Data for Cy0H;4BrsO4 (M =637.94): monoclinic, space group P2,/a (no. 14),
a=38.1104(4) A, b= 11.4863(6) A, ¢ = 10.3879(3) A, = 94.022(3)°, V = 965.34(7) A®,
Z=12, T=120.0K, py(Mo Ka)= 8.364 mm'l, Dcalc = 2.195 g/mm3, 9791 reflections
measured (3.93 < 20 < 61.058), 2935 unique (Riy = 0.085) which were used in all
calculations. The final R; was 0.0352 (I>3.0c(I)) and wR, was 0.0425 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: 1025662
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VIiL.4.7 1,3,4,5,6,8,9,10-Octamethoxypyrene (3-13)

Crystal Data for Cy4HyOg (M =442.47): monoclinic, space group P2i/n (no. 14),
a=1192414) A, b= 1401256) A, c= 13.614005 A, f= 114991(2),
V=2061.75(14) A®, Z=4, T=120.0 K, p(Mo Ka) = 0.107 mm™, Dcalc = 1.425 g/mm’,
29966 reflections measured (6.604 <20 < 60.078), 6002 unique (Ri, = 0.062) which were
used in all calculations. The final R, was 0.0679 (I>3.0c6(1)) and wR, was 0.0806 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025640

VII.4.8 4,5,9,10-Tetramethoxy-N1,N1,N3,N3,N6,N6,N8,N8-
octakis(4-methoxyphenyl)-3a,3a1-dihydropyrene-
1,3,6,8-tetraamine (3-14)

Crystal Data for C;sH70N4Oj, (M =1231.41): triclinic, space group P-1 (no. 2),
a=10.6026(2) A, b= 1659033)A, c= 19.6502(5)A, a= 108.7170(10)°,
£ =98.4835(12)°, y= 102.2777(12)°, V= 3110.66(12) A’>, zZ= 2, T= 120.0K,
u(Mo Ka) =0.089 mm”, Dcale= 1.315 g/mm3 , 35345 reflections measured
(4.096 <20 <59.11), 17355 unique (R = 0.041) which were used in all calculations. The
final R; was 0.0436 (I>3.0c(I)) and wR, was 0.0535 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025641



240 VIII Experimental Section

VIIL.4.9 ((4,5,9,10-Tetramethoxypyrene-1,3,6,8-
tetrayl)tetrakis(ethyne-2,1-
diyl))tetrakis(triisopropylsilane) (3-15)

Crystal Data for C;Hg90,S, (M =529.87): triclinic, space group P-1 (no. 2),
a=11.4985(4) A, b= 12.3173(4) A, ¢ = 12.5579(4) A, a = 86.446(2)°, B = 78.3218(19)°,
y= 63.8690(14)°, V= 1562.9909) A°’, Z= 2, T= 120.0K, p(Mo Ka)= 0.195 mm™,
Dcalc =1.126 g/mm3 , 22069 reflections measured (5.032 < 20 < 61.982), 9920 unique
(Rine = 0.064) which were used in all calculations. The final R; was 0.0578 (I>2.0c(I)) and
wR, was 0.0605 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: 1025651

VIIL.4.10 1,3,7,9-Tetrabromo-5,5,11,11-tetramethylpyreno[4,5-
d:9,10-d']bis([1,3]dioxole) (3-20)

Crystal Data for Cy44HpsBrgOg (M =1323.93): triclinic, space group P-1 (no. 2),
a=1179973) A, b= 12.12813)A, c= 16.84094) A, a= 83.8786(14)°,
£ =80.3786(14)°, y= 61.2540(10)°, V= 2082.37(9)A’, Z= 2, T= 1200K,
uwMo Ka) =7.759 mm'l, Dcalc= 2.111 g/mm3, 27626 reflections measured
(2.454 <20 <63.052), 13841 unique (Ri; = 0.078) which were used in all calculations.
The final R, was 0.0484 (I>2.0c(I)) and wR, was 0.0537 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025642
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VIIL.4.11 N1,N3,N3,N6,N6,N8,N8-Octakis(4-methoxyphenyl)-
3a,3al1-dihydropyrene-1,3,6,8-tetraamine (3-25)

Crystal Data for CicH3N,Os (M =555.65): triclinic, space group P-1 (no. 2),
a=10.43928) A, b= 11.535909) A, ¢ = 12.3722(9) A, a= 96.168(4)°, = 91.560(4)°,
y=107.034(4)°, V= 1413.61(19)A°, Z= 2, T= 120.0K, p(Mo Ko)= 0.085 mm™,
Dcalc =1.305 g/mm3, 10117 reflections measured (7.208 < 20 < 55.016), 6405 unique
(Rine = 0.055) which were used in all calculations. The final R; was 0.0701 (I>2.0c(I)) and
wR, was 0.0612 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025938

ViIll.4.12 4,5,9,10-Tetramethoxy-1,3,6,8-
tetrakis(trifluoromethyl)pyrene (3-34)

Crystal Data for C;,H;FsO, (M =297.17): monoclinic, space group P2;/c (no. 14),
a=4.8990(2) A, b= 11.1511(6) A, ¢ = 19.9813(9) A, B = 92.602(3)°, V = 1090.44(9) A°,
Z=4, T=120.0K, p(Mo Ka) = 0.189 mm'l, Dcalc = 1.810 g/mm3, 10254 reflections
measured (7.132 < 20 < 59.164), 3046 unique (Rj,; = 0.054) which were used in all
calculations. The final R was 0.0447 (I>2.0o(I)) and wR, was 0.0503 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025646
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VIIL.L4.13 4,5,9,10-Tetramethoxy-2,7-bis(trifluoromethyl)pyrene
(3-36)

Crystal Data for C; HgF;0, (M =229.18): triclinic, space group P-1 (no. 2),
a=4.52450(10) A, b= 10.3279(5) A, ¢ = 10.8332(6) A, a = 65.981(2)°, S = 82.547(3)°,
y= 89.151(3)°, V= 458.084)A°’, Z= 2, T= 1200K, p(Mo Ko)= 0.153 mm™,
Dcalc =1.661 g/mm3, 6375 reflections measured (7.116 < 20 < 61.972), 2899 unique
(Rine = 0.073) which were used in all calculations. The final R; was 0.0578 (I>2.0c(I)) and
wR> was 0.0672 (all data)

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025644

Vil.4.14 44'5,5,9,9',10,10'-Octamethoxy-3,3',6,6',8,8'-
hexakis(trifluoromethyl)-1,1'-bipyrene (3-38)

Crystal Data for CyH4FoO4 (M =525.34): triclinic, space group P-1 (no. 2),
a=11.6508Q2) A, b= 13.35563)A, c= 1559133)A, a= 91.0779(11)°,
£ =109.4325(10)°, y= 92.0461(10)°, V= 2285.1908)A°, Z= 4, T= 1200K,
uwMo Ka) =0.152 mm'l, Dcalc = 1.527 g/mm3 , 14547 reflections measured
(4.7 <20 <62.016), 14547 unique (Riy; = 0.062) which were used in all calculations. The
final R; was 0.0530 (I>2.0c(I)) and wR, was 0.0594 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: 1025648
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Vil.4.15 4-1/F4-TCNQ

Crystal Data for C;cHoFoN,O, (M =299.26): triclinic, space group P-1 (no. 2),
a=6.77233) A, b= 10.6602(7) A, c= 10.8483(6) A, a= 61.385(2)°, B = 72.083(3)°,
y=83.952(4)°, V= 65335(7)A°, Z= 2, T= 1200K, p(Mo Ka)= 0.121 mm™,
Dcalc =1.521 g/mm3 , 8749 reflections measured (4.54 < 20 < 59.138), 3636 unique
(Rine = 0.067) which were used in all calculations. The final R; was 0.0580 (I>2.0c(I)) and
wR, was 0.0652 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025637

VIlIL.4.16 4-2/4-9

Crystal Data for Cs;gHy¢NsOj, (M =744.65): monoclinic, space group P2;/c (no. 14),
a=73136Q) A, b= 2355798)A, c= 189555(6)A, f= 98.6037(19)°,
V=3229.15(17) A’, Z= 4, T=120.0 K, p(Mo Ka) = 0.117 mm™', Dcalc = 1.532 g/mm’,
28814 reflections measured (2.776 <20 < 60.124), 9371 unique (R = 0.054) which were
used in all calculations. The final R; was 0.0381 (I>2.0c6(I1)) and wR, was 0.0595 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025940
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Vill.4.17 4-2/4-10

Crystal Data for CysH»pN4Og (M =510.51): triclinic, space group P-1 (no. 2),
a=747204) A, b= 89918(5) A, c= 9.0713(6) A, a= 82.878(3)°, f= 81.549(4)°,
y=80.473(3)°, V= 591.43(6)A°, Z= 1, T= 1200K, p(Mo Ka)= 0.103 mm’,
Dcalc =1.433 g/mm3, 8700 reflections measured (4.564 < 20 < 58.36), 3187 unique
(Rine = 0.077) which were used in all calculations. The final R; was 0.0782 (I>2.0c(I)) and
wR, was 0.0802 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025638

Vill.4.18 4-2/4-11

Crystal Data for C;cH;;N,O; (M =280.28): triclinic, space group P-1 (no. 2),
a=17.2225(3) A, b= 9.3797(5) A, c¢= 10.9675(5) A, a= 98.495(2)°, B = 109.029(3)°,
y=105.728(2)°, V= 652.94(6)A°, Z= 2, T= 1200K, pMo Ko)= 0.101 mm™,
Dcalc =1.426 g/mm3, 8917 reflections measured (5.34 < 20 < 60.132), 3817 unique
(Rine = 0.079) which were used in all calculations. The final R; was 0.0697 (I>2.06(1)) and
wR, was 0.0754 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025639
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Vill.4.19 4-2/TCNQ

Crystal Data for CiscH3os5N4O7;S (M =663.23): monoclinic, space group Pn (no. 7),
a=13.1830(7) A, b = 12.9270(9) A, ¢ = 19.6250(9) A, = 109.584(4)°, V= 3151.0(3) A°,
Z=4, T=293.0K, u(Mo Ka)= 0.161 mm", Dcalc= 1.398 g/mm’, 23009 reflections
measured (6.304 < 20 < 54.898), 7160 unique (Riy = 0.101) which were used in all
calculations. The final R; was 0.2064 (I>3.0o(I)) and wR, was 0.2212 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 857537

VIl.4.20 4-1/TCNQ

Crystal Data for CsHyN4O4 (M =526.55): monoclinic, space group C2/c (no. 15),
a=1424415)A, b= 1467441 A, c= 132556(4) A, p= 115.853(2)°,
V'=2493.44(17) A®, Z= 4, T=120.0 K, p(Mo Ka) = 0.095 mm™, Dcalc = 1.403 g/mm’,
11259 reflections measured (6.24 < 20 < 60.042), 3640 unique (R, = 0.056) which were
used in all calculations. The final R; was 0.0485 (I>3.0c6(I1)) and wR, was 0.0591 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 857536
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VIIl.4.21 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyrene (5-36)

Crystal Data for C4H;cBO, (M =227.09): monoclinic, space group P2;/n (no. 14),
a=10.6936(3) A, b= 11.0380(5) A, c= 1128615 A, f= 109.120(2)°,
V=1258.68(9) A°, Z= 4, T= 120.0K, p(Mo Ka) = 0.077 mm™', Dcalc = 1.198 g/mm’,
13829 reflections measured (4.556 <20 < 62.166), 4018 unique (R, = 0.069) which were
used in all calculations. The final R, was 0.0550 (I>2.0c6(1)) and wR, was 0.0596 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025661

VIll.4.22 9,9',10,10'-Tetramethoxy-4,4'-bipyrene (6-9)

Crystal Data for CicHysOs (M =522.60): monoclinic, space group P2/c (no. 14),
a=11.4032(6) A, b= 12.9621(5) A, ¢ = 34.8672(9) A, = 97.744(4)°, V = 5106.7(4) A®,
Z=38, T=120.0K, p(Mo Ka) = 0.088 mm'l, Dcalc = 1.359 g/mm3, 22011 reflections
measured (4.732 < 20 < 54.828), 11645 unique (Rj, = 0.055) which were used in all
calculations. The final Ry was 0.0411 (I>2.0o(I)) and wR, was 0.0213 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025645
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VIIl.L4.23 4,4,5,5,9,9,10,10-Octafluoro-4,5,9,10-tetrahydropyrene

Crystal Data for C;¢HgFs (M =350.21): orthorhombic, space group Ccce (no. 68),
a=1123054) A, b= 163268(5)A, c= 6.8922(2)A, V= 1263.747)A°, Zz= 4,
T=120.0K, p(Mo Ka) = 0.190 mm™, Dcalc = 1.841 g/mm’, 6904 reflections measured
(4.99 <20 <61.994), 1008 unique (R;y = 0.048) which were used in all calculations. The
final R; was 0.0358 (I>2.0c(I)) and wR, was 0.0426 (all data).

Cambridge Crystallographic Data Centre (CCDC) deposition number: CCDC 1025643
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