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Chapter I. Introduction

I.1 General Background

Since the discovery of the conducting behavior of polyacetylene by Shirakawa,
MacDiarmid, and Heeger in 1977, great efforts have been focused on developing
and synthesizing novel 1r-conjugated materials for the next generation of electronics,
that is, organic electronics.?® In comparison with the conventional inorganic solid
state electronics, organic electronics present multiple advantages: (1) low fabrication
costs and large area fabrications are achievable via solution processing techniques,
such as slot-die coating or screen printing;® (2) low-temperature processing
combined with mechanical flexibility of organic materials enable device integration
with flexible substrate, such as fabrics or plastics,!”’ leading to the possibility of
electronic paper and roll-up displays.’®® These unique advantages lead to the major
research and development in the field of organic electronic, which is focusing on
three main types of applications: organic field-effect transistors (OFETS), organic

photovoltaics (OPVs), and organic light emitting diodes (OLEDS).
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Undoubtedly, organic semiconductors as key component of electronics play a
pivotal role in device performance. Thus, the molecular design is very significant. The

general design principles are listed as follows:

(1) Mobility: 1T-conjugated systems enable both intramolecular and intermolecular

charge transport.

(2) Frontier molecular orbital (FMO) energy levels: a) energy levels of highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
determine the electron donating and accepting properties of the material behavior (p-
type, n-type, and ambipolar); b) for OLEDs and OFETS, suitable HOMO and LUMO
energy levels allow efficient hole and electron injection from electrodes; c) in the case
of OPVs, the energy difference between HOMO of donor and LUMO of acceptor
influences the open circuit voltage of devices. Also, the effective exciton dissociation
can be affected by the energy gap between LUMOs of donor and acceptor; and d)
the emitting colors for OLEDs can be tuned by altering the energy gap between
HOMO and LUMO.

(3) Crystallinity: crystalline materials normally show better mobilities than
noncrystalline counterparts, since the former present better 1r-orbital overlap due to
their self-assembly behavior in the solid state. Thus such crystalline materials are
indeed potential semiconductors for achieving high-performance OFET devices,
whereas crystallinity is detrimental to OPVs and OLEDs performance, due to the

presence of huge grain boundaries and light scattering, respectively.

(4) Solubility: solubility issue can be easily brought about by the introduction of alkyl
chains. However, the alkyl chain difference can dramatically influence the device
performance especially for OFETs and OPVs, considering the intermolecular packing

and morphology.

(5) Dimensionality: organic semiconductors with three dimensionality favors isotropic

charge transfer.™*”
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|.2 Specific devices

[.2.1 Organic field effect transistors

Since the first p-channel organic field-effect transistor based on polythiophene

was fabricated in 1986 with a low mobility of 10° cm? v?! st

organic
semiconductors have made a significant progress and currently surpass the
performance of amorphous silicon. The state-of-the-art charge carrier mobilities are
35.0 cm?V* s for vapor deposited thin films,*? 31.3 cm?v!s™ for solution-processed
small molecules,'**! and 36.3 cm?V*s™ for oriented thin polymeric films.**! For single
crystal devices, the mobility of 15-40 cm? V* s was reported for rubrene.*>*”

Accordingly, OFETSs are being considered for a variety of applications.

A ) B Semiconductor
Semiconductor

Drain

Insulator Gate Insulator Gate
Bottom Gate/Bottom Contact Bottom Gate/Top Contact
C Insulator D Insulator
Gate

Semiconductor Semiconductor
Top Gate/Top Contact Top Gate/Bottom Contact

Figure I-1. Four types of OFETs. (A) Bottom gate/bottom contact, (B) Bottom gate/top contact, (C)
Top gate/top contact, and (D) Top gate/bottom contact.”

A lot of literature is available on the fundamental physics of OFETSs. In principle,
an OFET can be regarded as a capacitor with a conducting channel between a

source and a drain electrode. SiO, or insulating polymers, such as polyimides or
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polystyrene, act as dielectric layers. According to different device configurations, four
types of OFETs can be identified (Figure I-1), namely, (A) the bottom gate bottom
contact, (B) the bottom gate top contact, (C) the top gate top contact, and (D) the top
gate bottom contact. The bottom gate bottom contact is the most prevalent device
configuration, which is often used for routine screening and characterization due to its
simplicity of fabrication. The OFET operation relies on the charge carrier
accumulation in the semiconductor-insulator interface. When a gate voltage is
applied, charges can be created in close vicinity to the semiconductor-insulator
interface and then the source-drain current increases dramatically ("on” state) in
response to the applied drain voltage. Without gate voltage, the intrinsic conductivity
of most organic semiconductors is extremely low; the source-drain current through
semiconductor thin film should be zero ("off” state) when no voltage is applied

between the source and the drain.

[.2.2 Organic Photovoltaics

In the 21% century, one of the most important issues is the energy. Nowadays,
with the increasing energy demand, the consumption of fossil fuel (coal, oil and
natural gas) results in a mass of environmental problems. To overcome this problem
and look for alternative energies, photovoltaic cells have been used to generate
electricity in a clean and renewable way. Organic photovoltaic (OPV) has unique
benefits, such as solution processing, light weight and flexibility and thus attracts a
great deal of attention.’®*?? Recently, the 9.2%!*® and 9.9% power conversion
efficiencies (PCEs) were reported on polymer- and small molecule-based single
junction cells, respectively. The breakthrough of over 10% PCEs was also achieved

in tandem solar cells.!?>?7]
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Figure [-2. Typical device configurations of organic solar cells: (a) bilayer device with planar

heterojunction, (b) bulk heterojunction device.”®

(1) Photoexcitation and (2) Exciton diffusion (3) Excitondissociation (4) Charge transport
exciton formation and collection
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Figure I-3. Working mechanism for donor—acceptor heterojunction solar cells.®

Typical organic photovoltaic (OPV) incorporates a donor (p-type semiconductor)
and an acceptor (n-type semiconductor) as active layer. According to the adopted
device configuration, OPV can be divided into two principle types as shown in Figure
I-2. Those are bilayer solar cells presented by Tang in the mid-1980s” and bulk
heterojunction solar cell introduced by Alan Heeger in 1995, respectively. In case

of the bilayer heterojunction devices, charge generation is severely limited due to
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small area of the donor-acceptor interface. The problem can be overcome by the bulk
heterojunction configuration, which comprises only one single active layer with an
interpenetrating donor-acceptor network. Figure |-3 illustrates the general working
principle of BHJ solar cells. First, the singlet exciton (electron-hole pair) is generated
when the donor material involves photoexcitation by the absorption of light energy.
Second, the exciton diffuses to the donor-acceptor interface. Third, exciton
dissociation occurs via electron transfer to the electronegative acceptor molecules.
Lastly, free charge carriers transport and are collected at the respective electrodes,

which generate photocurrent and photovoltage thereafter.

[.2.3 Organic light emitting diodes

Organic light-emitting diodes (OLEDs) have been the driving force for the new
generation of full color flat panel displays.*? On the basis of electroluminescence, the
first light emitting devices were reported by Pope et al. in 1963.%° The considerable
efficiency improvement was not achieved until 1987, when Tang and VanSlyke used
tris(8-hydroxyquinolinato)aluminium (Algs) as emitter.®¥ In 1990, the first polymer
based OLED was reported by Friend and coworkers.® Almost a decade later, the
principle was further extended by Forrest and Thompson by investigating the
luminescence contribution from singlet and triplet excited states.® Recent advances
in materials and engineering techniques have led to OLED applications in a variety of

devices, such as mobile phones, digital cameras and televisions.
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Figure I-4. Device structures of prototype sandwich-structure OLEDs and luminescence processes.
ETL: Electron transport layer. EML: Emissive layer. HTL: Hole transport layer. ISC: intersystem

crossing.

The typical device configuration and working principle of an OLED are illustrated
in Figure 1-4. The introduction of the hole transport layer (HTL) and the electron
transport layer (ETL) is to minimize the energy barrier between the electrodes and
the emissive materials, thereby enhancing the carrier injection. In terms of electrodes,
normally, metals with a low work function, such as Mg, Ca, and Al are used as
cathode to facilitate electron injection into the lowest unoccupied molecular orbital
levels of the ETL material. A semi-transparent thin layer of indium-tin-oxide is
common applied as anode enabling a light emission perpendicular to the substrate.
When an external voltage is applied between the anode and the cathode, the
injections of holes from the anode and electrons from the cathode occurs and the
carriers migrate through the HTL and the ETL, respectively. The recombination of
holes and electrons follows in the organic emissive layer, together with the formation
of excitons (bound excited-state electron-hole pairs). Eventually, the relaxation of

excitons to the ground state results in the light emission.
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1.3 Organic semiconductors

Classes of organic semiconductors (OSCs) can be divided into small molecules
and conjugated polymers. In comparison with conjugated polymers, the main
advantage of small molecules is that they are more amenable to scale-up while
maintaining high purity and reproducibility. Another advantage is ease of processing.
Small molecules can be processed into devices by two ways, namely, vacuum
sublimation and solvent casting. Thus, we are particularly interested in
semiconducting small molecules. This thesis focuses on n-type OSCs for OFETS,
acceptors for OPVs, and blue-emitting materials for OLEDs, due to the following
reasons, respectively. (1) N-type OSCs are essential for fabrication of circuits, whose
performance is lagging behind that of p-type counterparts.**¥ (2) Common electron
acceptors for OPVs are fullerene derivatives, whose obvious drawbacks cannot be
overcome, such as weak absorption in the visible region and restricted electronic
tuning, causing the limited power conversion efficiencies.”*®** (3) In comparison with
red- and green-color luminescent materials, blue emitters generally show a
noticeably inferior electroluminescence performance with regard to device

efficiencies and color purity.[*>*7

[.3.1 N-type OFET materials

Semiconducting materials as one indispensable part of OFET devices play a
pivotal role. With the aim towards high-performance ambient-stable n-type OFETS,
typical molecular-design strategies divided into three categories, namely, using
fluorine, imide, and dicyanovinylene, to functionalize Tr-conjugated cores,

respectively.
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F3C \

Figure I-5. Chemical structures of representative fluorine-containing semiconductors.

Fluorine is the strongest electron-withdrawing element in the periodic table. With
the introduction of fluorine substituents into organic semiconductor molecules, n-type
behavior can easily be realized (Figure 1-5). For example, the benchmark molecule
pentacene showed p-type transport behavior with a hole mobility of 0.45 cm?/Vs
based on evaporated thin films. Under the same condition, perfluoropentacene (1-1)
possesses n-type characteristics and exhibited electron mobilities as high as 0.11
cm?Vs.*® Also, the fluorine substituted indenofluorenedione (1-2) exhibited good
device performances, with an electron mobility of 0.16 cm?Vs and an on/off current
ratio of 10°.1 Moreover, two novel n-type OSCs 1-3 and 1-4 were constructed via a
combination of thiophene rings and pentafluorophenyl groups.®®*Y High electron
mobilities of 0.21 cm?Vs and 0.45 cm?/Vs were observed for compound 1-4 with
solution-cast and vapor-deposited techniques, respectively. Another two
representatives are trifluoromethyl endcapped molecules 1-5 and 1-6. Molecule 1-5
adopts a two-dimensional columnar packing leading to high electron mobilities up to
1.83 cm?Vs on the OTS-treated substrate.®® An electron mobility of 0.39 cm?/Vs
was also achieved based on 1-6, whose performance is also good enough among

pentacyclic dione-based materials."®*
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Imide is a functional group, which contributes a lot to forming high performance
n-type molecules. That is mainly due to its strong electron-withdrawing capability,
planarity, and solubilizing ability offered by N-imide substituents. The traditional imide
based semiconductors are listed in Figure I-6. The introduction of the cyano groups
into the cores can further increase the electron affinities, facilitating electron

injections from electrodes.

CgH47
CeH13
N (0] CN
O (0]
ot oy
DS eQ s o SV e
S 999
(e} e}
o~ N NC
CeH13
1-7 CgH47 1-8
CN
) )
CgH
S sseeevs!
9 o
o] o] O CgHq3
NC
1.9 1410

Figure I-6. Chemical structures of representative imide-based semiconductors.

Compounds 1-7, 1-8, and 1-9 have LUMO energy levels less than -4.3 eV.*%°

Ambient stable n-type solution-processed OFETs based on 1-7 show an
unprecedented electron mobility of up to 3.5 cm?/Vs, which is ascribed to its dense
in-plane molecular packing in the solid state.® However, 1-8 and 1-9 only show the
electron mobilities around 0.02 cm?/Vs with lonor 0f 10° to 10° and 0.10 cm?/Vs with

loniot Of 103, respectively. Furthermore, n-type OFET devices based on dicyano

10
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substituted pentacene diimide (1-10),*" anthracene diimide (1-11),*® and ovalene
diimide (1-12)"% operate in air with mobilities of up to 0.07, 0.02 and 0.51 cm?/Vs,

respectively.

C4Hg
117 118

Figure I-7. Chemical structures of representative quinoidal thiophene-based semiconductors.

In Figure 1-7, quinoidal thiophene derivatives endcapped with dicyanovinylene
present a similar behavior to the well-known 7,7,8,8-tetracyanoquinodimethane
(TCNQ), indicating their potentials as n-type organic semiconductors.®® Mann’s
group firstly reported the application of the dicyano-methylene-terminated quinoidal
terthiophene derivative 1-13 as semiconductor.® However, the electron mobilities
were only about 10 cm?Vs for both vacuum-deposited and solution-processed
devices. After that, a series of such analogues were developed and applied in n-type
OFETs. Compound 1-14 has the same backbone as 1-13, however, 1-14 displayed
much better device performance with the electron mobility of up to 0.16 cm?/Vs.l*? By
the introduction of the diketopyrrolopyrrole unit, Zhu’s group constructed molecule 1-
15, whose solution-processed OFET devices showed ambient-stable n-type FET

behavior with electron mobility of up to 0.35 cm?/\Vs together with high lonor ratios

11
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(10° to 10°).5%) Moreover, the varying alkyl chain positons on such quinoidal systems
presented a significant impact on the device performance, which was revealed by Li’s
group.® Among such series of compounds, 1-16 displayed the best OFET
performance (e = 0.22 cm?Vs). Thereafter, semiconductor 1-17 with two-
dimensional Tr-expanded system was synthesized and exhibited outstanding
semiconducting properties.®® In ambient- and solution-processed OFETSs, the
mobilities and on/off ratios reached up to 3.0 cm?Vs and 10°, respectively. Another
representative is 1-18, which exhibited also a relatively high electron mobility of about

0.9 cm?/Vs with good operating stability.©®!

[.3.2 Non-fullerene acceptors

As we mentioned above, the inherent shortcomings of fullerenes for OPVs
cannot be thoroughly overcome, thus developing novel alternative electron acceptors
is essential and very meaningful. However, two years ago, it was a great challenge
for non-fullerene bulk heterojunction (BHJ) solar cells to achieve power conversion
efficiencies (PCEs) as high as that of fullerene-based solar cells.*”) During the past
two years, through the cooperation between chemists, physics and engineers, the
PCEs have been dramatically improved from less than 3% to 8.3%* 7% for
solution-processed fullerene-free OPV devices. Although a wealth of novel non-
fullerene electron acceptors have been developed in the field, the relationship
between molecular structure and device performance remain unclear until now. To
date, the successful non-fullerene electron acceptors can be divided into three types,
namely, helical perylene diimide-, spatially extended perylene diimide-, and electron

deficient endcapped acceptors.

12
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1-21

Figure 1-8. Chemical structures of helical perylene diimide-based electron acceptors.

Until now, the highest PCE based on a non-fullerene solution-processed OPV
device is 8.3%, which is due to the special properties of helical perylene diimide (PDI)
derivatives (Figure 1-8). These properties include: (1) relatively high electron
mobilities in thin film transistors (0.04-0.05 cm?Vs); (2) high molar extinction
coefficient (10° M™* cm™); (3) steric congestion in the cove areas leading to twisted
structures, thus decreasing strong self-aggregation in the solid state. In 2014, the first
helical perylene diimide-based electron acceptor (1-19) was reported by Nuckolls and
coworkers.!"® Using traditional commercially available PTB7 as donor, an efficiency
of 4.8% for a solution-processed non-fullerene solar cell was achieved. The PCE was
enhanced to 6.1% when PBDTT-TT was used as donor, which was due to the
increased short current arising from red-shifted absorption of PBDTT-TT relative to
that of PTB7. In September 2015, the same group reported two more helices with
different lengths, which were synthesized by fusing either three or four perylene
diimide components together with a two-carbon bridge (1-20 and 1-21).1°®! After
optimization, the devices comprised of PTB7:1-20 and PBDTT-TT:1-20 exhibited a
maximal PCE of 6.4% and 7.9%, respectively. Finally, the record PCE of 8.3% was

13
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reached based on PBDTT-TT:1-21 solar cells, which was ascribe to the efficient
exciton generation, separation and carrier transport. These findings provide a new
route to further improve the BHJ device performance.

Another concept is to construct spatially extended electron acceptors, since such
network not only decreases the molecular aggregation in the solid state, but also
facilitates isotropic charge transport. Considering the advantages of PDI mentioned
above, several groups connected PDI units with varying cores, such as
spirobifluorene,l’”! thiophene,®" tetraphenylethylene,®® and triphenylamine,® to
form several representative spatially extended electron acceptors (Figure 1-9).
Compounds 1-22 and 1-23 were constructed through a Suzuki coupling reaction and
a Stille reaction protocol, respectively.””! The low-lying LUMO energy levels of 1-22
and 1-23 were similar to each other (-3.7 eV), whereas the different bandgaps were
observed (2.1 eV for 1-22 and 1.9 eV for 1-23). After optimization, highest PCEs of

Figure 1-9. Chemical structures of perylene diimide-based spatially extended electron acceptors.
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6.3%!%% and 6.1%!"® were achieved from devices based on PBDTTT-C-T:1-22 and
PffBT4T-2DT:1-23, respectively. Yan and co-workers used “four-wing propeller-
shape” 1-24 as electron acceptor PTB7-TH as donor, the device based on which
yielded a PCE of 5.53%, with a V of 0.91 V, Jsc of 11.7 mA cm™, and FF of 0.52.
Star-shaped 1-25 was reported by Zhan and co-workers.¥ Using 1-25 as acceptor,

OPV devices exhibited a PEC of up to 3.3% in conventional device architecture.

Figure 1-10. Chemical structures of linear acceptors end-capped with electron deficient blocks.

Both the helical PDI materials and PDI-based molecules give a well-established
performance when they are used as electron acceptors. Apart from that, linear small
molecules have also demonstrated impressive OPV device performance. Four

representative molecules are listed in Figure 1-10. The molecular design strategy for
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them is roughly the same. That is introducing terminal electron deficient units, such
as rhodamine and imide. Holliday and coworkers reported novel electron acceptor 1-
26 with a simple structure, which can be synthesized in high yields. The 4.1% PCE
OPV device was realized when P3HT and 1-26 were employed as donor polymer
and acceptor, respectively.® In comparison to 1-26, compound 1-27 had a relatively
high lying LUMO level (-3.5 eV), thus the V,. of OPV device was as high as 1.11 V.
Note that the PCE up to 3.7% was demonstrated, which might be relatively limited by
the narrow absorption band of 1-27.%% The Park group employed 1-28 as electron
acceptor and reported all-small molecule nonfullerene solar cell with a maximum
PCE of 5.44%, a Vo of 0.85 V, a Js. of 9.68 mA cm™ and a FF of 0.66.%% Very
recently, Zhan and co-workers reported a novel electron acceptor 1-29, exhibiting a
strong and broad absorption in the visible and even NIR regions. Blend film consisted
of PTB7-TH and 1-29 showed PCEs as high as 6.8%, which is even higher than that
(6.05%) of PTB7-TH:PCgBM-based OPV devices.®® This exciting result indeed
indicates the performance of fullerene-free OPV devices can be further improved in

the coming years.

[.3.3 Blue-emitting materials

Nowadays, in the research field of OLEDs, more attention has been paid on
blue-emitting materials. In comparison with blue-emitting phosphorescent materials,
blue-emitting fluorescent materials have obvious advantages in terms of stability and
lifetime, with respect to industrial application issue. Although phosphorescent
materials can harvest both singlet and triplet excitons and endow OLEDs with the
potential of reaching an internal efficiency of 100%, they still suffer from pure blue
light. During the past decade, a wealth of outperforming fluorescent blue light-
emitting materials have been developed, which are mainly based on fluorene,
triphenylamine, carbazole, and anthracene.®”°% Apart from that, employing thermally
activated delayed fluorescence (TADF) materials!®*®! and aggregation induced
emission (AIE) blue-color emitting materials!®>°"! have also emerged as another high-
performance OLEDs. In the following part, representative blue emitters have been

chosen to illustrate their device performance.
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1-31

Figure I-11. Chemical structures of representative fluorene-based blue emitters.

Figure 1-11 illustrates the typical fluorene-based blue emitters 1-30 and 1-31,
which were reported by Yang's and Pei's group, respectively. Star-burst molecule 1-

30 exhibits a distinguished device performance, with EQE of 6.1%, current efficiency
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of 4.9 cd A, together with CIE of (0.17, 0.08). For molecule 1-30, the introduction of
alkyl chains on the C9 in the fluorene units can prevent the fluorene oxidation;
however, the long alkyl chain act as insulator what can be relatively detrimental to the
charge transfer. Construction of spiro-fluorene is another alternative way to prevent
the C9 oxidation. The device based on molecule 1-31 with the configuration of
ITO/PEDOT:PSS/PVK/1-31/TPBI/Ba/Al demonstrated stable blue emitting properties.

OOO

= O
@1-32
}i
o
MeOCN
S

1-34

Figure I-12. Chemical structures of representative triphenylamine-, carbazole-, and anthracene-based

blue emitters.

Triphenylamine, carbazole, and anthracene are also commonly used building
blocks to construct novel blue emitters. Three representative compounds shown in
Figure 1-12 present good device performance. For example, the nondoped device
based on 1-32 presented high deep blue-emitting efficiency with EQE up to 4.09%
with CIE of (0.15, 0.09)¥ In the case of 1-33 and 1-34, their doped devices also can
achieve outstanding performances. The maximum EQEs (CE) for 1-33 and 1-34 are
7.1% (9.1 cd A1) and 12% (6.1 cd A™), respectively. 9%
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1 '35 1 _36

Figure 1-13. Chemical structures of aggregation inducted blue emitters.

In some cases, fluorophores suffer from the notorious aggregation, which can be
detrimental to device performance. However, the compounds with aggregation-
induced emission behavior used as device active layer can efficiently tackle the
problem (Figure 1-13). Tang and co-workers employed tetraphenylethene (TPE)
based compound 1-35 as emitter. The corresponding electroluminescence device
showed a CE up to 7.3 cd A with maximum emitting wavelength of 488 nm. To
further investigate and explore the potential of TPE unit, Li and co-workers
synthesized molecule 1-36 with a different linkage mode of two TPE moieties.
Surprisingly, the EL peak of non-doped OLED device with 1-36 as active layer, was
more blue-shifted, with EL peak at 459 nm, together with highest EQE of 1.9% and
CE of 2.8 cd A1

ﬂf’b‘z :@ ﬁ&

Figure I-14. Chemical structures of thermally activated delayed fluorescence blue emitters.

Recently, thermally activated delayed fluorescence (TADF) materials showed
excellent device performance, since the 100% internal quantum efficiency could be
reached theoretically. In order to achieve that, the energy gaps (AEst) between the

lowest excited singlet state (S;) and the lowest excited triplet state (T;) should be <
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0.3 eV, which enable the thermally activated reverse intersystem crossing occur at
room temperature. Adachi and co-workers proposed the TADF emitter design
strategy, namely, constructing a highly distorted 1-conjugated molecule with both
bulky electron donor and acceptor moieties. According to this principle, emitter 1-37
and 1-38 shown in Figure 1-14 were designed and synthesized by the groups of
Adachi and Lee, respectively. For compound 1-37, a maximum EQE of 19.5% was
achieved with CIE of (0.16, 0.20), which is comparable to that of the best blue
phosphorescent OLEDs reported to date.’® Another representative blue TADF
emitter is triazine-based compound 1-38, which demonstrates not only high EQE of
up to 18.9% with CIE of (0.16, 0.24), but also a long lifetime, over performing that of

the blue phosphorescent OLEDs.*%?

|.4 Motivation and objectives

As reviewed above, the performances of electronic devices strongly depended
on one essential element, namely, the molecular structures. That also means, by
manipulating molecular structures to alter their frontier orbital energy levels,
geometries, solubility and so forth, novel functional materials can be developed for
well-performing electronic devices. Undoubtedly, we can use synthetic tools to
develop a wealth of materials with varying functionalities. However, our research
interests specially lie in designing n-type semiconductors for OFETSs, electron

acceptors for OPVs, and blue-emitting materials for OLEDSs.

From the molecular design and material application points of view, some

interesting ideas came out:

i) V-shaped p-type molecules used for OFET showed hole mobilities as high
as 9.5 cm? Vs, however, the device performance based on V-shaped n-
type materials were not reported. Thus In chapter II, the synthesis of two
angular-shaped n-type semiconductors is described. Their solution-
processed OFET devices show varying electron mobilities, namely 0.01
and 5x10 cm? V! s™*. The leading reasons are also clear elucidated.
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. V-shaped coplanar core

. Strong electron-withdrawing moieties

. solubilizing substituents

R = “51/\/02% o j{\‘/CBHB

CsHg CgH17

Figure I-15. Chemical structures of angular-shaped n-type semiconductors.

Bis-benzothiadiazole (BBT) has just emerged as a promising electron
deficient building block for organic functional materials. An interesting topic
should combine BBT units with electron-deficient cores or electron-rich
acenes, such as anthracene, tetracene and pentacene to construct novel
molecules, together with their single crystal analysis. In chapter Ill, linear
benzoquinone-fused bis(benzothiadiazole) and V-shaped sulfone-fused
bis(benzothiadiazole) demonstrate their potential as electron acceptors.
Their different molecular geometries significantly influence the mode of
crystal packing, which highlights the important role of molecular shape in

organic conjugated materials.

0,20

IN\ /N\ S
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N N s'\ 7 \N/S
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Figure I-16. Chemical structures of benzothiadiazole-based acceptors.

In chapter 1V, the construction of four layered electron acceptors equipped
with terminal 1,2,5-thiadiazole groups is illustrated. In such conjugated
systems, their unique photophysical properties were discovered for the first

time.
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ii)
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Figure I-17. Chemical structures of layered molecules.

The design and construction of spatially extended electron acceptors for
isotropic charge™ transfer like fullerene derivatives is an appealing topic.
Indeed, the dicyanovinylene derivatives have already proven their potential
as n-type organic semiconductors. Thus we predict that dicyanovinylene-
substituted acceptors might also be a good candidate for fullerene-free
OPVs. In chapter V and VI, the functionalization of the spiro-fluorenes is
shown, yielding asymmetric and symmetric cruciform electron acceptors.
Both molecules adopt 2D isotropic 1r-stacking and can serve as electron

acceptors for fullerene-free OPVs.

Figure I-18. Synthesis of spiro-fluorene based acceptors.
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Spiro-fluorene is a well-known moiety for its thermal and electrochemical
stability. Thus, it is expected to use such unit to construct more sterically
rigid molecules for high efficient blue emitting OLEDs. In chapter VII, a
unique design for blue light emitting materials is presented. Starting from
commercial available building unit spiro-fluorene, dihydroindenofluorene-
based and ladder-type tetra-p-phenylene-based blue emitters were

synthesized with promising performances in OLED devices.

Figure 1-19. Synthesis of spiro-fluorene based blue emitters.
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Chapter Il. Solution-Processable n-Type

Angular-Shaped Organic Semiconductors

The angular-shaped n-type semiconductors 2-(12H-dibenzofluoren-12-
ylidene)malononitrilediimide 2-5a and 2-5b were synthesized, and fully characterized
by optical absorption and fluorescence, cyclic voltammetry, X-ray crystal structure
analysis, XRD, and OFET device performance. The varying alkyl chain lengths of 2-
5a and 2-5b caused different molecular orientations with respect to the substrate.
Thus, 2-5a presents an electron mobility of 0.01 cm? V' s, whereas 2-5b resulted in

poor device performance with much lower electron mobility of 5x10* cm? V's™.

1.1 Introduction

In comparison with hole transporting materials,'"™ in order to obtain high
performance materials for electron transport,’®'” there are three key factors: 1)
suitable lowest unoccupied molecular orbital (LUMO) energy levels allowing efficient
electron injection from metal electrodes that can be achieved by introduction of
electron-withdrawing groups or atoms (benzothiadiazole, dicyanovinylenes, imides,
fluorines, etc.) into known p-type molecules;!"'"! 2) coplanarity favoring strong Tr-1r
intermolecular interaction and thus improving the charge carrier transport in the solid
state;!'®2?% and 3) an edge-on molecular orientation with respect to the substrate
usually result in high-performance OFET, due to minimized grain boundaries and
charge traps.” As another factor, “shape” is, rarely considered, but especially

important as it influences packing in the solid state. Almost all n-type organic
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semiconductors reported so far adopt linear arrangements.> 5 7 Therefore,
exploration of angular-shaped n-type molecules might expand the potential

applications in OFETs.

Known V-shaped p-type materials

O P

DNT
Solution-crystallized OFET Solution-processed OFET
Hole mobility: 9.5 cm?2 V-1 -1 Hole mobility: 0.055 cm? V-1 57"

Figure II-1. Structures of DNT and DNC.

Very recently, V-shaped molecules with extended 1T-conjugation have revealed to
be good candidates for p-type OFETs. For example, OFETs based on solution-
crystallized dinaphtho-thiophene (DNT) (Figure II-1) showed extremely high hole
mobility as 9.5 cm? V' s because of the suitable molecular arrangements in the
solid states.”"! In another study, dinaphthocarbazole (DNC) (Figure 11-1) with seven
fused rings presented good stability compared to the linear acene counterparts,
arising from a stabilization of the highest occupied molecular orbital (HOMO).
Additionally, DNC exhibited a hole mobility of 0.055 cm? V' s from solution-
processed OFETs.!?? Considering both the high mobility of DNT and the stability of
the DNC of such V-shaped molecules, electron-withdrawing groups at the endpoints
of the V-shaped coplanar core have been combined in the current design. This also
enables to study the details of packing of these molecules between each other and

with respect to the surface in comparison to linear fused acceptors.

Based on such a molecular design, 2-(12H-dibenzofluoren-12-
ylidene)malononitrilediimide (1-5a/b, Scheme1) are expected to be good candidates
as solution-processable n-type materials according to the following considerations: 1)
the electron-withdrawing dicarboximides and dicyanovinylene units will dramatically
lower the LUMO energy level for effective electron injection; 2) alkyl chains can be

easily attached at the nitrogen atoms of the end-capped dicarboximides to induce
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solubility and formation of ordered thin films; and 3) the rigid and planar conjugated

framework facilitates efficient intermolecular charge-transfer interaction.

1I.2 Synthesis

2,3,6,7-Tetramethyl-9H-fluoren-9-one (2-2) is the key building block for organic
semiconductors, as extension of T-conjugation can be achieved by the
functionalization of tetramethyl and carbonyl groups of 2-2. Compound 2-2 was
achieved in 75% yield through Pd-catalyzed dehydrogenative cyclization./?® Note that
the TFA amount could significantly influence the yield of 2-2, which ranged from 20%
to 80%. The best reaction concentration of 2-1 in TFA was 0.1 g/mL. Thereatfter,
radical bromination was done with bromine in CCl, upon irradiation with a 250 W
halogen lamp, which afforded 2, 3, 6, 7-tetrakis(dibromomethyl)-9H-fluoren-9-one 2-3
as a yellow solid in 81% vyield. After treatment of fluorenone 2-3 with Nal in DMF, a
Diels—Alder cycloaddition with maleimides containing different alkyl chains afforded
2-4a/b in 67-72% yield. As a matter of fact, hexyl linear chains were also introduced
in the N atom positions aiming for achieving more planar molecules in comparison
with 2-4a/b. However, due to bad solubility, this target compound could not be
purified by column chromatography. Finally, the target products 2-5a/b were obtained
in 74-80% vyield by Knoevenagel condensation of 2-4a/b with the Lehnert reagent?42°
(TiCls4, malononitrile, pyridine). The chemical structures of all new compounds were
fully supported by standard spectroscopic characterizations and high resolution mass

spectrometry.

Apart from that, this two dimensional planar conjugated system can be spatially
extended. As shown in Scheme I1-2, 3D-imide could also be obtained by two reaction
routes, which was confirmed by H-NMR spectrum (Figure 11-2). Note that the “below”
reaction route was not very efficient due to the less reactivity reactant caused by
electron deficient imide groups. Additionally, the angle of the two faces in 3D-imide
was calculated to be 35 °C and the color of the material is purple, which means it can
harvest more photons. Therefore, it might be suitable used as electron acceptor for
solar cells. Unfortunately, the compound decomposed slowly in deuterated

chloroform, thus, this topic was not investigated further.
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(a) n-BuLi
8°c Pd(OAc)
3,4-dimethyl- €)z
K,COs, Ag,0 . Bra, CCly
:©/ benzaldehyde 2C03, Agy O O
(b) 15, K,CO4 TFA
t-BuOH 140 °C 2.2 80 °c
90 °C 75% 81%
90%
0
Br . TiCl,
. Nal, DMF C malononltrlle
Br
r maleimide S I 80 oc
- 90 °C -
Br 2-3 Br 2-4a/b 74-80%
67-72%
NC.__CN

aR= ?‘L/\/CZHS

. o C4Hg
CO OQ - b:R= Y\/CGH”

CgH17

o 2-5a/b o}

Scheme II-1. Synthesis of 2-4a/b and 2-5a/b.

i i)
Lawesson's
. reagent .
(3 —= ]
Toluene .
2.2 Reflux O O

Nal, DMF

maleimide

Lawesson's

QQ.O Q reaent
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Reflux
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3D-imide

Scheme II-2. Synthesis of 3D-imide.
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Figure II-2. H-NMR spectrum of 3D-imide.

II.3 Photophysical, electrochemical, and thermal properties

The UV-vis absorption and photoluminescence spectra of 2-4a/b and 2-5a/b
were recorded in DCM solution (Figure 11-3 and Table II-1). Compounds 2-4a (2-5a)
and 2-4b (2-5b) displayed almost the same substructures in the absorption spectra
and identical emission wavelengths because the alkyl chains do not influence the
electronic properties in dilute solution.”® The absorption bands for 2-4 (below 400 nm)
and for 2-5 (below 450 nm) are contributed from =z-7* transitions. Very weak
absorption bands were also observed at lower energy ca. 428/452 nm for 2-4 and
485/516 nm for 2-5, which were ascribed to symmetry forbidden n-r* transitions. The
significant red-shift of both the absorption and emission spectra of 2-5 in comparison
with 2-4 can be explained by the stronger electron withdrawing malononitrile group,

which decreases the LUMO more than the HOMO energies.*”* The fluorescence
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emission maxima of carbonyl-containing cores 2-4 and dicyanovinylene-containing 2-
5 are located at 487 and 567 nm, respectively. Such large observed Stokes shifts are
assigned to internal energy transfers between chromophore moieties in these
molecules: the V-shaped conjugated core, the diimide, carbonyl/dicyano systems.
Optical band gaps estimated from the onset of the absorption spectra are 2.60 eV

and 2.25 eV for 2-4 and 2-5, respectively.

1.4

ed P

300 400 500 600 700
Wavelength (nm)

Figure II-3. UV-vis absorption spectra and fluorescence spectra of 2-4a/b and 2-5a/b in

4\\//\ —2-4a
—2-5a
—24b
——2-5b

dichloromethane.

A

-2.0 -1.5 -1.0 -0.5 0.0
Potential (V) vs Fc*/Fc
Figure lI-4. Cyclic voltammetric profile of 2-4a/b and 2-5a/b in dichloromethane with 0.1 M BusNPFg
as supporting electrolyte. Potentials are reported versus the Fc'/Fc redox couple as an external
standard, scan rate = 100 mV/s.
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The redox properties of 2-4/a-b and 2-5a/b were studied using cyclic
voltammetry. In Figure 1l-4, cyclic voltammograms of all compounds in DCM exhibited
two reduction waves, with the E;, potential around -1.39V for 2-4 and -0.94 V for 2-5,
but no oxidation waves in the potential range available. The LUMO energies of 2-4
and 2-5 estimated through the equation E umo = - [Eredqtr2 — E(FC+/FC) + 4.8] eV were
around -3.41 and -3.86 eV, respectively. The deeper LUMO level of 2-5 can be
attributed to the stronger electron-withdrawing character of the dicyanovinylene group
compared to that of the carbonyl moiety. The low-lying LUMO of 2-5 indicates that

they could be well suited as n-type semiconductors with efficient electron injection.

Table II-1. Summary of photophysical and electrochemical properties of 2-4a/b and 2-5a/b.

Ereq12 VS Absorption LUMO HOMO =

Fc'/Fc (V)™ edge (nm) (ev) ! (ev) (ev)
2-4a -1.38 477 -3.42 -6.02 2.60
2-4b -1.40 477 -3.40 -6.00 2.60
2-5a -0.92 550 -3.88 -6.13 2.25
2-5b -0.95 550 -3.85 -6.10 2.25

[a] In CH,CI,, Buy,NPFg (0.1 M), 295 K, scan rate = 100 mV/s, versus Fc+/Fc. [b] Determined from
ELumo = - [Ered1/2' E(Fc+/Fc) + 48] eV. [C] Calculated from Enomo = ELuwmo - Egap- [d] Determined from the

onset of absorption (1x10°M).

—24a
——2-5a
Cooling —2-4b

Heat flow (mW)

100 200 300 400 500 600 700 800 " 100 200 300 400
Temperature (°C) Temperature (°C)

Figure 1I-5. TGA curves and DSC thermograms of the 2-4a/b and 2-5a/b.

Thermogravimetric analysis (TGA) revealed that 2-4a, 2-4b, 2-5a and 2-5b
exhibit good thermal stability, with 5 wt% loss occurring at 442, 411, 441 and 404 °C,
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respectively (Figure 1I-5). Differential scanning calorimetry (DSC) traces for 2-4a, 2-
4b, 2-5a and 2-5b showed melting points at 359, 235, 359 and 266 °C, respectively
(Figure 11-4).

II.4 Crystal structure analysis

The crystal growth of 2-5a did not succeed via the slow evaporation method with
different solvents, such as DCM, THF, and chloroform. A single crystal of 2-5b was
grown by slow evaporation of DCM. The crystal structure determined by X-ray
diffraction is presented in Figure 1I-6. The crystal analysis experiment was carried out
by - (Johannes Gutenberg-University, Mainz). The dicyanomethylene moiety is
slightly twisted with respect to the backbone of the core, which can be caused by the
close proximity of the cyano groups and the hydrogen atoms. The crystal structure of
2-5b involves face-to-face stacked dimers, which interact with each other in a one-
dimensional, slipped-stack arrangement as shown in Figure II-5 A. Furthermore, =
O---H- (2.50 A and 2.58 A) and = N:--H- (2.38 A) hydrogen bonds are an additional
driving force contributing to the assembly of 2-5b. This crystal arrangement is
probably due to strong dipole—dipole interactions among the imide and cyano groups.

(A)

Figure II-6. Crystal packing of 2-5b. (A) Face-to-face TT—1r stacking with an interplanar distance of 3.34

A. (B) = O---H- and = N---H- hydrogen bonding between stacks.
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11.5 Density functional theory calculations

To gain more insights into the electronic properties of 2-4 and 2-5, density
functional theory (DFT) calculations was performed at the B3LYP/6-31G(d) level. As
shown in Figure 1I-7, frontier molecular orbitals of both molecules contribute to the
conjugated backbone, indicating effective T1r-conjugation in the fused systems.
Moreover, the HOMOs of 2-4 and 2-5 demonstrate almost the same orbital
distributions, as well as quasi-similar energy levels, which is in agreement with the
CV results. In contrast, the LUMOs of 2-4 and 2-5 exhibit dramatically different
energy levels and great contributions from the electron deficient groups, namely,
carbonyl and the dicyanovinylene moieties. Note that carbonyl and cyano groups
contribute almost similar to HOMOs, whereas their contributions to the LUMOs
present huge different. Consequently, the HOMO-LUMO gap of 2-5 is reduced
relative to that of 2-4. This finding can be attributed to the dicyanovinylene group,
which stabilizes the LUMO levels.

3.
Py ‘A x* e
LUMO ty’f’ﬁ“"if

> 9
9

‘4’

.i:
®

@
)
¥ |
HOMO Y .‘_‘ ‘
- ‘ ]

-6.56

Figure 1I-7. Frontier molecular orbitals (FMOs) and their energies (in eV) for models of 2-4 and 2-5.
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11.6 Self-organization

To understand the influence of the alkyl substitution of the V-shaped core on the
surface self-organization of 2-5a and 2-5b, X-ray diffraction (XRD) of both
polycrystalline samples was performed by ------ (Max Planck Institute for Polymer
Research, Mainz). Zone-casting, a solution processing method, was utilized for the
film deposition. This technique has been reported to yield homogenous and well-
ordered polycrystalline films for various T-conjugated systems.®3? Figure I1-8
presents XRD diffractograms obtained for zone-cast 2-5a and 2-5b. The interlayer
distance of 2.60 nm for 2-5a is determined from the main reflection (100 according to
the Miller’s index) observed at q, = 0.24 A™. Higher order reflections (up to 8") imply
long-range organization of the molecules in the out-of-plane direction of the film. This
interlayer distance is in agreement with the theoretical length of the molecule (2.65
nm calculated by Cerius?).*¥! This suggests that the long axis of the V-shaped
molecule is arranged perpendicular to the silicon dioxide surface (Figure 11-9 C). In
this edge-on organization the 1r-stacking direction is oriented parallel to the surface

which is beneficial for the charge carrier transport in field-effect transistors.

(=
=)
-

(A)

Intensity / a.u.

0.0 0.5 1.0 1.5 2.0
q /A"

100

-_—
m
~—

Intensity / a.u.

0.5 1.5 2.0

o
=)

1.0
q /A"

Figure 11-8. XRD of zone-cast films of (A) 2-5a and (B) 2-5b (reflections are assigned by Miller’s

indexes). The additional peak (*) at 1.39 Atis assigned to minor misalignment of the molecules.
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Figure 11-9. Polarized optical microscopy images for 2-5a (A and B) and 2-5b (D and E) zone-cast
layers. The red arrow indicates the zone-casting direction. Figure (C) and (F) illustrate schematically
the organization of the 2-5a and 2-5b molecules on the surface. Red color suggests that the molecule

is rotated by 180° with respect to the orange molecule (face-to-face organization).

For 2-5b the main reflection (100 according to Miller’s index, Figure 11-9 B)
corresponds to a d-spacing of 2.00 nm which is in agreement with the ¢ parameter of
the triclinic unit cell obtained for the single crystal (Figure 11-6). It can be therefore
concluded that the c¢ axis is arranged in the out-of plane direction. In that case, 2-5b
is organized in a face-to-face stacked dimers which are tilted with respect to the

surface (Figure II-9 F).

(B)

Zone - casting
direction

Zone — casting
direction

Figure 11-10. Schematic illustration of the crystal orientation of 2-5b in the zone-cast films.
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In Figure 11-9, an indirect evidence for the tilting of 2-5b is provided by polarized
optical microscopy (POM) performed for the zone-cast layers, which was done
by - (Max Planck Institute for Polymer Research, Mainz). All polycrystalline layers
exhibit birefringence between cross-polarizers. In the case of 2-5a, the POM image
remains dark when the crystal optical axis (or zone-casting direction) is arranged
parallel to one of the polarizers (0° and 90°). Maximum birefringence is observed for
the angle of 45°. In contrast, 2-5b shows no light transmission for the angle of 45°
indicating that axis b of the crystal is almost aligned parallel to the zone-casting
direction (Figure 11-10). In such a crystal arrangement, the axis of the molecules is
oriented around 45° towards the alignment direction resulting in a reverse extinction

under POM compared to 2-5a.

2-4b

2-5a 2-5b

Figure 1l-11. Polarized optical microscopy images (drop-casting layers): 2-4a, 2-5a, 2-4b and 2-5b
were heated to 270 °C, 270 °C, 375 °C and 375 °C, respectively, and then slowly cooled down to RT.

The images were taken at 25 °C.
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To investigate the crystalline properties of the drop-casting layers, polarized
optical microscopy (POM) was also performed by -:---- (Max Planck Institute for
Polymer Research, Mainz) (Figure II-11). POM studies revealed that all compounds
showed crystalline properties. It was found that the alkyl chains played a significant
role in the phase transition and self-assembly of these angular-shaped molecules in
the solid state. Compound 2-4 and 2-5 with varying length of alkyl chains became
fluid upon heating and entered into an isotropic phase at different temperatures.

Upon slow cooling from the isotropic phase, mosaic textures were observed.

II.7 OFET properties

The charge carrier transport of 2-5a and 2-5b was investigated by fabricating
OFET devices in bottom-gate bottom-contact configuration, which was done
by .- (Max Planck Institute for Polymer Research, Mainz). Before drop-casting
from 2 mg/mL chloroform solution, the silicon wafer with 300 nm thick thermally
grown SiO, was functionalized by hexamethyldisilazane (HMDS) to minimize
interfacial trapping sites. Au electrodes were evaporated as source and drain. The
drop-cast films were annealed at 120 °C for 30 min to remove the residual solvent
before OFET measurement. Figure 1l1-12 shows the transfer and output

characteristics of 2-5a and 2-5b, respectively.

In the positive drain mode of both compounds, the drain current (lps) firstly
exhibits a linear behavior with increasing the gate voltage (Vss) and then becomes
saturated (Figures 11-12 A and C). This transistor behavior is characteristic for an
electron transporting semiconductor which can be attributed to the introduction of
strong electron withdrawing moieties. The maximum saturated electron mobility of 2-
5ais 0.01 cm? V" s and the on/off ratio is around 10*. The threshold voltage of 12 V
is low compared to 2-5b (see below). To the best of our knowledge, this is the first
case of an electron transport by a semiconductor consisting of a V-shaped coplanar
core. In comparison to 2-5a, 2-5b shows a relatively poor electron transport, with

maximum mobility of 5x10* cm? V' s™" and on/off ratio of 10°. Additionally, the
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Figure lI-12. Transfer and output characteristics of OFET devices fabricated by drop casting of 2-5a
(A, B) and 2-5b (C, D). For B and D, Vps= 80 V is applied.

threshold voltage is increased to 35 V. High contact resistance observed in the output
characteristics of 2-5b is possibly caused by disorder of the molecules close at the
metal/semiconductor interface. The additional XRD peak at 1.39 A™ (Figure 11-8 B)
indicates the minor molecular disorder in the 2-5b films. This disorder can reduce the
charge injection process from the metal electrode to the semiconductor layer
resulting in an increase of the threshold voltage. Zone-casting only slightly improves
the device performance of 2-5b yielding charge carrier mobilities of 1x10° cm? V' s~
' The lower performance of drop-cast 2-5b in comparison to 2-5a is ascribed to the
face-to-face organization of 2-5b and molecular tilting induced by longer alkyl chains.
Such organization of the molecules causes that the Tr-stacking interaction is not in-

plane to the substrate.
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1.8 Conclusions

In conclusion, two novel angular n-type molecules 2-5a and 2-5b have been
synthesized based on the 2,3,6,7-tetramethyl-9H-fluoren-9-one intermediate, which
can also be extended to construct compound 3D-imide. Electronic properties of 2-5a
and 2-5b in diluted media are identical as proven by cyclic voltammetry and optical
spectra with a low lying LUMO of -3.86 eV, indicating the different alky chains have
no influence on the electronic properties of the planar core. However, the length of
the alkyl chain plays a pivotal role in the molecular orientation relative to surface. For
2-5a, the molecules adopt an edge-on orientation with an OFET electron mobility of
0.01 cm? V! s, while 2-5b with longer branched chains is tilted with respect to the
substrate, thereby resulting in poor device performance. Even though such device
performance is not good enough compared to that of p-type V-shaped dinaphtho-
thiophene (DNT) based device,? it is still meaningful due to enriching the angular
shaped n-type semiconductors. Regarding the electron-accepting capability for 2-5, it
is contributed mainly by cyano and imides groups. Thiadiazole is another good
electron-withdrawing group, which will be illustrated in Chapter III.
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Chapter lll. Fused Bis-Benzothiadiazoles as
Electron Acceptors

Fused bis-benzothiadiazoles with different molecular geometries, namely linear
benzoquinone-fused bis(benzothiadiazole) (3-10) and V-shaped sulfone-fused
bis(benzothiadiazole) (3-11), were synthesized as novel electron acceptors. Single
crystal analysis of 3-10 and 3-11 revealed profoundly distinct packing modes, which
must be ascribed to the different molecular shapes. Experimental and theoretical
studies indicated that both compounds give rise to electron-accepting materials. This
work thus contributes to the diversity of electron acceptors based on bis-
benzothiadiazole moieties and highlights the important role of molecular shape for

the solid-state packing of organic conjugated materials.

[11.1 Introduction

Electron-deficient (hetero)aromatic moieties are key components of n-type
organic semiconducting materials, as they can decrease the low-lying LUMO energy
levels of materials to i) match the work function of the electrodes for efficient electron
injection;™ ii) broaden the light absorption to harvest more sunlight for obtaining high
efficiency photovoltaics;? iii) be a strong acceptor for effective charge transfer with
other donors.”®! Various electron acceptor moieties such as dicyanovinylene,*®!
diketopyrrolopyrrole  (DPP),X%*  [1,2 5]-thiadia-zolo[3,4-g]guinoxaline  (TQ),***!
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benzothiadiazole (BT), perylene diimide (PDI),*5® naphthalene diimide (NDI) and
isoindigo (IID) have already been developed. Among them, BT is a particularly
popular case and has been introduced into oligomers and polymers for a variety of
applications, such as organic light-emitting diodes (OLEDs),**?? organic
photovoltaics (OPVs),[?*?® dye-sensitized solar cells (DSSCs),'*® and organic field-
effect transistors (OFETs)P%32.

C s s, i

o ooc OC
PN A s/ \S
: 310

In Chapter Il 31

BBT with varying linkers BBT with fused aromatic moieties

Figure IlI-1. Chemical structures of BT unit and BBT derivatives.

To further explore the potential of BT-based electron-accepting materials, several
bis-benzothiadiazole (BBT) derivatives (Figure llI-1), which should possess higher
electron affinities, have been developed very recently. One approach is to connect
two BT units via a single bond linker.®*3 |n this case, the large twist between the
neighboring BT units hinders the effective inter- and intramolecular interaction, thus
resulted in poor device performance (1 x 102 cm? V' s™). To solve this problem,
Yang’s group firstly introduced the vinylene and acetylene 1r-spacers between the
two BT, which facilitate the interchain packing of the resulting polymers and thereby
their carrier mobilities were improved to 0.32 cm? V! s? and 0.24 cm? v*! s,

respectively.

Another approach is to incorporate two BT units into fused aromatic systems,
providing a better coplanarity and a more pronounced T1r-conjugation, affording the

electron mobility up to 0.11 cm? V** s*in OFET devices reported by F. Perepichka’s
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group.B¥ To the best of our knowledge, the synthesis of such important BBT-based
electron-deficient cores has been seldom reported. Moreover, the structure-property
relationship of such materials has never been clearly investigated regarding how
molecular shapes and fused structures influence their solid-state packings and
optoelectronic properties. Importantly, there is no crystal analysis report of such
compounds to deeply explicate their intermolecular interactions in the solid state.

Those promote us to focus attention on developing some small molecules.

Herein, we describe the synthesis, single crystal structures, photophysical and
electrochemical properties of linear benzoquinone-fused BBT (3-10) and V-shaped
sulfone-fused BBT (3-11) (see Scheme IlI-1). An unexpected precursor 2,3,7,8-
tetrabromodibenzol[b,d]thiophene 5,5-dioxide (3-5) was discovered in the synthesis
and used for the construction of novel V-shaped 3-11. Single crystal X-ray analysis
suggests that 3-10 and 3-11 exhibit dramatically different molecular arrangements.
The low-lying LUMO levels and short -1 distances of both molecules may render

them suitable for n-type charge transport materials.

[11.2 Synthesis

A facile synthetic route to the two target molecules is illustrated in Scheme IlI-1.
According to a procedure described in the literature,®®  2,3,6,7-
tetrabromoanthracene-9,10-dione (3-4) was synthesized in 18% yield. After changing
reaction conditions, such as prolonging reaction time, altering the reactant ratio and
microwave assistance, the reaction yield could not be further increased. The major
byproduct 3,5,6-tribromobenzo[b]thiophene 1,1-dioxide (3-3) was discovered and
obtained in 52% vyield, whose formation was ascribed to homodimerization of 3,4-
dibromothiophene 1,1-dioxide (3-1). Surprisingly, 2,3,7,8-
tetrabromodibenzol[b,d]thiophene 5,5-dioxide (3-5) was also found, presumably due
to further Diels-Alder reaction of compound 3-1 with 3-3. However, the purification of
3-5 in such reaction system was a challenge, because of its bad solubility and low
reaction yield. A ~2% vyield of 3-5 was collected by multiple solid residue washing

with acetone, since 3-5 showed kind of better solubility in acetone in comparison with
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Scheme llI-1. Synthesis of 3-10 and 3-11. Reagents and conditions: a) para-benzoquinone, acetic
acid, reflux. b) 3,5,6-tribromobenzo[b]thiophene 1,1-dioxide, acetic acid, reflux; ¢) benzophenone
imine, rac-BINAP, Pd,(dba)s, t-BuONa, toluene, 110 °C; d) 2.0 M HCI, THF, RT. e) TMSCI, PhNSO,
pyridine, 80 °C.
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3-4. Indeed, an independent Diels-Alder reaction was carried out between compound
3-1 and 3-3, producing 3-5 in a yield of 20%. Moreover, compound 3-5 could also be
prepared in 10% vyield only using 3-1 as the reactant in refluxing acetic acid. We
assume that the reaction must proceed in a sequence of Diels-Alder reactions (see
Figure 111-2). Tetra(diphenylmethanimine) substituted 3-6 and 3-7 were synthesized
by Buchwald-Hartwig aminations,*” followed by hydrolysis to form The amino-
substituted compounds 3-8 and 3-9 in the presence of 2.0 M HCI in THF. Finally,
using the N-sulfinylaniline as the cyclization reagent, 3-10 and 3-11 were successfully
synthesized in yields of 90% and 82%, respectively. At the beginning, the NMR
characterization did not succeed with common deuterated solvents due to the bad
solubility of 3-10 and 3-11. Thereafter, the problem was solved using D,SO,4 to

dissolve both compounds for NMR measurements.

o=s Q
7\ Br \\S:O
X/ Br SO, O - B
! Br o VAR Vel
Br. "/ Br Br Sl
/" —» | P Br O~A=
\'IS\\/ Br Br
Br o Br Br

Os, S
\S/O O\S/O SO,
Br Br Br Br
- /
Br Br Br Br Br

Figure lll-2. Proposed reaction mechanism to produce compound 3-5.

111.3 Crystal structure analysis

By slow solvent evaporation method, single crystals of 3-10 and 3-11 suitable for
X-ray analysis were grown from their THF solutions at room temperature. Note that
this is the first crystal structure analysis of BBT-based conjugated systems. As
depicted in Figure 1lI-3, the conjugated backbones of 3-10 and 3-11 are essentially
planar while the sulfone oxygen atoms of 3-11 are out of the 1r-plane with the S-O-S
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Figure IlI-3. Single crystal structure of 3-10: (a) C-H---N hydrogen bonds as shown with dashed red
lines; (b) slipped columnar -1 stacking and single crystal structure of 3-11: (c) C-H---N hydrogen
bonds and intermolecular S---O/N interactions as shown with dashed red lines and dashed blue lines,

respectively; (d) one-dimensional -1 stacking.

angle of 103.39°. Each 3-10 is closely surrounded by four neighbors by virtue of eight
hydrogen bonds, whose H---N distance is 2.54 A and the C-H---N angle is 163.4°
(Figure 111-3 a). Indeed, the crystal arrangement of 3-10 is almost the same as that of
n-type semiconductor N-heteropentacenequinones, which indicates the potential of
3-10 applying in OFETSs. Furthermore, 3-10 self-assembles in a slipped Tr-stacking
with an average 1-1r distance of 3.40 A (Figure 111-3 b). Interestingly, due to the V-
shaped backbone and out-of-plane oxygen atoms for 3-11, it shows a unique crystal
packing mode, which is unlike 3-10 and other BT-containing molecules.®*>% First, C-
H---N hydrogen bonds and Van der Waals bonds between the hetero atoms [(N---N
(2.95 A), N---S (2.89 A) and O---S (3.20 A)] are approved to be existed. Second, 3-11
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forms face-to-face stacked dimers with a short intermolecular -1 distance (3.35 A).
Third, such stacked dimers interact with each other in a one-dimensional columnar
arrangement with a longer - distance (3.42 A). Such dense molecular packing and
close contacts between tr-stacks of both 3-10 and 3-11 indicate their potential as

good organic semiconductors.

l1l.4 Photophysical and electrochemical properties

The photophysical properties of both novel compounds were also investigated.

As shown in Figure llI-4, the UV-vis absorption spectrum of 3-10 displays a broad

1240

absorption peaking at 304, 343, and 390 nm. According to the equation hv = —

(A represents the onset of absorption), the optical gap was calculated to be ~3.08 eV.
In the case of 3-11, its absorption spectrum exhibits a significant vibronic structure
(Amax = 390 nm) and a similar optical gap (3.05 eV). The different absorption
intensities of these two molecules in the region of 360 nm — 390 nm are in good
agreement with TD-DFT calculations, namely, the oscillator strength of 3-11 is
around ten times higher than 3-10. The normalized fluorescence spectra of 3-10 and
3-11 reveal almost the same profile with the maximum emission wavelength at 420
nm. As expected, the Stokes shifts for both compounds are small, which is in line
with their rigidity.

6 —-310 1.0

1 ——3-11
PN %] —-310 087
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= 3 I ©
SN 04 E
- 0
. I pd
~ 14 _-0.2

0- -z _ : ===t 0.0

300 400 500 600

Wavelength (nm)

Figure llI-4. Absorption (solid) and photoluminescence (hollow) spectra of 3-10 and 3-11 in THF (Agxc
=390 nm).
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Figure IlI-5. Cyclic voltammograms of 3-10 and 3-11 in N-Methyl-2-pyrrolidone (NMP).

The electron-accepting properties of 3-10 and 3-11 were studied by
electrochemical measurements Previously, DCM was used as solvent for cyclic
voltammetry measurement, whereas the experiment was not successful due to bad
solubility of two compounds. Thereafter, N-methyl-2 pyrrolidone (NMP) was applied.
In Figure IlI-5, two reversible reduction waves were observed for both compounds 3-
10 and 3-11, however no oxidation ones in the accessible potential range. The
(lowest unoccupied molecular orbital) LUMO energy levels estimated from the onset
of the first reduction peak are -3.77 eV for 3-10 and -3.81 eV for 3-11. In comparison
with  the recently reported structurally related acceptors such as
pentacenobis(thiadizaole)dione and octafluoropentacenequinone,” 3-10 and 3-11
possess a lower LUMO level, which indicates the potential role of them using as n-
type organic semiconductors. The low current value of 3-10 in the CV profile is
ascribed to the low-concentration due to its poor solubility

l11.5 Density functional theory calculations

To gain more insights into the electronic properties of 3-10 and 3-11, the frontier
molecular orbitals (FMOs) and the HOMO and LUMO levels were obtained by density
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functional theory (DFT) calculations at the B3LYP/6-311G** level of theory. As
depicted in Figure IlI-6, frontier molecular orbitals of both molecules are delocalized
over the whole molecules, indicating effective 1-conjugation in the fused systems.
Moreover, the LUMOs of 3-10 and 3-11 demonstrate similar energy levels, which is in
accordance with the CV results. Also, the LUMOs of both molecules have a large
contribution from the electron-accepting moieties, including BT, benzoquione, and
sulfone. In contrast, the HOMOs of 3-10 and 3-11 are mainly contributed by benzo
rings in the conjugated backbone and their energy levels are different in comparison
with the corresponding experimental values, which were possibly because they were
not directly measured from oxidation waves in cyclic voltammograms but estimated

from the optical HOMO-LUMO gaps and the LUMO energy levels.

E F
e

3
o $8°0% o[n\\

Figure Ill-6. Frontier molecular orbitals (FMOs) and their energies (in eV) for 3-10 and 3-11.
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Figure 1lI-7. Energy level diagram and frontier molecular orbitals according to DFT calculations at the
B3LYP/6-31G (d) level.

Furthermore, as expected no matter for 3-10 or 3-11, replacing thiazole rings in
the backbones with benzene rings increase both HOMO and LUMO energy levels.
The HOMO-LUMO gaps of 3-10 and 3-11 are reduced relative to those of their
isoelectronic analogue pentacene-6,13-dione and dinaphthothiophene 6,6-dioxide,
respectively (Figure I1I-7). This finding can be attributed to the peripheral thiadiazole
rings, which stabilized the LUMO levels.

[11.6 Conclusions

In conclusion, we have prepared two novel bis-benzothiadiazole-based
compounds with fused rings, namely linear 3-10 and V-shaped 3-11. During the
process, important precursor tetrabromodibenzothiophene dioxide (3-5) was firstly

synthesized through Diels-Alder reaction with only reagent 3,4-dibromothiophene 1,1-
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dioxide as starting material. The different molecular geometries of 3-10 and 3-11
significantly influence the mode of crystal packing. Moreover, a combination of
experimental and theoretical studies reveals that both 3-10 and 3-11 are strong
electron-withdrawing materials, which may find applications in organic field-effect
transistors and solar cells in the future. In this chapter, the precursors, such as
2,3,6,7-tetrabromoanthracene-9,10-dione, tetra-amino substituted anthracene-9,10-
dione and tetra-amino substituted dibenzo[b,d]thiophene 5,5-dioxide were
synthesized and are also very important, which can be expanded to acene-like

structures. Part of them will be shown in chapter IV.
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Chapter IV. Layered Electron Acceptors from
Dimerized Acenes End-capped with 1,2,5-
Thiadiazoles

Layered electron acceptors 4-7/8/9/10 equipped with terminal 1,2,5-thiadiazole
groups have been constructed using a one-pot protocol of acene dimerization. Their
molecular structures are determined using single crystal X-ray diffraction analysis.
Photophysical and electrochemical properties of these molecules present a marked
dependence on conjugation length and molecular geometry. An aggregation-induced
emission peak and an intramolecular excimer emission (IEE) band were observed for
4-8 and 4-10, respectively. This work paves the way for the efficient synthesis of

nonplanar heteroacenes.



Chapter IV

V.1 Introduction

As far as we know, certain modes of solid-state packing for common planar
organic semiconductors can pose specific problems for device performance.™™
Therefore, to suppress those packing modes, exploring nonplanar or layered organic
semiconductors could be helpful. To date, 9,9-bianthryls!* triptycenes,™ and spiro-
fluorenes with sp® carbon connectors,® have been commonly adopted as cores to
construct nonplanar conjugated molecules. Linear acenes such as anthracene,
tetracene and pentacene were used to generate higher dimensional systems through
the traditional [4m + 4m] photodimerization reaction. ! However extended
heteroacenes, especially electron-deficient molecules were hardly considered.?° As
far as we know, only one example of dimerized diazaacene was unexpectedly
obtained in high yield (76%), which was explained by cycloaddition. This was
reported by the group of Bunz when they attempted to generate diazaheptacene
through oxidation of dihydrodiazaheptacene.*” Since there have not been effective
synthetic methods of heteroacene-based nonplanar electron acceptors, new
synthetic protocols need to be explored.

Among electron acceptor moieties, the five-membered ring 1,2,5-thiadiazole has
proven to be strongly electron-deficient and its derivatives such as 2,1,3-
benzothiadiazol, benzobisthiadiazole, [1,2,5]thiadiazolo[3,4-g]quinoxaline  and
naphtho[1,2-c:5,6-c]bis[1,2,5]-thiadiazole, have been widely used as key building
blocks for organic semiconducting materials due to their planarity and strong
electron-withdrawing capability. It is thus expected that incorporation of electron-
deficient 1,2,5-thiadiazole units into layered molecules would present interesting
inter-and intramolecular interactions as well as new optoelectronic properties, greatly
enriching organic functional materials. Herein, we synthesized thiadiazole end-
capped layered molecules 4-7/8/9/10/11 through dimerization of heteroacene. A one-
pot reaction is employed in which formation of thiadiazole rings and dimerization is
accomplished based on di- and tetraamino-substituted acene precursors 4-6(a-d)
(Scheme 1V-1). It is believed that introduction of electron-withdrawing thiadiazole
rings increase the quinoid character of the conjugated system,*? and thus leads the

dimerization step without the involvement of light or oxygen.*®Therefore, the
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developed electron-deficient heteroacene dimerization method becomes a useful tool

for preparing novel layered molecules.

V.2 Synthesis

The synthesis is outlined in Scheme 1V-1. Di- and tetrabrominated acenes 4-4(a-
d) were obtained by the reduction of the corresponding diol precursors, which were
converted from the acene diones 3-4 and 4-1/2/3 by treatment with excess acetylide.
The synthesis of diphenylmethaneimine substituted acenes 4-5(a-d) were
accomplished by reaction with benzophenone imine, applying
tris(dibenzylideneacetone)dipalladium(0) as catalyst and rac-BINAP as ligand. Since
such compounds are very sensitive to acidic conditions, which leads to
decomposition during the purification by column chromatography based on silica gel.
Such case could be prevented when silica columns were neutralized by
trimethylamine previously. Then, amino substituted acenes 4-6(a-d) were obtained
after hydrolysis.'® Note that, in this step, the amount and the concentration of
hydrochloric acid have a significant impact on the reaction yield, especially for
producing 4-6d. The HCI molecules within 4-6(a-d) could also be removed by adding
them into trimethylamine. The chemical shifts of resulting products could be identified
by NMR spectroscopy. Lastly, using N-sulfinylaniline as the cyclization reagent, 4-7
and 4-8 were successfully synthesized in 57-66% yields. Unlike the photoconversion
of tetracene and pentacene derivatives, which produced isomeric dimers,?*?% only
the centrosymmetric 4-7 and 4-8 were obtained based on 4-6a and 4-6b, respectively.
In case of the diamino substituted acene 4-6¢ as the precursor, the reaction not only
produced centrosymmetric 4-9 in 77% yield, but also the planosymmetric 4-10 in 15%
yield. The isomeric 4-9 and 4-10 have different polarities, thus they could be
separated by silica column. As far as we know, this is the first time report of such
one-pot reaction, which involves cyclization reaction of di- or tetraamino acenes and
dimerization of aceno[2,1,3]thiadiazoles. Signals in the range of 45 to 55 ppm in the
13C NMR spectra of 4-7/8/9/10 proved the existence of saturated carbon atoms in the
acene moieties. The structural details of all four compounds were confirmed by
HRMS, 'H NMR, *C NMR and X-ray crystallographic analysis. 4-11 was also
prepared using the same procedure with pentacene as conjugated core.
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Unfortunately, it could only be characterized by MALDI-TOF mass spectrometry
because of its poor solubility in common solvents (Figure IV-1). Surprisingly, the
monomer peak (m/z = 756) could also be observed, which might indicate that the so-
called dimer compound could break into two monomers by laser irradiation. This

phenomenon also happened on the other dimers mentioned above.

TIPS
4-4(a-d)

TIPS = (iPr);Si

Scheme IV-1. Synthetic route for 4-7/8/9/10/11: a) benzophenone imine, rac-BINAP, Pd,(dba)s, tert-
butoxide, toluene, 110 °C, 55-65%; b) 2.0 M HCI, THF, r.t. 90-95%; c) TMS-CI, PhNSO, Py, 80 °C, 57-
77% (4-7/8/9) and 15% (4-10). Blue and red dots on acenes a, b and c represent the substitution of
corresponding functional groups.
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Scheme IV-2. Another synthetic route for 4-7.

Another method was also tried to construct molecule 4-7 as shown in Scheme

IV-2. However, the solubility of 3-10 was quite bad. Furthermore, when the

nucleophilic reaction was carried out, the mixture remained a suspension even

though more THF was added, which indicated the less efficient nucleophilic reaction.

Luckily, through the TLC plate monitoring and FD-Mass measurement, the formation

of compound 4-7 was confirmed. The estimated reaction yield was less than 2%. This

reaction result is another evidence to confirm that the originally designed monomer

(1) is not stable and can dimerize immediately (Figure 1V-2).
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Figure IV-1. MALDI-TOF spectrum of 4-11.
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TIPS TIPS

. H N
H,N NH; Cyclization N X N

e 4HCI T » | s
H,N NHz \ i |

TIPS

(m

Figure IV-2. Proposed reaction mechanism with the anthracene case as an example; a) TMS-CI,
PhNSO, Py, 80 °C.

The two-step synthesis, namely, formation of 2,1,3-thiadiazole rings and dimer
formation are successively completed in one pot, making this procedure convenient
and efficient. Taking the anthracene case as an example (see Figure IV-2), we
assume that firstly, the cyclization of amino substituted acene (l) occurs to form the
bis-dihydro-2,1,3-thiadiazole anthracene (ll), which is similar to the formation of
dihydro-2,1,3-benzothiadiazole from o-phenylenediamine reported by Bryce.?? Then,
the intermediate (Il) was converted directly to molecule 4-7 by oxidation reaction
whereas intermediate monomer (lll) could not be observed at all. Similar to the
reported procedure, in the case of dihydrodiazaheptacene, MnO, was used as
oxidant to form acene dimer instead of diazaheptacene.*” Thus the oxidative

condition seems to favor the cycloaddition adduct.
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4-6b

Scheme IV-3. The formation of novel dimeric compound 4-12.

Figure IV-3. Single crystal structure of 4-12 (H atoms removed for clarity).

Long acenes, such as hexacene, heptacene, orctacene and nonacene are more
interesting species. They have smaller band gaps and potentially higher charge-
carrier motilities, but they are also prone to oxidative degradation. Aiming for
synthesizing longer N-heteroacences, the condensation reaction between 4-6b and
diphenylethanedione was carried out. The reaction yield reached 85%, whereas
there was no envisaged acene hint other than the dimeric compound, which might be
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caused by photo-oxidation or photo-dimerizationthe (Scheme IV-3). Clar’s concept
can explain the photophysical and chemical behavior of designed long acene as a
polyene rather than as a poly-benzenoid compound, since only one sextet can be
drawn in the molecular structure. Such decomposition might possibly be prevented by
the introduction of bulky groups to the acene scaffold. From the other point of view,
the obtained layered acence 4-12 might also show some special photophysical
properties, which will be checked in the future. Single crystals were grown by solvent
evaporation method from dichloromethane solution and were analyzed

by - (Johannes Gutenberg-University, Mainz).

g %

4-6a 4-13

Scheme IV-4. The reaction route towards novel acene compound 4-13.

Xia, Pyrene-Anth, Muellen _ ‘
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Figure IV-4. HR-Mass of compound 4-13.

70



Layered electron acceptors from dimerized acenes end-capped with 1,2,5-thiadiazoles

Interestingly, there was no indication of dimeric compound when the
condensation reaction was carried out between 4-6a and 4,5-pyrenedione, 2,7-bis(1,
1-dimethylethyl) (Scheme IV-4). After purification during the air condition, the target
molecule 4-13 is still stable; this was confirmed by HR-Mass as shown in Figure 1V-4.
Therefore, the longer acenes are expected to be constructed using condensation
reaction between 4-6b/c and 4,5-pyrenedione, 2,7-bis(1,1-dimethylethyl).

I\VV.3 Crystal structure analysis

To investigate the intermolecular interaction in the solid state of dimerized
acenes 4-7/8/9/10, their crystals were grown by slow evaporation of tetrahydrofuran
solutions. X-ray diffraction experiments were carried out by - (Johannes
Gutenberg-University, Mainz). As expected based on the varying geometries of 4-
7/8/9/10, their packing modes are quite different. The crystal

along a axis

' m 19 AR,
:};V 3.34A32. 7 ‘ L0 4
, ) M along b axis
—2 s
“‘r% .y 3.55A
Y B ol T B ¥
4-9 (v\(’\]/\l/\ ‘/—\‘/»\‘A| H
T e : “*“%‘o‘q
oy K %
1\ g b2 ‘ ¥
%}" T

¢ } along a axis

along b axis

Figure IV-5. Structure (left), crystal packing (middle), and degree of 1r-face overlap (right) of four

dimeric acenes (alkyl groups on Si removed for clarity).
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structure of 4-7 exhibits columnar packing, where each molecule interacts with four
nearest neighboring molecules by two types of symmetrical 1r-11 interactions with two
interplanar distances (3.55 and 3.71 A) (Figure IV-5). However, only with the
extension of thiadiazole in 4-7 to benzothiadiazole in 4-8, 4-8 adopts 2D slipped -
stacking motifs, where the fragments of benzothiadiazole interact with
naphthothiadiazole fragment of the neighboring molecules. This packing mode favors
the intermolecular charge transport in the solid. Thereby, considering its low LUMO
energy levels, 4-8 presents the potential usefulness as an organic electron acceptor.
4-9 forms a brick wall type packing motif with Tr-stacking distance between
anthracenes to the 3.55 A. 4-10 packs in a 2D slipped m-stacking arrangement
similar to that of 4-8, with a shorter Tr-face separation of 3.30 A. As far as we know,
this is the first time report both crystal structures of two isomers based on acene

dimers.

3.17A 3.06A

Figure IV-6. The involvement of heteroatoms for intermolecular interaction (red dash lines).

The heteroatoms also contribute differently to their crystal packing (Figure IV-6).
For 4-7, the distance [S---S (3.52A)] between the two sulfur atoms of two neighboring

molecules is shorter than the sum of their van der Waals radii (1.85 A). In the case of
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4-8, it is the first case to show the intermolecular interaction by head-to-tail contacts
of the thiadiazole moieties with N---S interaction. In comparison with 4-7 and 4-8,
only 4-9 presents the intermolecular interactions between a hydrogen atom of an
isopropyl group and a nitrogen atom of the thiadiazole [N---H (2.73 A)]. However, for
4-10 no hydrogen bonds or intermolecular interactions between heteroatoms were
observed at all. The crystallographic data and refinement details of the four

compounds are summarized in Table IV-1.

Table IV-1. Crystal structure data for compounds 4-7/8/9/10

Space

group  A[A] b[A] c[A] a[deg] Bldeg] yldeg] VA z
4-7 P-1 7.769(1) 13.928(2) 17.208(3) 78.462(5) 86.683(5) 79.739(5) 1794.8(9) 1
4-8 P2;/c 185577(8) 15.4895(6) 15.0011(7) 113.356(4) 3958.7(3) 2
49 P-1 14.5655(10) 14.7189(11) 18.6267(13) 86.867(6) 88.326(6) 74.024(6) 3833.0(5) 2
4-10 P2/c 18.7012(10) 33.6573(13) 12.8089(7) 106.214(4) 7741.7(7) 4

IVV.4 Photophysical and electrochemical properties

Figure V-7 depicts the UV-vis and photoluminescence (PL) spectra for 4-
7/8/9/10. 4-7 and 4-8 show a similar absorption spectral shape, whereas their
emission profiles are dramatically different. The absorption band of both molecules in
the range of 265 — 380 nm arises from the m—1r* transition of the aryl substituents.
The other bands located between 400 and 530 nm can be assigned to the acetylene-
substituted naphthothiadiazole chromophore. For 4-7, the peak position shifts from
535 nm in solution to 551 nm in powder. Similarly, 4-8 shows an emission band as
that of 4-7 in solution, yet surprisingly, apart from a slightly red-shifted emission band
compared to 4-7, an additional strong emission peak at 657 nm with a shoulder at
700 nm appears in the powder PL spectrum of 4-8. To figure out the origin of this
new band, we investigated the influence of aggregation effects on the fluorescence
behavior by measuring the PL spectra of 4-8 in THF/water mixtures with different
fractions of water (fw). As shown in Figure IV-8, the new emission peak appeared
from fw = 80 vol% and was relatively enhanced by further increasing the fraction of

water (after normalization to 545 nm peak). Evidently, the new band is thus induced
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by aggregation effect. Note that the overall fluorescence intensity decreased upon
adding water. Similarly, the emission intensity decreased correspondingly with the
concentration increasing of DCM solutions (Figure 1V-9). A new peak appeared until
the concentration increased to 2*10° mol/L, which might be ascribed to the

intermolecular excimer emission.
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Figure IV-7. Absorption (black line, in CH,CI, solution) and PL spectra of 4-7 (Agx. = 337 nm), 4-8
(Aexe = 382 nm), 4-9 (Age = 380 nm) and 4-10 (A = 380 nm) in CH,Cl, solution (red line) and

powder (blue line).
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Figure IV-8. PL spectra of 4-8 (10uM) were measured in THF/water mixtures with different water

fractions. Excitation wavelength = 382 nm.
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Figure IV-9. PL spectra of 4-8 were measured in DCM solutions with different concentrations. (a)

Concentration dependent PL spectra; (b) Normalized PL spectra. Excitation wavelength = 382 nm.
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Figure IV-10. (a) PL spectra of 4-10 measured in CH,Cl, solution with varying concentrations. (b) PL

spectra of 4-10 measured in different solvents with a concentration of 1.0x10™ M. (Aexc = 380 nm).

While resolved vibrational sublevels well overlap for 4-9 and 4-10 in the
absorption spectra (Figures 1V-7) since they contain the same functional groups, their
PL spectra are very different. In comparison with 446 and 472 nm emission peaks of
4-9, 4-10 shows a new strong and red-shifted band (Amax = 601 nm), which does not
originate from emission of the intermolecular excimer because: (i) the ratio between
two emission bands of 4-10 is found to be constant at varying concentration in
dichloromethane solution (Figure 1V-10a); (ii) their ratio could be tuned in different
solvents, as the intramolecular excimer emission is strongly dependent on the
polarity of solvent (Figure IV-10b);**?¥ and (i) under the same condition,
intermolecular excimer emission have not been observed for 4-9. Thus, we assign
the red-shifted band to the intramolecular excimer emission (IEE)! % 2% from the two
opposite 1,4-bis((triisopropylsilyl)ethynyl)anthracene (anthra-TIPS) moieties. These
phenomenon are in accordance with that of naphthalene-1,8:4,5-bis(dicarboximide)
dimer, in which 515 nm fluorescence peak appears with a large Stokes shift and a
lack of vibronic features.”® The changes in fluorescence spectra on going from
solution to solid state also differ dramatically for isomers 4-9 and 4-10. For 4-9, a
significant bathochromic shift from 446 to 505 nm occurs when going from solution to
powder spectra. In contrast, the maximum emission peak of powder 4-10 shifts
hypsochromically to 518 nm. That can be assigned to the aggregation of anthra-TIPS.

We tentatively attribute the disappearance of an IEE peak to its solid-state packing
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motif as indicated by the single-crystal structure (see above), in which the two anthra-
TIPS moieties within one molecule strongly interact with other two neighbours in the
excimer formation zone. Figure 1V-11 further confirmed that the intensity of the IEE
peak reduced gradually with the increasing fraction of water, whereas the anthra-

TIPS aggregation emission peak increased correspondingly.
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Figure 1V-11. PL spectra of 4-10 (around 10uM) were measured in THF and water solution. Excitation

wavelength = 380 nm.

Figure IV-12. Solid-state 4-7/8/9/10 show strong fluorescence emission under 365 nm UV lamp.

The photoluminescent quantum yields (PLQYs) of 4-7/8, and 4-9/10 were
determined in DCM in reference to fluorescein (® = 0.9 in 0.1 M NaOH, Agy = 460nm)

and 9,10-diphenylanthracene (® = 0.7 in toluene, Agxc = 365nm), respectively. The
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PLQYs of 4-7 and 4-8 are 0.28+0.02 and 0.36+0.03, respectively. The PLQY of
centrosymmetric 4-9 is 0.21+0.02, which is five times higher than that of its isomeric
planosymmetric 4-10. That might be caused by the intramolecular self-quenching
between the two opposite anthra-TIPS. This phenomenon was also observed for syn-
[2.2](4,7)benzothiadiazolophanes, due to a similar behavior between the two
opposite benzothiadiazole rings.*”! All of the four materials in the solid state emit
strong fluorescence as irradiated by UV light (365 nm) (Figure 1V-12).

2.0 1.6 12 -08 -04 0.0 0.4
Potential (V)

Figure IV-13. Cyclic voltammetric profiles of 4-7/8/9/10 in dichloromethane with 0.1 M BusNPFs as

supporting electrolyte. Scan rate = 100 mV/s.

The cyclic voltammograms were measured versus Fc'/Fc in CH,Cl,/0.1M
BusNPF at a scan rate of 100 mV/s (Figure IV-13 and Table IV-2). 4-7 and 4-8 show
reversible redox processes with the half-wave reduction potential Eeq1/2 VS Fc'/Fc = -
0.91 V and Eeqi2 Vs Fc'/Fc = -0.97 V, respectively. The slightly smaller reduction
potential for 4-7 suggests that the thiadiazole ring has a stronger electron-
withdrawing ability in comparison with benzothiadiazole. 4-9 and 4-10 present quite
similar profiles (Ejeqr2 Vs Fc'/Fc = -1.11 V), which indicates no strong electronic
interaction between face-to-face orientated aromatic rings (anthracene to anthracene,

thiadiazole to thiadiazole or anthracene to thiadiazole).
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Table IV-2. [a] In CH,CIl,, BusNPFg (0.1 M), 295 K, scan rate = 100 mV/s, versus Fc+/Fc. [b]
Determined from Eiumo = - [Ereq12-E(ciire) + 4.8] eV. [c] Calculated from Epomo = Eiumo - Egap. [d]

Determined from the onset of absorption (1><1O'5M). [e] DFT calculation results.

Ered2 VS absorption LUMO HOMO Eq LUMO HOMO

Fc'lFe (V)™ edge (nm) (eV) ™ (ev) (ev) (ev) ™ (ev) ™
4-7 -0.80 514 -4.00 -6.41 2.41 -3.14 -5.90
4-8 -0.86 521 -3.94 -6.32 2.38 -3.08 -5.83
4-9 -1.00 445 -3.80 -6.59 2.79 -2.47 -5.44
4-10 -1.00 445 -3.80 -6.59 2.79 -2.53 -5.50

I\VV.5 Density functional theory calculations

Figure IV-14. Calculated frontier molecular orbitals based on model compounds (omitted methyl
groups) according to DFT calculations at the B3LYP/6-31G (d) level.
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Furthermore, we used DFT calculations to investigate the electron delocalization

and energy levels for the four molecules (Figure IV-14 and Table 1V-2), which were

done by ------ . Electron cloud densities only locate on naphtho[2,3-c][1,2,5]thiadiazole
moieties for both HOMO and LUMO of 4-7 and 4-8. The contributions of thiadiazole

units to these LUMOs are increased due to the electron-withdrawing inductive effect.

Moreover, the HOMOs of 4-9 and 4-10 are delocalized only over the two anthracenes,

whereas their LUMOs are contributed also by the thiadiazole units. Obviously,

intramolecular overlaps were observed for 4-10 between two opposite anthracene

moieties. This is in agreement with the DFT results found for a pentacene based

cyclophane.?®

UV-VIS Spectrum
9000 045
8000 A-BBT |-040 o
7 035 8
i e or () [ 2
S 5000 025 8
2 4000 020 ¥
W 3000 015 @
2000 0103
1000 005 =
[T T T T T [T T
1000 900 800 700 600 500 400 300 200 100 0 2000 1500 1000 500 0 -500
Excitation Energy (nm) Excitation Energy (nm)
UV-VIS Spectrum UV-VIS Spectrum

R L L L R LA L) LA LA RARALAR LRI ALY LRy Lananiass | AR R R R LR AS MRS LA RS LA R AL LRl ]
1000 900 800 700 600 500 400 300 200 100 O 3000 2500 2000 1500 1000 500 0  -500 -1000
Excitation Energy (nm) Excitation Energy (nm)

UV-VIS Spectrum UV-VIS Spectrum

T T A T T [ T T T T [T T T A R T e memmmmﬂmﬂ'
900 800 700 600 500 400 300 200 100 5000 4000 3000 2000 1000 0 <1000 -2000
Excitation Energy (nm) Excitation Energy (nm)

UV-VIS Spectrum UV-VIS Spectrum

1e||19SO

Nl it L L A L L i ] [ AL LR LA LALALARL) WAL LALLLLALE) LALALARLR] LALRLLALA) |
900 3800 700 600 500 400 300 200 100 0 2500 2000 1500 1000 500 0 -500 1000
Excitation Energy (nm) Excitation Energy (nm)

Figure IV-15. Calculated UV-vis spectra based on model compounds of 4-7/8/9/10 and envisaged

monomers (omitted methyl groups) according to TD-DFT calculations at the B3LYP/6-31G (d) level.
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For curiosity, with the help of ------ , the absorption spectra of the model structures
of 4-7/8/9/10 and envisaged corresponding monomer compounds were also
calculated, which present dramatically different properties (Figure IV-15). Taking the
difference between compound 4-7 and A-BBT (lIl) as an example, the energy gap for
4-7 is around 2.75 eV, whereas the energy gap for A-BBT (lll) is only 1.34 eV and
maximum absorb at low energy region appears at 1086 nm. If the conjugated
backbone was further extended to form T-BBT and P-BBT, the calculated maximum
absorption wavelength can reach up to 1433 nm and 1855 nm, respectively. This

behavior is similar to that of compounds with quinone structure.

IVV.6 Conclusions

In conclusion, we have demonstrated herein the synthesis of layered acceptors
via dimerization of thiadiazole end-capped acenes together with their crystal
structures and analysis of packing motifs. Interestingly, the four structurally similar
compounds feature huge differences in their photophysical properties. In comparison
with 4-7, 4-8 with acene ring extension shows a new strong emission in the near-
infrared region introduced by the aggregation effect. Compound 4-9 features only A-
TIPS unit emission, whereas 4-10 is also characterized by intramolecular excimer
fluorescence in solution. This finding provides a feasible molecular strategy to design
novel molecules with aggregation or IEE effect. The photovoltaic properties and
device fabrication of synthesized nonplanar acceptors and application of the present
method to other polyacene systems are currently under study. In this chapter, we
only studied molecules with layered structures. In the coming chapter, cruciform
electron-accepting molecules will be presented. Note that the novel tetra-amino
substituted acenes, such as anthracene, tetracene, and pentacene are very useful
building blocks to construct long acenes or layered acenes, like the pre-research
results, compounds 4-12 and 4-13. Moreover, covalent organic frameworks (COF)
can also be expected after the condensation between our tetra-amino precursors and
cyclohexane-1,2,3,4,5,6-hexaone. The bulk COF crystals can be post-synthesized to
form 2D nanosheets. Then the electronic and catalytic properties can be further
studied. This topic can be also extended for pore engineering. It will be very

interesting.
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Chapter V. A Cruciform Electron Acceptor for
Solution Processed Non-fullerene Organic

Solar Cells

In this chapter, a novel electron acceptor, namely 2,2°-(12H,12'H-10,10'-
spirobi[indeno[2,1-b] fluorene]-12,12'-diylidene) dimalononitrile (5-3), exhibiting
cruciform molecular structure was synthesized and its thermal, photophysical,
electrochemical, crystal, and photovoltaic properties were investigated. The novel
acceptor exhibits excellent thermal stability with a decomposition temperature of 460
°C, an absorption extending to 600 nm, and a LUMO level of -3.72 eV. Solution
processed bulk-heterojunction (BHJ) organic solar cells were fabricated using 5-3 as
acceptor and polythieno[3,4-b]-thiophene-co-benzodithiophene (PTB7) as donor
polymer. The effect of the donor-to-acceptor ratio and processing conditions on
device performance was investigated. A device processed from tetrachloroethane
with a donor to acceptor weight ratio of 1:1 yielded a power conversion efficiency
(PCE) of 0.80 %.

V.1 Introduction

Organic photovoltaic cells have attracted huge attention in the past decades.!""®
In the ongoing search for non-fullerene acceptors special attention has been paid to
small molecule acceptors.[®*” Compared to one-dimensional (1D) analogues,
spatially extended acceptors have attracted much more scientific interest because of
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their unique advantages, specifically: The strong self-aggregation propensity of
acceptors®'! might be prevented by such arrangement, e.g. perylenediimide

[32-341  \which could avoid

substituted spiro-bifluorene, thiophene or triphenylamine,
undesirable large scale phase separation from the donor. Furthermore, isotropic
electron transport pathways as exhibited by fullerene derivatives are formed in BHJ
OPVs, enhancing the exciton diffusion/separation efficiencies and the PCE of the

devices. 53¢

Non-fullerene spatially extended electron-withdrawing materials have shown
good performance in OPVs including diketopyrrolopyrrole,®”! benzothiadiazole,®!
perylenediimide, #3413 3 haphthalene diimide and bifluorenylidene derivatives used
as acceptors.[***?l However, to our knowledge, there have been no reports on
dicyanovinylene-substituted acceptors based on spiro-fluorene for OPVs, even
though dicyanovinylene derivatives have already proven their potential as n-type

organic semiconductors.[*34°!

In this chapter, we describe the synthesis and characterization of a novel small-
molecule acceptor 2,2’-(12H, 12'H-10, 10'-spirobi[indeno[2,1-b]fluorene]-12,12'-
diylidene) dimalononitrile (5-3) (Scheme 1). We also demonstrate its potential as a
non-fullerene electron acceptor in BHJ solar cells. Using a simple spin-coating
fabrication  technique, with  polythieno[3,4-b]-thiophene-co-benzodithiophene
(PTB7)*" as electron donor, the best device efficiency was obtained when processed
from tetrachloroethane, while further solvent additives like diiodooctane did not

improve the performance further.

V.2 Synthesis and characterization

The synthetic route towards 2,2’-(12H,12'H-10,10'-spirobi[indeno [2,1-b]fluorene]-
12,12'-diylidene)dimalononitrile (5-3) is shown in Scheme V-1. 9,9-Spiro-bifluorene
was acylated by 2-iodobenzoyl chloride to yield 9,9-spirobi[fluorene]-2,2’-diylbis((2-
iodophenyl)methadone) (5-1) in 82%. Unfortunately, the envisaged tetra-((2-
iodophenyl)methadone) substituted compound was not observed at all. By altering
the reaction conditions, such as using nitrobenzene as solvent, high reaction

temperature (140 °C) and prolonging reaction time, the main product is still 5-1.
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When the reaction time was extended to 72 hours, and tetrachloroethane was used
as solvent in 100 °C reaction condition, tri- rather than tetra-((2-
iodophenyl)methadone) substituted product could be obtained together with the main
product 5-1. This is mainly due to the low reaction activity of the spiro-bifluorene after
acylation. Then, the intermediate compound 12H,12’H-10,10’-spirobi[indeno[2,1-
blfluorene]-12,12'-dione (5-2) was synthesized by a cyclization reaction using
palladium acetate as catalyst and sodium acetate as base. Furthermore, we also
approved that there was no reaction between 5-2 and 2-iodobenzoyl chloride at room
temperature in tetrachloroethane with aluminum trichloride as catalyst. Finally, the
target product 5-3 was obtained in 99% yield by Knoevenagel condensation of 5-2
with the Lehnert reagent!*®*! (TiCl,, malononitrile, pyridine). We have discovered that
reaction yield of the last step is strongly depending on the amount of TiCl, and
malononitrile adding. In this case, the same amount of reactant and reagent were

added every 4 hours, until there was no 5-2 left, resulting in such high reaction yield.

0
e
' Pd(OAc),, NaOAc
EE—— _—
AICl; DCM, RT DMAc, 130 °C, Ar

82%

CH(CN),, TiCl,

Py, CHCIj reflux
99%

Scheme V-1. Synthetic route towards 5-3.

To assign the positions of protons, 2D NMR studies were performed
by ------ (Max Planck Institute for Polymer Research, Mainz). Firstly, H-NMR spectra
were obtained for both compounds 5-2 and 5-3. As we can see from Figure V-1,

switching from carbonyls to dicyanovinylene units leads to an impressive deshielding
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effect for the hydrogen atoms in their  positions. That can be explained by the
stronger electron-withdrawing strength of dicyanovinylene vs carbonyl. Secondly, H-
C HMBC spectrum of 5-3 was implemented in order to detect hydrogens, which were
closed to the spiro carbon. Consequently, two cross-peaks were observed for the
spiro carbon atom corresponding to three-bond correlations with He (7.69 ppm) and
H; (6.85 ppm). Obviously, the other single peak ascribe to He. Furthermore, the other
important information was obtained by H-H NOESY, which shows the chemical shift
of 7.72 ppm belonging to Hp, since it was correlated with He. Lastly, from the H-H

COSY spectrum, the other protons, Ha, Hg, Hc, Hg, Hy and H, can be easily assigned.

‘HA Hg HDHCHH Hg H, H, HF- x\_\-‘ "

’“ \ | l ” 0\;\ /)/"'-;.’; \."y."(-i§ _H,
| I l.&| ‘[l".'. ﬂ-,-l‘JI- .‘|[ Hao | < \’—Uf__:_f
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Figure V-1. Aromatic region of the 'H-NMR spectra of 5-2 (top) and 5-3 (bottom).
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Figure V-3. Aromatic region of H-H NOESY spectrum of 5-3.
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V.3 Photophysical, electrochemical, and thermal properties

Figure V-4 shows the absorption spectra of 5-2 and 5-3 in dichloromethane
solution and as thin solid film. The absorption bands of 5-2 and 5-3 in the thin film
spectra are only slightly red-shifted compared to those in solution. This is different
from the previously reported star-shaped materials, whose absorption bands are
significantly red-shifted in solid state, which might be due to the different electron
donating and electron withdrawing groups (push-pull effect). The optical gap (Eg)

estimated from the absorption edge of the solution spectrum is 2.56 eV for 5-2 and

2.08 eV for 5-3, respectively.

—5-2 solution
—— 5-3 solution
— 5-2 film
—5-3 film
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Figure V-4. UV-vis absorption spectra of 5-2 and 5-3 in dichloromethane solution and in thin film.
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Figure V-5. Cyclic voltammograms of 5-2 and 5-3 in dichloromethane/0.1 M BusNPFg at 100 mV st

The electrochemical properties of 5-2 and 5-3 were investigated by cyclic
voltammetry (CV) in dichloromethane solution with 0.1 M BusNPFs as supporting
electrolyte. As shown in Figure V-5, both 5-2 and 5-3 exhibit reversible reduction
waves. No oxidation waves could be observed in the measured potential range. The
half-wave potential of 5-2 is -1.29 V. Upon dicyanovinylene functionalization, the
reduction potentials of 5-3 shift to more positive values with the E4, potentials
at -0.72, -1.31 and -1.44 V, respectively. The overlapping second and third reduction
waves of 5-3 with a lower associated current are similar to those of dicyanovinylene-
functionalized(bis)indenofluorenes.”*?! The LUMO energy level of 5-2 and 5-3
estimated from the equation E ymo = - [Ered1/2— Ercii2 + 4.8] eV are -3.09 eV and -3.63
eV, respectively. The strong electron-withdrawing character of the dicyanovinylene
causes a low LUMO level of 5-3, which guarantees sufficient driving force for exciton
dissociation in OPV devices. The HOMO energy of 5-2 and 5-3 are virtually identical
to the value of -5.80 eV, calculated from the optical gap according to the equation
HOMO = LUMO - E,.
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Figure V-6. TGA curves of 5-2 and 5-3.

As shown in Figure V-6, thermogravimetric analysis (TGA) of 5-2 and 5-3
revealed excellent thermal stability, with 5% weight loss occurring at 423 °C and

460 °C, respectively.

V.4 Crystal structure analysis

Single crystals of the new compounds 5-2 and 5-3 were grown by slow
evaporation of the solvent mixture dichloromethane/hexane, and pure
dichloromethane, respectively. In Figure V-7, the crystal structure determined by X-
ray diffraction is presented, which was done by --:--- (Johannes Gutenberg-University,
Mainz). The functionalized 9,9-spiro-bifluorene consists of two identical fluorene -
systems, which are perpendicular to each other via a common sp-hybridized carbon
atom. Crystal packing of the two molecules is dominated by 1r-11 stacking interactions.
The m-stacking of 5-2 obviously extends into three dimensions in the single crystal,
as it can clearly be seen from the packing structure (Figure V-7a). Three 1-stacking
axes are almost perpendicular to each other. This is another example of an organic
semiconductor that can adopt a 2D Tr-stacking. In case of the acceptor 5-3 T1-
stacking with interplanar distances of ca. 3.48 and 3.40 A along the a axis and b axis

(Figure V-7b) was observed. Therefore, the packing
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Figure V-7. Crystal packing diagrams of 5-2 (a) and 5-3 (b) projected along a axis. C, black; O,
purple; N, red.

geometry of the two compounds indicates the possibility of -1 interaction, implying
that isotropic electron transport pathways as in fullerene derivatives could potentially

be formed in donor-acceptor BHJ solar cells.

V.5 OPV properties

To demonstrate the potential application of 5-3 as acceptor, the photovoltaic
device fabrication and measurement were done by ------ (Max Planck Institute for
Polymer Research, Mainz). It was blended with PTB7 as electron donor polymer,
whose absorption band is more red-shifted than that of P3HT and partially

complementary to the absorption of 5-3. BHJ OPV cells of the structure
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ITO/PEDOT:PSS/PTB7:5-3/Ca/Al were prepared. In addition, the effects of varying
processing solvents and blend composition were investigated. Table V-1 summarizes
the obtained open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and PCE of the devices.

Table V-1. Photovoltaic parameters of the solar cell devices obtained under AM1.5G-like conditions at
0.7 suns illumination intensity.

Blend Voc Jsc FF PCE
. solvent
ratio(A/D) I\ [mA/cm?] [%0] [%0]
1:2 TCE 0.87 1.13 0.49 0.64
11 TCE 089 141 0.48 0.80
11 TCE/DCB 0.89 0.22 0.19 0.05
1:1 DCB 0.09 0.10 0.09 0.01
11 TCE/3%DIO 0.42 0.03 0.20 0.00

TCE: tetrachloroethane DCB: dichlorobenzene
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Figure V-8. Current density-voltage (J-V) curves of the OPVs processed by different solvents: (a)

tetrachloroethane; (b) tetrachloroethane/DCB; (c) DCB; (d) tetrachloroethane/3% DIO.
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The device prepared from tetrachloroethane with a donor-acceptor weight ratio
of 1:2 exhibited an open-circuit voltage of 0.87 V, a short-circuit current density of
1.13 mA cm™, a fill factor of 0.49, and a power conversion efficiency of 0.64% (Figure
V-8a). Encouragingly, the blend at a donor-acceptor weight ratio of 1:1 demonstrated
an increased PCE of up to 0.80% with a Vo, Jsc and FF of 0.89 V, 1.41 mA cm™ and
0.48, respectively. We note, that tetrachloroethane is a rather uncommon solvent in
photovoltaic device preparation, however, TCE is also a good solvent for the
acceptors used in the present study. AFM height images show a homogeneous
surface structure of the blend with demixing on the length scale of exciton diffusion,
which ensures efficient exciton quenching and dissociation (Figure V-9a). We have
also tried further device optimization including the use of solvent additives. In fact, a
small amount of 1,8-diiodooctane (DIO) in a volume ratio of 3% was used as solvent
additive to improve the photovoltaicperformance in PTB7:PCBM devices.*”! However,
in the present case the device prepared with the additive exhibited no response to
light at all, even though the AFM images indicated a rather uniform surface structure
(Figure V-9b). This implies that other processes such as geminate recombination of
interfacial charge-transfer (CT) states or insufficient charge carrier transport due to a
lack of charge carrier percolation pathways limit the photovoltaic performance.
Furthermore, we have also investigated the device performance upon using DCB as
solvent or a mixture of DCB and tetrachloroethane. However, in these cases, the
AFM images indicated the formation of large crystallites as high RMS values were
observed. This is detrimental for device efficiency (Figure V-9c/d) as demonstrated
also by the low PCE value. We note that even for the optimized device only a
moderate short circuit current and fill factor were obtained compared to devices that
use fullerene as acceptor. The latter is a consequence of the pronounced bias
dependence of the current density, which does not even saturate at high negative

bias, as previously also observed by us for a polymer-PDI blends.

To better understand the origin of the former, that is, the moderate short circuit
current of the PTB7:5-3 blends spun from C,D,Cls, transient absorption (TA)
spectroscopy was performed on the picosecond to nanosecond timescale. This
experiment was carried out by ------ (Max Planck Institute for Polymer Research,
Mainz). The transient absorption spectra shown in Figure V-10a) are dominated by a

positive feature in the spectral region from 540 to 830 nm peaking at 685 nm, which
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we assigned to a combination of the ground-state bleaching (GSB) of PTB7, as it
coincides with the ground state absorption of the polymer and stimulated emission
(SE) of PTB7 singlet excitons. The observation of SE points towards inefficient
exciton quenching in these blends, in part explaining the lower device performance
compared to PTB7:fullerene blends. Figure V-10b) shows the decay dynamics of the
GSB at various excitation intensities. Clearly, the signal decay is independent of the
excitation intensity pointing towards geminate recombination of charges that do not
manage to entirely dissociate into free charges. We note that a substantial fraction of >
80% of the initially created excited states decays on the sub-ns timescale and
consequently does not contribute to the photocurrent of the device. Thus, we
conclude that the devices are limited by both inefficient exciton quenching as well as

pronounced geminate recombination of bound charges on the sub-ns timescale.

Figure V-9. AFM height images of PTB7:5-3 (1:1, w/w) blend processed by different solvents: (a)
tetrachloroethane; (b) tetrachloroethane/3% DIO; (c) DCB; (d) tetrachloroethane/DCB.
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Figure V-10. a) ps-ns transient absorption spectra at different time delays after photoexcitation at 650
nm with a fluence of 6.0 u\]/cm2 and b) ground-state bleaching (680-700 nm) dynamics at various

excitation densities.

V.7 Conclusions

In conclusion, a novel cruciform acceptor 5-3 containing spiro-bifluorene as core
was synthesized and its thermal, photophysical, electrochemical, crystal, and
photovoltaic properties were fully investigated. As revealed by single-crystal analysis,
the new compound presents the possibility of isotropic charge transport, which is
similar to the situation in fullerene derivatives. The solar cells based on PTB7:5-3
processed from tetrachloroethane yields the highest PCE of 0.80%. Our results
demonstrated for the first time that dicyanovinylene substituted 5-3 could be served
as nonfullerene acceptors. However, we also observed that device performance is
limited by incomplete exciton quenching and fast geminate recombination on the
sub-ns timescale. Further experiments are required to determine whether the bias
dependence of the photocurrent is caused by field-dependent charge generation or
limited by a low charge carrier mobility leading to a competition of charge extraction

and non-geminate recombination or a combination of both processes. Finally, future
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work will aim towards new acceptor structures to improve charge separation and to
overcome the limits set by geminate recombination. In this chapter, we tried different
reaction conditions to synthesize tetra-((2-iodophenyl)methadone) substituted spiro-
fluorene, aiming for symmetric acceptors. However, the Friedel-crafts reaction cannot
occur further after the introduction of two electron-withdrawing benzoyl units, caused
by low reactivity. Therefore, another reaction route towards a novel cruciform
electron-deficient molecule was designed, which will be presented in the next

chapter.
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Chapter VI. Novel Cruciform Electron-Deficient

Molecule with Dicyanovinylene Substitution

In this chapter, a novel electron-deficient cruciform acceptor embedding
dicyanovinylene functionality was designed and synthesized, and its optical and
electrochemical properties were characterized. It exhibits optical band gap of 2.02 eV
and low LUMO energy of —3.60 eV, representing a promising small molecule for n-
type electronic materials. Single crystal analysis indicates such molecule can achieve

2D isotropic charge transfer in the solid state.

VI.1 Introduction

The development of three-dimensional (3D) charge transporting materials is a
vital subject for the achievement of high-performance organic devices.™® It is
believed that there are two efficient methods to facilitate charge transfer, namely,
tuning the frontier molecular orbital levels °*® and manipulating the material packing
mode in the solid state.!®?" Nowadays, the former method is much easier to be
achieved via introducing functional groups with different electron negativities,
whereas the latter technique only limited reports are available. In recent years, some
spatially extended p-type molecules, such as 3D-1 and 3D-2 in Figure VI-1 were
constructed, both of which adopt two-dimensional 1r-stacking in their crystals. This
packing mode indeed favors two-dimensional isotropic charge transport.?? However,

as far as we know, such kind of n-type materials have not been reported.'*



Chapter VI

Figure VI-1. Examples of cruciform p-type and 2D n-type molecules reported in literature.

Recently, a family of highly electron-deficient dicyanovinylene functionalized
indenofluorene-based ladder-type materials, such as BE1?* and BE2>?® in Figure
VI-1 show great potential in n-type organic field effect transistors (OFETSs). That is
because: (1) highly Tr-conjugated planar cores not only facilitate -electron
delocalization but also favor intermolecular 11-11 interactions; (2) dicyanovinylene
groups strongly decrease the LUMO energies, thus achieving electron transporting
behaviors. Considering the advantages of such dicyanovinylene substituted
indenofluorene derivatives and the aim of constructing cruciform n-type molecules,
we employ a sp3 carbon to connect the same two electron-deficient 1-systems. It is
predicted that the orthogonal orientation might favor the intermolecular electronic
coupling into different dimensions. Guided by this motivation, we synthesized 6-4 and

6-5, together with their characterization, and crystal structure analysis.
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V1.2 Synthesis and characterization

The synthetic route to 6-4 and 6-5 is shown in Scheme VI-1. Actually, the original
target molecules are without tert-butyl substitutions, which were obtained and have
bad solubility, thus they cannot be purified by column chromatography. In Scheme
VI-1, the first step of this synthetic approach starts with Suzuki-Miyaura cross-
coupling of methyl 2-bromo-4--(tert-butyl)benzoate (6-1) and 2,2',7,7'-tetrakis(4,4,5,5-

Scheme VI-1. Synthetic route towards 6-4 and 6-5: a) methyl 2-bromo-4-(tert-butyl)benzoate,
Pd(PPhs),, K,COj3, toluene, 110 °C, 74%; b) NaOH ag, ethanol, reflux, 99%; c) First, oxalyl chloride,
DMF, DCM; Second, AICIl;, DCM, 82%. d) TiCl,, CH(CN),, Py, CHCls, reflux, 90%.
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tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9'-spirobi[fluorene] to afford high yields (74%)
of tetramethyl 2,2',2",2"-(9,9'-spirobi[fluorene]-2,2',7,7'-tetrayl)tetrakis(4-(tert-
butyl)benzoate) (6-2). The hydrolysis of 6-2 followed by acidification lead to the
formation of its corresponding spirobi[fluorene]-tetrabenzoic acid 6-3, which was pure
enough and did not need further purification. Initially, we also tried the Suzuki-
Miyaura cross-coupling between 2-bromo-4-(tert-butyl)benzoic acid and tetra boronic
ester substituted-spiro-fluorene, which was successful. However we could not
overcome the purification issue arise from the similar polarity of byproducts and
products. Compound 6-3 was converted into its carboxylic acid chloride by reaction
with oxalyl chloride and catalytic amount of DMF in dry dichloromethane. Subsequent
intramolecular Friedel-Craft acylation with aluminum chloride afforded the desired
tetraketone 6-4 in 82% yield. Finally, the target product 6-5 was obtained in 90% vyield
by the Knoevenagel condensation of 6-4 with the Lehnert reagent (TiCly,
malononitrile, pyridine).?*% Such high reaction yield could be achieved by adding a
large amount of malononitrile, which could be washed away later by acetone. (see
experimental part). Besides standard characterizations, such as HRMass and NMR

for proof of molecules, also their crystal structures could be obtained.
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Figure VI-2. Aromatic region of the "H-NMR spectra of 6-4 (top) and 6-5 (bottom) (C,D,Cl,, 700 MHz).
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Figure VI-3. Portion of the HMBC spectrum of 6-4 (C,D,Cl,, 850 MHZz).

In collaboration with ------ (Max Planck Institute for Polymer Research, Mainz),
the compounds 6-4 and 6-5 were also proven by NMR spectroscopy. The *H-NMR
(Figure VI-2) reveals the remarkable symmetry of both molecules and also evaluates
the strength of electron withdrawing moieties. The hydrogen atoms Ha and Hg in the
B positions of the dicyanovinylene units of 6-5 are in the low magnetic field region,
because of the stronger deshielding effect. For molecule 6-4, HMBC spectrum
(Figure VI-3) was performed to investigate correlations between carbonyl carbons
and their neighboring hydrogens. Consequently, Ha and Hg is assigned to the single
peak with the chemical shift of 8.20 ppm and double peaks with the chemical shift of
7.55 ppm, respectively. Switching from carbonyl to dicyanovinylene units leads to a
stronger deshielding effect for the hydrogen atoms Ha and Hg of 6-5 with the
chemical shift of 8.98 ppm and 8.22 ppm, respectively. Nevertheless, the chemical
shift of He, Hp and He are almost the same for both 6-4 and 6-5, indicating that the
electronic effect arising from electro withdrawing groups, namely carbonyl and
dicyanovinylene, is dramatically reduced in these positions. Obviously, the double
peak with the chemical shift 7.24 ppm arises from Hc, as it is correlated with the
known proton Hg. To investigate in detail the specific H/H contacts and assign

hydrogen atoms Hp and He to the exact
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positions within both molecules, 2D-NMR experiments, such as H-H TOCSY and H-H
NOESY, were performed. Herein, molecule 6-5 is taken as an example for the
hydrogen assignment purpose. As shown in H-H TOCSY spectrum (Figure VI-4),
apart from the expected correlation between the proton Hg and the proton Hc, the
correlation also happens between the known proton Ha and the proton He. Therefore,
the proton Heg and Hp is assigned to the single peak with the chemical shift around
6.96 ppm and 7.28 ppm, respectively. To further support this finding, a H-H NOESY
spectrum was recorded (Figure VI-5). In this spectrum, through-space couplings are
observed between Hp and Hg, as well as Hg and Hc, which indicates the protons are
close to each other in space correspondingly. Evidently, the single peak (8.99 ppm) is
ascribed to Ha, since there is no through-space coupling signal.

VI.3 Crystal structure analysis

The solid-state packing structures of 6-4 and 6-5 were studied by
crystallographic analysis, which was performed by ------ (Johannes Gutenberg-
University, Mainz). Single crystals of both molecules suitable for X-ray diffraction
analysis were grown by slow evaporation of the corresponding dichloromethane
solutions. Figure VI-6 presents a single crystal structure and the packing pattern of
molecule 6-4. Two 1-conjugated bisfluorenone units are connected via a sp3 carbon,
which results in the formation of a cruciform structure. As expected, the 1r-conjugated
bisfluorenone units can form slipped face-to-face m stacking with those of
neighboring molecules, leading to a typical -1 separation of 3.35 A (Figure VI-7).
Surprisingly, in one molecule, only one bisfluorenone unit is parallel to the other
bisfluorenone unit of its neighboring molecule. The other bisfluorenone unit which is
unparalleled to the neighboring bisfluorenone unit interacts with other two
neighboring molecules via Van der Waals forces. As shown in Figure VI-7, there are
three types of intermolecular interactions in different directions, namely, C:--C (a),
C---C (b), and C---O (c), with distances of 3.32 A, 3.32 A and 3.16 A, respectively. By
virtue of the 1r---1 interaction and multiple weak noncovalent interactions, compound

6-4 self-assembles into such a special packing structure in the solid state.
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Figure VI-6. X-ray diffraction structure of 6-4. Top: single molecule. Bottom: crystal packing viewed

along a-axis. Hydrogen atoms are omitted for clarity.

Figure VI-7. X-ray diffraction structure of 6-4. Left: molecular stacking pattern. Right: intermolecular
distances: a: 3.32 A (C---C); b: 3.32 A (C---C); c¢: 3.16 A (C---O). Hydrogen atoms are omitted for

clarity.
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Figure VI-8. X-ray diffraction structure of 6-5. Top: single molecule. Bottom: crystal packing viewed

along b-axis. Hydrogen atoms and solvent molecules (CH,Cl,) are omitted for clarity.
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Figure VI-9. Molecular stacking patterns of 6-5. Hydrogen atoms and solvent molecules (CH,Cl,) are

omitted for clarity.

In Figure VI-8, 6-5 with cruciform structure shows a 2D tr-1r stacking with two
types of packing motifs, arising from the effective parallel of the aromatic rings
between neighboring molecules. As shown in Figure VI-9, the two bis-indenofluorene
units in one molecule contribute differently to the crystal packing. One bis-
indenofluorene unit is involved in a face-to-face -1 interaction with neighboring bis-
indenofluorene unit, whereas the other bis-indenofluorene unit interacts with other
two neighboring indenofluorene units. The interplane distances for these two types of
stacking are 3.59 A and 3.46 A, respectively. In the single crystal, the two Tr-stacking
axes run in two directions and are perpendicular to each other. To the best of our
knowledge, 6-4 and 6-5 are the longest cruciform phenylene oligomers to date that
have been characterized by X-ray diffraction. Considering their unique packing
structures and the strong intermolecular interactions, 6-4 and 6-5 are expected to
show 2D isotropic charge transport and have potential applications for thin-film
OFETs. The compound 6-5 with the combination of isotropic electron transport
pathways and low LUMO levels (see below) should also be a good candidate for

nonfullerene acceptors in donor-acceptor bulk-heterojunction solar cells.
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V.4 Photophysical and electrochemical properties

Figure VI-10 shows the absorption spectra of 6-4 and 6-5 in dichloromethane
solution. The absorption band of both molecules in the range of 280 — 400 nm arises
from the m—T* transition of the conjugated backbones. The other bands located
between 400 and 600 nm can be assigned to the symmetry forbidden n—1r* transition.
However, the intensity of n—1m* absorptions are relatively low in comparison to their
analogues, which might be caused by the solvent effects. Both of the high-energy
absorption and long-wavelength absorptions of 6-5 are redshifted in comparison with
those of 6-4. This mainly is attributed to the decrease of the LUMO levels arising from
the stronger electron-withdrawing nature of dicyanovinylene versus carbonyl
substituents. The optical gap (Eg) estimated from the absorption edge of the solution
spectrum is 2.46 eV for 6-4 and 2.02 eV for 6-5, respectively.
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Figure VI-10. UV-vis absorption spectra of 6-4 (black line) and 6-5 (red line) in CH,Cl, solution. The

inset shows the UV-vis spectra in the region 440 - 680 nm (n-1r* transitions).
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Figure VI-11. Cyclic voltammograms of 6-4 and 6-5 in DCM containing 0.1 M Bu4NPFg as the
supporting electrolyte, Ag as the reference electrode, a glassy carbon as the working electrode, Pt
wire as the counter electrode, and a scan rate of 100 mV/s. The potential was externally calibrated

against the ferrocene/ferrocenium couple.

The electrochemical properties of 6-4 and 6-5 were investigated by cyclic
voltammetry in DCM solutions. As shown in Figure VI-11, 6-4 and 6-5 presented
reversible reduction waves with first half-wave potentials -1.36 and -0.81 eV,
respectively, while no oxidation waves were observed in the measured potential
range. Accordingly, LUMO energy levels were estimated to be -3.05 eV for 6-4 and -
3.60 eV for 6-5. The deeper LUMO energy levels can be attributed to the stronger
electron-withdrawing character of the dicyanovinylene groups than for the ketone.
The HOMOs energy levels of 6-4 and 6-5 are -5.51 and -5.62 eV, respectively,
calculated from their optical gaps according to the equation HOMO = LUMO - Eg.

VI.5 Density functional theory calculations

To further understand the electronic structures and optical properties of the two
acceptors, density functional theory (DFT) calculations were carried out at the
B3LYP/6-311G (d, p) level. The electron density distributions are shown in Figure VI-
12. Electron cloud densities of their HOMOs are uniformly distributed on the

conjugated poly(para-phenylene) backbones, whereas their LUMOs are also
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contributed to carbonyl groups for 6-4 and cyanovinylene units for 6-5. In comparison
with 6-4, 6-5 is a stronger acceptor, since cyano is a stronger electron withdrawing
group than carbonyl. The calculated LUMO energy level of 6-5 is -3.45 eV, which is in

agreement with the CV results.

Figure VI-12. The electron density distribution on models of 6-4 and 6-5.

V1.6 Conclusions

In conclusion, cruciform molecules 6-4 and 6-5 were synthesized and fully
characterized. The introduction of tert-butyl groups is essential, since without them
the solubility issue could not be overcome. The assignment of protons was elucidated
through 2D NMR spectroscopy. Packing mode in crystals of both two molecules
might favor the 2D isotropic charge transfer, like orthogonally linked bis-pentacene
with hole mobilities of 0.01 cm? V! s®. Note that this mobility is not strongly
dependent on the molecular orientation to substrates due to the unique crystal

packing mode (two-directional isotropic face-to-face = stacking).”! The CV
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experiment and DFT calculations indicate compound 6-5 can serve as electron

acceptor, which is also the first cruciform acceptor, as far as we know. The device

fabrication and measurement are currently undergoing. In this chapter, compound 6-

4 with ketone functional groups is a key building block, which can also be used to

construct spatially extended blue-emitting materials. Details will be shown in next

chapter.
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Chapter VII. Spiro-Fluorene Based Blue

Fluorescent Emitters

VII.1 Introduction

Since the first organic light-emitting diodes (OLEDs) were demonstrated in
1987, they have attracted considerable attention due to their potential applications
in flat-panel displays and solid-state lightings. ° With respect to red and green
emitters,’®Y it is a big challenge to develop blue counterparts with excellent
efficiency and color purity, which is due to the intrinsic wide gap causing inevitably
inefficient charge injection to an emitting layer.*? Therefore, great efforts should be
paid on the design and synthesis of stable blue emitters to promote the

commercialization of OLED technology.

Figure VII-1. Examples of fluorene based blue-emitting molecules found in literature.

Fluorene is one widely used building block to construct molecules used not only

as blue emitting materials but also as host materials.” % |n recent years, its
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derivatives (Figure VII-1), such as dihydroindenofluorene (e.g. blue backbone of SF1
and SF2),2%%! pj(9,9-diarylfluorene) (e.g. SF3)*!! and ladder-type poly-p-phenylene
(e.g. blue backbone of SF4)?*?"! have attracted particular interests, due to their
relatively rigid and planar structures. However, in some cases, the excimer emission
(28-29] and ketone defects B%3Y happened in the solid states, with the evidence of the
emission in the long-wave length region. Thus, the corresponding device efficiencies
decreased dramatically.

To solve this problem, the introduction of a rigid spiro linkage, such as
spirobifluorene, into the polymer/oligomer backbone is one of the most efficient ways.
Simultaneously, thermal stabilities were increased; solubility was improved; and the
guantum yields were also enhanced. With the guidance, we came up with a new idea,
namely, connecting two dihydroindenofluorene or ladder-type poly-p-phenylene units
via a sp3-hybridized carbon atom, which has not been reported before. We believe
that should be a challenge and also more meaningful work, considering the following
aspects: (1) the advantages as we discussed above will be kept, favoring device
engineering; (2) molecules we expect indeed will be spatially extended, and thus the
intermolecular aggregation should be reduced theoretically, together with the high
guantum vyield increasing; (3) the study on their crystals and intermolecular
interactions of such spatially extended molecules in the solid state is also appealing

and will provide direct data for other scientists.

Herein, we divide the research content into two parts, namely so called
“dihydroindenofluorene” part (VI1.2) and “ladder-type tetra-p-phenylene” part (VII.3).
In both parts, we describe the synthesis, characterization, photophysical and
electrochemical properties, crystal analysis, together with the density functional

theory (DFT) calculations.

VII.2 Blue emitter based on dihydroindenofluorene units

VII.2.1 Synthesis and characterization

The synthetic route is presented in Scheme VII-1. It is based on a nucleophilic
reaction between 12H,12'H-10,10'-spirobi[indeno[2,1-b]fluorene]-12,12'-dione 5-2
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and [1,1'-biphenyl]-2-ylmagnesium bromide, followed by a intramolecular cyclization
reaction under the reflux condition using acetic acid as solvent. To obtain high
reaction yield, ten equivalent of 2-bromobiphenyl was used, which ensured the
complete nucleophilic substitution on 5-2. Therefore, 92% reaction yield was
achieved. The molecule 7-1 possesses two fluorene rings and two dihydroindeno[2,1-
b]fluorenyl moieties, which are connected via the spiro linkage. As far as we know,
molecule 7-1 appears to be the first case of a spiro-linked two dihydroindeno[2,1-

b]fluorenyl fragments.

a) 2-bromobiphenyl
Mg, I>
E— .

b) HAc, 110 °C

92%

Scheme VII-1. Synthetic route towards 7-1.

The compound 7-1 can be further extended to form bigger rigid structures. At the
beginning, we assumed that the Friedel-crafts reaction should occur in the C position
(see Scheme VII-2), considering the reactivity of fluorene. In order to confirm the
chemical structure, single crystals were grown by slowly evaporation of the DCM and
hexane mixed solution and analyzed by Dr. Dieter Schollmeyer (Johannes
Gutenberg-University, Mainz). The crystal structure shows that the Friedel-crafts
reaction happened prior to the A position rather than B and C positions (Figure 1IV-2).
Additionally, through altering the amount of 2-iodobenzoyl chloride adding, the
formation of mono- or di- (2-iodophenyl)methanone substituted spiro-fluorene can be
reached (see Scheme VII-2). Thereafter, 4-spiro and 5-spiro could be formed, which
were only characterized by FD Mass. However, the purification of such compounds
by column chromatography was quite a challenge. The problem could be possible
solved by using recycling GPC. Anyway, this reaction route was confirmed working

well.
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2-iodobenzoyl chloride
AICl3;, DCM, RT

2-iodobenzoyl chloride
AICl3;, DCM, RT

Pd(OAc), | DMAc

NaOAc i 130 °C
NaOAc 130°C

a) 2—bromobiphenyl¢ b) HAc, 110 °C

a) 2-bromobiphenyl| b) HAc, 110 °C Mg, I»
Mg, |2

Scheme VII-2. Synthetic route towards 4-spiro and 5-spiro.
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Figure VII-3. Aromatic region of H-NMR spectrum of 7-1 (CD,Cl,, 850 MHZz).
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The structure of 7-1 was also proven by NMR spectroscopy. As shown in Figure
VII-3, the different protons can be assigned to different moieties and exact positions
within the molecule. That was supported and ascertained by 2D-NMR experiments,
such as HMBC (Figure VII-4), NOESY (Figure VII-5), COSY (Figure VII-6) and
TOCSY (Figure VII-7), which were performed by ------ (Max Planck Institute for
Polymer Research, Mainz). Firstly, HMBC spectrum was performed to investigate
correlations between spiro carbons and their neighboring hydrogens. Consequently,
Ha and Hg are assigned to the single peak with the chemical shift of 6.09 ppm and
double peaks with the chemical shift of 6.62 ppm, respectively. Obviously, the other
single peak (8.26 ppm) is ascribed to proton He. Thereafter, Hs and He can also be
assigned to the double peaks with chemical shift of 7.95 and 7.90 ppm, respectively,
since both protons have correlations with Hg in the NOESY spectrum and only proton
He has correlation with known Hg in the TOCSY spectrum. Through the COSY
spectrum, the assignment of the other protons on the dihydroindeno[2,1-b]fluorenyl
moieties is straightforward. Those are Hy (7.39 ppm) and H; (6.53 ppm). Regarding
the Hc, Hp and H,, their peaks are mixed with the peaks arising from protons of two
fluorene units. Unfortunately, the attempt to specify the proton positions of fluorene

was failed. However, the roughly prediction of their positions was achieved.

Hg H H, Hri Ha
KIR
M MM J

e
——

T T
65.6 654

A
—
]
et
=
===
T
65.8

6.8 6.6 6.4 6.2 F2 [ppm]

Figure VII-4. Portion of the H-C HMBC spectrum of 7-1 (CD,Cl,, 850 MHZz).
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Figure VII-5. Aromatic region of H-H NOESY spectrum of 7-1 (CD,Cl,, 850 MHZz).
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Figure VII-6. Aromatic region of H-H COSY spectrum of 7-1 (CD,Cl,, 850 MHz).
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Figure VII-7. Aromatic region of H-H TOCSY spectrum of 7-1 (CD,Cl,, 850 MH2z).

VII.2.2 Crystal structure analysis

Single crystals of 7-1 suitable for X-ray diffraction analysis were successfully
grown by slow evaporation of the hexane and dichloromethane mixed solution.
Crystal structure analysis was carried out by ------ (Johannes Gutenberg-University,
Mainz). In Figure VII-8, 7-1 presents the rigid three-dimensional structure, which
could efficiently prevent the intermolecular self-aggregation and thus reduce or
eliminate the quenching of the luminance. The dihydroindeno[2,1-b]fluorenyl core of
7-1 has a maximum length of 10.6 A, which is similar to its derivatives.”? The
diameter of the molecule is up t014.88 A (distance between endcapped carbons of
the dihydroindeno [2,1-b]fluorenyl core, see Figure VII-8 right). As shown in Figure
VII-9, three types of intermolecular interactions in different directions are observed,
namely, C---H (a), H---H (b), and C---H (c), with a distance of 2.88 A, 2.29 A and 2.80
A, respectively. Surprisingly, no intermolecular -1 interaction is observed in such

crystals, even though large planar aromatic rings, such as fluorene and

126



Spiro-fluorene-based blue fluorescent emitters

dihydroindeno [2,1-b]fluorenyl core exist in this system. That can be explained by the

steric hindrance effect.

Figure VII-9. X-ray diffraction structure of 7-1. Intermolecular distances: a: 2.88 A (C---H); b: 2.29 A
(H---H); ¢: 2.80 A (C---H).

127



Chapter VII

VII.2.3 Photophysical, electrochemical, and thermal properties

As depicted in Figure VII-10, the UV-vis absorption spectrum of 7-1 in CH,Cl,
displays six characteristic bands (269, 297, 311, 328, 334, and 344 nm) that are very
similar to those previously observed for its analogue, such as dispiro[fluorene-9,10'-
indeno[2,1-b]fluorene-12',9"-fluorene].?? The absorption bands of 7-1 in the thin film
spectrum are only slightly red-shifted (4 nm) compared to that in solution. The
fluorescence spectrum of 7-1 in CHCl, is with the maximum emission peak at 351
nm and thus with a narrow Stokes shift of 8 nm. This is indicative of an extremely
rigid chromophore, in which the vibrational relaxation of the excited state is
dramatically restricted. The feature is also related to the high quantum vyield of
approximately 0.45, especially for the violet emitter, which could also be used as host
for the sky-blue emitting phosphorescent material. In the neat film, however, the
emission behavior are different. On going from solution to the solid state, 7-1 displays
a redshift of about 20 nm, together with the appearance of a long tail in the range of A
= 400-600 nm. This indicates the existence of strong intermolecular interactions. To
prevent this phenomenon in the future, more bulk groups, such as dendrimer, could
be introduced in the core.

1.0+ — UV-vis solution -1.0
1 —=— UV-vis film [
c i B c
Le) 0.8 —e— PL solution 0.8 S
I —PL film Y
5 0.6 L 0.6 z
N o
T 0.4- F0.4 &
—
E W
© 0.2- L02 Z
Z - -
0.04 L 0.0

300 400 500 600
Wavelength (nm)

Figure VII-10. Absorption (square) and photoluminescence (cycle) spectra of 7-1 in DCM (Agy = 330
nm) and thin film (Ag,c = 270 nm).
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—T71

00 04 08 12 1.6 2.0
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Figure VII-11. Cyclic voltammetric profile of 7-1 in dichloromethane at a scan rate of 100 mV/s with 0.1

M BusNPF¢ as supporting electrolyte.

To design the configurations of the OLED devices with high emitting efficiency, it
is essential to determine the HOMO and LUMO energy levels of the chromophore in
the emissive layer (EML). Thereafter, materials for hole and electron transporting
layers can be chosen for efficient charge carrier transfer from the electrodes to the
EML. The electrochemical behavior was investigated by cyclic voltammetry. Cyclic
voltammograms (Figure VII-11) of 7-1 in DCM exhibited only one oxidation wave,
with the E;, potential around 1.54 V, arising from the oxidation of the
dihydroindenofluorenyl units. The HOMO energy level estimated through the
equation Epomo = = [Eoxdrz = Ee " ire) + 4.8] €V was around -5.84 eV. This HOMO
energy level is almost the same to that of reported analogue dispiro[fluorene-9,10'-
indeno[2,1-b]fluorene-12',9"-fluorene]’*?. However, in the accessible potential range,
we have not observed the reduction wave. The LUMO energy was calculated from
the optical gap to be -2.30 eV, according to the equation LUMO = HOMO + Eq. The

optical gap was calculated from the onset of the absorption spectrum.
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200 400 600 800
Temperature (°C)

Figure VII-12. TGA curve for 7-1 measured under a nitrogen atmosphere at a heating rate of 10

°C/min.

The thermal stability of 7-1 was investigated by thermogravimetric analysis
(TGA), which is shown in Figure VII-12. 7-1 exhibited an excellent thermal stability at
450 °C with 5% weight loss. The differential scanning calorimetry (DSC) curves of

this compound did not show any phase transition in the range from 30 °C to 400 °C.
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VII.2.4 Density functional theory calculations

HOMO-1  LUMO+1
-5.87eV  -1.34eV

HOMO-2 LUMO+2 4
-6.12 eV -1.27 eV Lo
%

Figure VII-13. Frontier molecular orbitals calculated by DFT B3LYP/6-311G + (d, p) for 7-1 after

geometry optimization.

Figure VII-14. DFT-simulated triplet spin density distribution of 7-1.
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The frontier orbital distribution of 7-1 was investigated by DFT calculations
(Figure VII-13 and VII-14). The HOMO and LUMO is mainly located on
dihydroindenofluorene units, with the energy levels of -5.63 and -1.36 eV,
respectively. This electron delocalization phenomenon and calculated results of
energy levels are similar to those for its analogue dispiro[fluorene-9,10'-indeno[2,1-
blfluorene-12',9"-fluorene].”? This indicates that the spiro linkage can keep the
original properties of its connected fragments. Ongoing from HOMO to HOMO-1 and
HOMO-2, the dispersion of electron cloud densities are increased to fluorene
moieties correspondingly. Simultaneously, the energy levels of occupied molecular
orbitals HOMO-1 and HOMO-2 are decreased to -5.87 and -6.12 eV, respectively.
The energy levels of its LUMO and LUMO+1 are almost degenerated, in which the
electron density extends exclusively along the dihydroindenofluorene units. In
LUMO+2, small amount of electron dispersion on fluorene can be observed. This
feature clearly indicates the main involvement of the dihydroindenofluorene
fragments for electron injection in devices. The T; energy levels of 7-1 was estimated
as the energy gaps between its ground state and T, excited state to be 3.19 eV,
which is around 0.30 eV higher than that of the traditional used host N,N’-
dicarbazolyl-3,5-benzene (mCP). That indicates 7-1 expands the varieties of being

used as host for other blue-emitting materials with high triplet energies.

VI1.3 Cruciform blue emitter based on ladder-type tetra-p-

phenylene units

VII.3.1 Synthesis and characterization

The synthetic route is presented in Figure VII-14. The target compound 7-2 was
prepared based on a two-step reaction. Firstly, nucleophilic reaction happened
between 3,3',9,9'-Tetra-tert-butyl-6,6'-spirobi[cyclopenta[2,1-b:3,4-b[difluorene]-
12,12',15,15'-tetraone 6-4 and [1,1'-biphenyl]-2-ylmagnesium bromide. Then, 7-2 was
produced in a 88% vyield by an intramolecular cyclization reaction under acetic acid

reflux condition. The product was purified by column chromatography.
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a) 2-bromobiphenyl

Mgv |2
.

b) HAc, 110 °C

88%

Figure VII-15. Labeling protons of 7-2.

To assign hydrogen atoms to the exact positions within 7-2, 2D-NMR
experiments, such as H-H COSY (Figure VII-16), H-H NOESY (Figure VII-17), and H-
H TOCSY (Figure VII-18) were performed by -:---- (Max Planck Institute for Polymer
Research, Mainz). Firstly, NOESY spectrum was recorded, which can ascertain
proton Hp with the chemical shift of 7.01 ppm, as its through-space couplings with
other single peaks was not observed. Consequently, the other two single peaks arise
from Hg and Hc. Secondly, considering the H-H correlations between Hc and other
two protons (Hpe) in TOCSY spectrum, we identify Hg and Hc with the chemical shift
of 7.25 and 7.60 ppm, respectively. At the same time, the chemical shifts of Hp and

He are roughly determined. Thereafter, when we go back to see the NOESY
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spectrum, the Hp and Heg are defined with the chemical shift of 6.56 and 7.04 ppm,
respectively, since He correlated with two protons (Hps). Obviously, the double peak
with the chemical shift of 6.87 ppm is assigned to proton He. Lastly, Hg (7.13 ppm),
Hy (7.36 ppm) and H, (7.84 ppm) can also be determined based on the analysis of
the COSY spectrum.

H, He Hy Hg Hy Ha H; Hp
M¥ L_JWUU
£
=
s
Hp g 9 i
H, i o
Hy 0 Nﬂ w —3
E
Hg X N [}
Hg ¢
Hy o @ g
-
He 0
H, o 44
T [ T T T | T T T | T T T | T T T | T T T | T T T [ T T T | T T T |
8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 F2[ppm]

Figure VII-16. Aromatic region of H-H COSY spectrum of 7-2 (C,D,Cl,;, 500 MHZz).
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Figure VII-17. Aromatic region of H-H NOESY spectrum of 7-2 (C,D,Cl,;, 500 MHz).
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Figure VII-18. Aromatic region of H-H TOCSY spectrum of 7-2 (C,D,Cl,, 500 MHZz).

135



Chapter VII

VII.3.2 Crystal structure analysis

Suitable crystals for X-ray diffraction analysis were grown in pentane solution by
slow evaporation and were analyzed by ------ (Johannes Gutenberg-University,
Mainz). As depicted in Figure VII-19, the two conjugated poly(para-phenylene)
backbones with the length of 15.09 A are perpendicular to each other. Like its
reported analogue, the TT-system does not adopt a strictly coplanar configuration.
Two distortions were observed on both sides. Moreover, two opposite fluorene

groups directly connected to the poly(para-phenylene) backbone are parallel

Figure VII-19. X-ray diffraction structure of 7-2. Top and bottom-left: single molecule structure.

Hydrogen atoms are omitted for clarity. Bottom-right: Unit cell.
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to each other and with the distance of 8.76 A. Furthermore, to the best of our
knowledge, 7-2 is the largest three-dimensional poly(para-phenylene)-based
structure that has been characterized using X-ray crystallography, with the diameter
up to 17.55 A. In the crystal-packing diagram (bottom right) of 7-2, only interactions
between hydrogen atom of the tert-butyl and hydrogen atom of the phenyl group are
observed, which are shorter than the sum of the van der Waals radii of the hydrogen
(1.20 A). As expected, the packing diagram indicates the lack of effective
intermolecular 1T-11 interactions in the solid state, despite molecule 7-2 presents two
long 1 systems. We assign the reason to the steric hindrance arising from the tert-

butyl groups and fluorene units.

VII1.3.3 Photophysical, electrochemical, and thermal properties

The absorption and PL spectra of 7-2 are shown in Figure VII-20. The UV-vis
absorption spectrum taken in DCM shows four characteristic peaks (312, 334, 360,
379 nm) that are very similar to those earlier observed for its analogue hexa-p-tolyl-
12,15-dihydro-6H-cyclopenta[2,1-b:3,4-b'difluorene.”® Thus, we confirm that those
absorption bands arise from the conjugated backbone. The PL spectrum recorded in
DCM presents a well-resolved emission, with a maximum recorded at 406 nm. The
maximum emission peak of film spectrum is only 7 nm redshift in comparison to that
of solution, which is due to the prevention of the strong intermolecular aggregation in
the solid state. However, a long tail in the range of A = 480-600 nm appeared, which
suggests the existence of the intermolecular interactions. The photoluminescence
quantum vyield (PLQY) of 7-2 is measured relative to a fluorescent standard material
9,10-diphenylanthracene (® = 0.9 in cyclohexane, Agx. = 325 nm). The PLQY is as
high as 0.76, which has a significant close relationship with the rigid structure.
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Figure VII-20. Absorption (square) and photoluminescence (cycle) spectra of 7-2 in DCM (Agyc
= 360 nm) and thin film (Ag,. = 310 nm).
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Figure VII-21. Cyclic voltammetric profile of 7-2 in dichloromethane at a scan rate of 100 mV/s with

0.1 M BusNPF¢ as supporting electrolyte.

The electrochemical property of 7-2 was investigated by cyclic voltammetry.
Cyclic voltammograms (Figure VII-21) showed three reversible oxidation waves, with
the Ej, potentials 1.27, 1.40 and 1.48 V, respectively. Moreover, the first half wave
potential of 7-1 is the same as the reported data of its analogue.”® Thus, we assign

the first wave to the oxidation of the poly(para-phenylene) backbones. Accordingly,
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HOMO energy levels were calculated to be -5.62 eV. The higher level HOMO of 7-1
relative to that of 9,9-di(p-tolyl)bifluorene[24] is also consistent with the coplanar
structure having an greater degree of 1r-conjugation. In the case of LUMO, we have
not observed a reduction wave in the potential range. The LUMO energy was
calculated from the optical gap to be -2.43 eV, according to the equation LUMO =
HOMO + Eg.
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Figure VII-22. TGA curve for 7-2 measured under a nitrogen atmosphere at a heating rate of 10

°C/min.

The thermal property of 7-2 was investigated by TGA as shown in Figure VII-22.
7-2 exhibited excellent thermal stability, with 5% weight loss upon heating at 540 °C.
When the temperature was raised to 580 °C, the tert-butyl alkyl chains were firstly
decomposed. The weight loss up to 580 °C was around 12%, which is approximately
in agreement with the alkyl chains weight ratio 15% in 7-2. The DSC curves of this

compound did not show any phase transition in the range from 30 °C to 450 °C.

139



Chapter VII

VI1.3.4 Density functional theory calculations

DFT simulation was performed to get an insight into the nature of the
optoelectronic characteristics of 7-2. As shown in Figure VII-23 and VII-24, electron
cloud densities of its HOMO, HOMO-1, LUMO and LUMO-1 are extended to almost
whole of the conjugated poly(para-phenylene) backbones, while the fluorene units
are not involved in the corresponding frontier orbitals. Therefore, this feature clearly
indicates the conjugated backbones play a pivotal role for both hole and electron
injection in OLED devices. Moreover, in the case of HOMO+2 and LUMO-2, the main
electron cloud densities are predominately contributed by the fluorene moieties,

together with the big energy levels change. The triplet energy level is calculated to be

J’ 3)

LUMO+1 LUMO+2
-1.27 eV -0.75 eV

3.3 S s,

J*J
N

r N r 4
J;J

2 ’ 9
L 33
HOMO-1 HOMO-2
-515eV -5.65 eV

Figure VII-23. Frontier molecular orbitals calculated by DFT B3LYP/6-31G (d) for 7-2 after geometry
optimization.
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Figure VII-24. DFT-simulated triplet spin density distribution of 7-2.

-2.31 eV, which is relatively low, indicating material 7-2 is not suitable to be used as
host for other blue-emitting materials (guest). That is because triplet excitons may
migrate from the guest to 7-2 (host) by Dexter energy transfer, resulting in poor
OLED performance.®® On the other side, 7-2 can be served as guest, and many

other materials could easily meet the demand for being its host.

VIl.4 Conclusions

In conclusion, the connections between two dihydroindenofluorenyl units to
construct 7-1, as well as two ladder-type poly-p-phenylene groups to synthesize 7-2,
was initially achieved via a sp® carbon linkage. Friedel-Crafts reaction can happen
between 7-1 and 2-iodobenzoyl chloride. Furthermore, the acylation occurred
primarily in the A carbon, which was confirmed by single crystal analysis. By altering
the amount of 2-iodobenzoyl chloride, one- and two-position substitution products
were obtained. Thereafter, the reaction routes toward 4-spiro and 5-spiro were
approved to work well. The novel two rigid compounds 7-1 and 7-2 present excellent
thermal and electrochemical stability and high PLQYs. Through analysis of different
triplet energy levels 7-1 and 7-2, the former can be used not only as the deep-blue

emitter also as host for other normal fluorescent or phosphorescent materials,
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whereas latter can only be employed as a blue emitter. The device application of both

compounds is currently undergoing.
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Chapter VIIl. Experimental Section

VIIl.1 Reagents and analytical techniques

Materials

All starting materials, solvents and catalysts were purchased from companies Aldrich,

Acros, Fluka, Merck and TIC. All of them were used as received without purification.

Chromatography

Silica gel with particle size of 0.063-0.200 mm or 0.04-0.063 mm was used for
preparing column chromatography. A combination of thin layer chromatography (TLC)
and ultraviolet Lamp was used as analytical technique. For eluents, the technical
hexane was distilled and used together with the analytically pure solvents. Gel
permeation chromatography (GPC) was performed on Bio-Beads S-Xlbeads,

provided by Bio-Rad Laboratories Inc. Chloroform (HPLC) was used as eluent.



Chapter VIII

NMR spectroscopy

'H-NMR, C-NMR, 'H,'H-COSY, 'H,'H-NOESY, 'H,'H-TOCSY and 'H,"*C-HMBC
spectra were recorded in CD,Cl,, C,D,Cls, THF-35, DMSO-4¢ 0or D,SO4 0on a Bruker
DPX 250, 300, 500, 700 or 850 spectrometer. Chemical shifts (&) were expressed in
parts per million (ppm) using tetramethylsilane as internal standard. Unless otherwise

stated, the measurements were carried out at room temperature.

Mass spectrometry

Field-desorption mass (FD-MS) spectra were recorded on a ZAB 2 SE-FPD
spectrometer (range 110-3300). High Resolution Mass Spectra (HRMS) were carried
out by a maXis ESI-Q-TOF system in Johannes Gutenberg-University, Mainz.
Electrospray ionization and matrix assisted laser desorption-ionization (ESI-MALDI)
was performed on bruker daltonics solariX system in Swiss Federal Institute of

Technology, Zurich.

UV-vis and photoluminescence spectroscopy

UV-vis spectra and photoluminescence spectra were recorded on a Perkin Elmer
Lambda 15 spectrophotometer and a SPEX-Fluorolog Il (212) spectrometer,
respectively. Photoluminescence quantum yields (PLQYs) were measured relative to
a fluorescent standard material with a known PLQY. Essentially, solutions of the
standard and test samples were prepared with identical absorbance less than 0.1 at
the same excitation wavelength. Hence, the PLQYs were calculated through the
varying ratio of the integrated fluorescence intensities of the two solutions according

to the following equation:

A 2
o= (3) )
S S

Where the subscripts X and S represent test and standard, respectively; ®, A, and n
denotes PLQY, the integrated fluorescence intensity, and refractive index of the

solvent, respectively.
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Cyclic voltammetry

Cyclic voltammetry measurements were carried out on a computer-controlled
GSTAT12 in a three-electrode cell in anhydrous solution of tetrabutylammonium
hexafluorophosphate (0.1 M) with a scan rate of 100 mV/s at room temperature,
using glassy carbon discs as the working electrode, Pt wire as the counter electrode,
Ag/AgCI electrode as the reference electrode. The used solvents were reported for
the respective measurement. Ferrocene (Fc) was employed as standard. The HOMO
and LUMO energy levels were estimated from the half-wave potential of the first
oxidation peak and the first reduction peak, respectively, according to the
corresponding equation Exomo = - [Eoxdi2 — Ec+ire) + 4.8] €V and E umo = - [Eredi2 —
E(re+ire) + 4.8] eV.

Thermogravimetric analysis and differential scanning calorimetry

Thermogravimetric analysis (TGA) was carried out on a Mettler 500 at a heating rate
of 10 °C/min under nitrogen flow. Differential scanning calorimetry (DSC) was
performed on a Mettler DSC 30 at a heating/cooling rate of 10 °C/min under nitrogen

flow.

Melting point

Melting points were measured on a Buchi hot stage apparatus (B-545) under ambient

atmosphere

Computational methods

The geometry optimizations were performed using Gaussian 09, Revision B.04
guantum chemistry program at the B3LYP level of theory. 6-31G, 6-31G* or 6-31G**

basis sets were chosen for different molecules.
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Single crystal X-ray diffraction crystallography

Single crystal X-ray diffraction measurements and structure solutions were performed
by Dr. Dieter Schollmeyer at Johannes Gutenberg-University. The crystallographic
data were collected on smart CCD diffractometer with Mo-Ka radiation or STOE
IPDS 2T diffractometer with Cu-Ka radiation. The structures were solved by direct

method and refined by a full-matrix program (SHELXL).
OFET devices fabrication and measurements

OFETSs in this study were fabricated with the bottom-gate/bottom-contact architecture,
employing gold as the source/drain electrode and Si/SiO, as gate dielectric. The gate
dielectric was functionalized by hexamethyldisilazane (HMDS) to minimize interfacial
trapping sites. Semiconductors in chloroform were drop-casted on substrates under
nitrogen atmosphere, followed by annealing at 120 °C for 30 min. All the electrical
measurements were performed in a glovebox using Keithley 4200 SCS under

nitrogen atmosphere.

OPV devices fabrication and measurements

Solar cells were fabricated on patterned ITO-coated glass substrates (Prazisions
Glas & Optik GmbH, Germany). The samples were treated with an argon plasma
before spincoating a ~40 nm thick poly(3,4-ethylene-dioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) (Clevios P VP al 4083, H.C. Stark) layer. The
substrates were heated to 120 °C for 30 min in a nitrogen-filled glovebox. The active
layer was deposited via spin-coating a 1:1 mixture of donor and acceptor.
Subsequent to the active layer deposition, a bilayer of 5 nm calcium and 100 nm
aluminum was evaporated through a shadow mask. IV characteristics were obtained
under illumination with a solar simulator (K.H. Steuernagel Lichttechnik GmbH,
Germany) using a 575 W metal halide lamp in combination with a filter system to
create a spectrum according to AM1.5G conditions. Yet, the intensity was at 70 mW
cm™. Current-voltage curves were measured with a Keithley 236 Source Measure
Unit (SMU) within a glovebox. The light intensity was measured with a calibrated

silicon photodiode.
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VIII.2 Material Synthesis

Bis(3,4-dimethylphenyl)methanone (2-1)

o
21

n-Butyllithium (1.60 M solution in hexane, 18.56 mL, 29.70 mmol) was added
dropwise to a solution of 4-bromo-1,2-dimethylbenzene (5.00 g, 27.00 mmol) in THF
(100 mL) at -78 °C for 40 min. Then, 3, 4-dimethylbenzaldehyde (3.76 mL, 28.35
mmol) was added to the mixture at -78 °C and the obtained mixture was stirred at
room temperature overnight. After removal of the solvent, 1, (6.85 g, 43.20 mmol),
K,CO3 (11.18 g, 81.00 mmol), and t-BuOH (70 mL) were added and the obtained
mixture was stirred at a refluxing condition for 8 h. The reaction mixture was
guenched with 100 mL Na,SO; solution and was extracted with 200 mL
dichloromethane three times. The organic layer was washed with brine three times
and dried over Na,SO, for 6 hours. The solvent had been completely removed by

rotary evaporator, affording 6.10 g product white powder in a yield of 95%.

'H NMR (250 MHz, C,D,Cl,): & 7.60 (s, 2H), 7.52 (dd, J = 7.8, 1.9 Hz, 2H), 7.28 (d, J
= 7.7 Hz, 2H), 2.39 (s, 6H), 2.37 (s, 6H).

3C NMR (63 MHz, C,D,Cl,): & 196.61, 142.07, 137.14, 136.10, 131.29, 129.63,
128.09, 20.12, 19.91.

HR-MS (MALDI) m/z: calculated for C17H190 [M*] 239.1430. Found 239.1430.

Elemental analysis for C,17H150: calculated: C, 85.67; H, 7.61. Found: C, 85.68; H,
7.67.

Melting point: 145.0 — 145.7 °C.
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2,3,6,7-Tetramethyl-9H-fluoren-9-one (2-2)

Under air atmosphere, palladium acetate (100 mg, 0. 44 mmol), Ag.CO3 (3.06 g,
13.23 mmol), K2CO3(3.04 g, 22.65 mmol) and 2-1 (2.10 g, 8.82 mmol) were added
into a Schlenktube dried by a hot-gun. The tube was stopped and degassed with
argon for three times. Then, trifluoroacetic acid (20.00 mL, 262 mmol) was added by
syringe. The mixture was stirred under argon atmosphere at 140 °C for 24 h. Then
the mixture was cooled down to room temperature and 500 mL water was added and
extracted by 200 mL dichloromethane three times, further purified by flash
chromatography on silica gel with dichloromethane as eluent to give the product
(1.56 g, 75%) as yellow solid.

IH NMR (250 MHz, C,D,Cl): 8 7.25 (s, 2H), 7.17 (s, 2H), 2.24 (s, 6H), 2.19 (s, 6H).

3C NMR (63 MHz, C,D,Cl,): & 194.24, 144.34, 142.93, 137.49, 133.01, 125.33,
121.73, 20.83, 19.98.

HR-MS (MALDI) m/z: calculated for C17H160 [M*] 236.1196. Found 236.1196.

Elemental analysis for C;7H;60: calculated: C, 86.40; H, 6.82. Found: C, 86.29; H,
7.09.

Melting point: 229.2 — 229.9 °C.

2,3,6,7-Tetrakis(dibromomethyl)-9H-fluoren-9-one (2-3)

(0]

Br . Br
Br O O Br
Br Br

Br
2.3 Br

The tetramethyl fluorenone 2-2 (0.36 g, 1.56 mmol) was added into a flask filled with
Ar. Then, CCl4 (25 mL) was injected. The mixture was heated to reflux and irradiated
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with a 250 W light bulb. Bromine (3.22 mL, 62.3 mmol) was slowly added dropwise to
the solution. After 2 days, the mixture was cooled down to room temperature and the
yellow product was collected by filtration and washed with chloroform to give the
product 2-3 1.10 g with a 81% yield.

'H NMR (250 MHz, THF-dg): & 8.49 (s, 1H), 8.11 (s, 1H), 7.64 (s, 1H), 7.59 (s, 1H).

3C NMR (63 MHz, THF-dg): & 188.35, 143.87, 138.81, 135.62, 124.60, 123.51,
123.22, 35. 66.

HR-MS (MALDI) m/z calculated for C17HgBrsO [M*] 860.4415. Found 860.4127.

Elemental analysis for C17HgBrgO: calculated: C, 23.54; H, 0.93. Found: C, 23.54; H,
0.68.

Melting point: 288.6 — 289.5 °C, decomposed.

2,9-Bis(2-ethylhexyl)-1H-fluoreno[2,3-f:6,7-f']diisoindole-1,3,8,10,13(2H,9H)-

pentaone (2-4a)

(0]
CZH? CQ.OQ 002H5
C4H9/K/ N N\)\C4H9
(6] (6]

2-4a

To a solution of 2-3 (0.46 g, 0.53 mmol) in dry DMAc (15 mL), Nal (0.79 g, 5.30 mmol)
and maleimide (R= 2-ethylhexyl) (0.28 g, 1.32 mmol) were added. Then the mixture
was heated at 80 °C under Ar for 20 hours. After cooling, 20 mL water was added
into the mixture. The product was collected by filtration, and washed with 30 mL
water four times. The compound 2-4a was purified by short column chromatography

with THF as eluent to give the product 2-4a in 67% yield.

IH NMR (500 MHz, C,D,Cl,): & 8.47 (s, 2H), 8.40 (s, 2H), 8.38 (s, 2H), 8.37 (s, 2H),
3.68 (d, J = 7.0 Hz, 4H), 1.90 — 1.96 (m, 2H), 1.44 — 1.28 (m, 16H), 0.98 (t, J = 7.4 Hz,
6H), 0.92 (t, J = 6.6 Hz, 6H).
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3C NMR (126 MHz, C,D.Cl,): 5 190.18, 167.39, 167.33, 140.81, 139.77, 136.56,
136.13, 131.19, 129.49, 127.29, 126.36, 124.53, 122.37, 42.72, 38.64, 31.06, 28.73,
24.43, 22.88, 13.84, 10.59.

HR-MS (MALDI) m/z calculated for Cs1H43N20s [M'] 643.3166. Found 643.3166.
Elemental analysis for C41H43N2Os: calculated: C, 76.61; H, 6.59; N, 4.36. Found: C,
75.41; H, 6.93; N, 4.26.

Melting point: 359.0 — 359.7 °C.

2,9-Bis(2-hexyldecyl)-1H-fluoreno[2,3-f:6,7-f']diisoindole-1,3,8,10,13(2H,9H)-
pentaone (2-4b)

CgH47

O
CeH13 Q QQ.OQ O Cetirs
)\/N N\)\CSHW
© 2-4b ©

Compound 2-4b was synthesized according to the previously method used to
synthesize 2-4a. Yield: 72%.

IH NMR (250 MHz, C,D,Cls): & 8.45 (s, 2H), 8.37 (s, 4H), 8.36 (s, 2H), 3.60 (d, J =
7.2 Hz, 4H), 1.81 — 1.88 (m, 2H), 1.35 — 1.21 (m, 48H), 0.80 — 0.84 (m, 12H).

13C NMR (63 MHz, C,D,Cl,): & 190.83, 167.85, 167.78, 140.95, 139.89, 136.60,
136.12, 131.29, 129.57, 127.42, 126.50, 124.83, 122.84, 43.05, 37.47, 32.30, 32.23,
31.91, 30.37, 30.06, 29.96, 29.71, 26.68, 26.65, 23.07, 23.06, 23.06, 14.27, 14.26.
HR-MS (MALDI) m/z calculated for Cs;H7sN,Os [M'] 867.5670. Found 867.5671.
Elemental analysis for Cs7H7sN2Os: calculated: C, 78.94; H, 8.60; N, 3.23. Found: C,
78.57; H, 8.99; N, 3.17.

Melting point: 235.2 — 235.8 °C.
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2-(2,9-Bis(2-ethylhexyl)-1,3,8,10-tetraoxo-1,2,3,8,9,10-hexahydro-13H-
fluoreno[2,3-f:6,7-f']diisoindol-13-ylidene)malononitrile (2-5a)

To a stirred mixture of 2-4a (90 mg, 140 mmol) and malononitrile (28 mg, 420 mmol)
in 60 mL CHCI3; was slowly added 1mol/L TiCl, (0.42 mL, 420 mmol) followed by
dried pyridine (66 mg, 840 mmol). The mixture was refluxed for 36 hours under Ar.
Every 5 hours, identical amounts of malononitrile, TiCl, and pyridine were added.
After cooling down, the mixture was poured on ice/water and extracted with DCM.
The combined organic layers were dried with Na,SO, for five hrs. The solvent was
removed under vacuum and the residue was purified by column chromatography
using DCM/Methanol (200:1) as eluent to obtain 2-5a as orange solid. Finally the

solid was washed with 300 mL acetone to give the pure product in a 74% vyield.

IH NMR (250 MHz, CD,Cl,): 8 9.17 (s, 2H), 8.39 (s, 4H), 8.32 (s, 2H), 3.57 (d, J = 7.5
Hz, 4H), 1.78 — 1.82 (m, 2H), 1.19 — 1.32(m, 16H), 0.79 — 0.89 (m, 12H).

3C NMR (63 MHz, C,D.Cl,): 5 167.78, 167.66, 139.62, 139.24, 136.36, 135.94,
131.97, 130.55, 129.97, 126.68, 124.73, 122.94, 113.74, 77.29, 42.70, 38.77, 30.95,
28.92, 24.28, 23.41, 14.24, 10.61.

HRMS (TOF MS ES+): m/z calculated for C44H43N4O4 691.3284. Found 691.33254.
Melting point: 359.1 — 359.6 °C.

2-(2,9-Bis(2-hexyldecyl)-1,3,8,10-tetraoxo-1,2,3,8,9,10-hexahydro-13H-
fluoreno[2,3-f:6,7-f']diisoindol-13-ylidene)malononitrile (2-5b)
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Compound 2-5b was synthesized according to the previously method used to
synthesize 2-5a. Yield: 80%.

IH NMR (250 MHz, C,D,Cls): 8 9.19 (s, 2H), 8.43 (s, 2H), 8.41 (s, 2H), 8.36 (s, 2H),
3.62 (d, J = 7.2 Hz, 4H), 1.84 — 1.88 (m, 2H), 1.21 — 1.28(m, 48H), 0.80 — 0.85 (m,
12H).

3C NMR (63 MHz, C,D,Cl,): & 167.64, 167.52, 139.45, 139.13, 136.26, 135.74,
131.98, 130.41, 129.98, 126.57, 124.65, 122.85, 113.62, 77.23, 32.30, 32.23, 31.90,
30.37, 30.05, 29.96, 29.71, 26.67, 23.08, 23.06, 14.28, 14.26.

HRMS (TOF MS ES+): m/z calculated for CgoH75N4O4 915.5788. Found 915.5759.
Melting point: 266.2 — 266.9 °C.

Crystallographic data (CCDC deposition number): CCDC 1042607

3,4-Dibromothiophene 1,1-dioxide (3-1)

Br. Br

B
w
—

e
341
3-1 was prepared using a modified procedure reported by Bailey. A flask equipped
with a dropping funnel was charged with 30% H,O, 33 mL and the mixture was
stirred in ice bath. Then, trifluoroacetic anhydride (70 mL, 517 mmol) was added
dropwise. 30 minutes later, (10 g, 41 mmol) of 3,4-dibromothiophene in 50 mL of
dichloromethane was added all at once. The reaction mixture was allowed to warm to
room temperature and stirred for 2.5 h. The saturated sodium carbonate was slowly
added to bring the pH up to around 9. The mixture was extracted with
dichloromethane (3 x 50 mL) and dried over anhydrous sodium sulfate, filtered, and
then the solvent was completely removed. The remaining yellowish-orange oil was
mixed with dichloromethane and hexane. After 2 hours, pale yellow crystals were
collected. (7.5 g, 67% yield).

'H-NMR (250 MHz, CD,Cl): & 6.80 (s, 2H).
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13C NMR (75 MHz, C,D,Cly): & 131.00, 129.23.

FD-Mass (8 KV): calculated for C4H,Br,0,S 273.93. Found 274.0

6,7-Dibromonaphthalene-1,4-dione (3-2)

3-1 (7.5 g, 27 mmol) and benzoquinone (5.3 g, 49 mmol) were dissolved in 400ml
acetic acid and refluxed for 14 hours. The solution was poured into water. The
mixture was extracted with dichloromethane (3 x 50 mL). Then, the organic layer was
washed with water three times, dried over anhydrous sodium sulfate, filtered, and
then the solvent was completely removed. 3-2 was purified by column
chromatography using Hex/EA (10:1) as eluent and the product was washed with

acetone to yield an off-white solid. (3 g, 35% vyield).
'H-NMR (250 MHz, CD,Cl,): & 8.22 (s, 2H), 6.91(s, 2H).
13C NMR (75 MHz, C,D,Cl,): & 183.60, 138.97, 132.04, 131.92, 131.60.

FD-Mass (8 KV): calculated for C19H4Br,0, 315.95. Found 316.0.

2,3,6,7-Tetrabromoanthracene-9,10-dione (3-4)

3,4-Dibromothiophene  1,1-dioxide (3-1) (5.0 g, 183 mmol) and 6,7-
dibromonaphthalene-1,4-dione (3-2) (0.90 g, 8.29 mmol) were dissolved in 200 mL
acetic acid and refluxed for 24 hours. After the reaction, around 150 mL solvent was
evaporated and then 150 mL of water were poured into the mixture. The mixture was
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filtered, and then the solid washed with acetone to yield black color product 3-4 0.8 g
with 18% vyield. The major byproduct of this reaction is 3-bromobenzol[b]thiophene
1,1-dioxide 3-3, which can also be obtained by the Diels—Alder reaction of 3,4-
dibromothiophene 1,1-dioxide itself with the acetic acid reflux method. Purification of

compound 3-4 was difficult owing to its low solubility in most organic solvents.
FD-Mass: calculated for C;4H4BrsO, 523.80. Found 523.8.

Melting point has not been observed below 300 °C.

2,3,7,8-Tetrabromodibenzo[b,d]thiophene 5,5-dioxide (3-5)

o]

N

0]
S
Br Br
Br Br

3-5

3-Dromobenzo[b]thiophene 1,1-dioxide (3-3) (2.0 g, 5.0 mmol) and 3/4-
dibromothiophene 1,1-dioxide (3-1) (1.64 g, 5.97 mmol) was mixed together and
reflux in acetic acid for 48 hours. Solid was formed, followed by the filtration. 300 mg

crude product is obtained with 13% yield.

'H NMR (250 MHz, THF-d8): & 8.52 (s, 2H), 7.38 (s, 2H).

13C NMR spectra cannot be obtained due to the bad solubility.
FD-Mass: calculated for C1,H4Br,0,S 527.7. Found 528.0.
MALDI-ESI: calculated for C1,H4NaO»S 550.6558. Found 550.6553.

Melting point has not been observed below 300 °C.

3-6 and 3-7 were synthesized using the following general method, taking 3-6 for

example.
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2,3,6,7-Tetrakis((diphenylmethylene)amino)anthracene-9,10-dione (3-6)

oo oy
0 i o \ O

e
A mixture of tris(dibenzylideneacetone)dipalladium(0) (40 mg, 0.045 mmol), rac-
BINAP (56 mg, 0.09 mmol) and toluene (15 mL) was stirred at 110 °C for 0.5 h under
argon. After cooling at RT, the mixture was added with benzophenone imine (0.19

mL, 1.20 mmol), sodium tert-butoxide (0.12 g, 1.21 mmol), and 3-4 (0.10 g, 0.19

mmol). The mixture was stirred at 110 °C overnight. After the reaction, toluene was

®

3

evaporated, then the residue was subjected to column chromatography on silica gel
with Hex/EA (4:1), including 1% trimethylamine (avoiding decomposition) as eluent to
afford light green solid (90 mg, 51%).

'H NMR (700 MHz, CD,Cl,): & 7.73 (s, 8H), 7.48 (s, 4H), 7.40 — 7.33 (m, 20H), 7.25
(s, 4H), 7.17 (s, 4H).

13C NMR (176 MHz, CD,Cl,): 5 181.48, 168.84, 147.60, 138.69, 136.10, 131.01,
129.63, 129.53, 129.26, 128.49, 128.49, 128.04, 118.11.

HRMS (TOF MS ES+): m/z calculated for CggHisN4O2 925.3543. Found 925.3533.
Melting point: 268 — 270 °C, decomposed.

Crystallographic data (CCDC deposition number): CCDC 1410009.
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2,3,7,8-Tetrakis((diphenylmethylene)amino)dibenzo[b,d]thiophene 5,5-dioxide
(3-7)

Yield: 74%.

'H NMR (700 MHz, CD,Cl,): & 7.78 — 7.65 (m, 8H), 7.54 — 7.44 (m, 4H), 7.43 — 7.31
(m, 20H), 7.20 (s, 4H), 7.03 (dd, J = 11.4, 7.2 Hz, 4H), 6.69 (d, J = 7.0Hz, 2H), 6.62
(d, J = 7.0 Hz, 2H).

3C NMR (176 MHz, CD,Cly): 169.05, 147.99, 142.35, 138.98, 138.85, 136.25,
135.81, 132.49, 131.04, 130.94, 129.50, 129.44, 129.35, 129.24, 128.85, 128.84,
128.11, 128.05, 127.14, 113.51, 112.54.

HRMS (TOF MS ES+): m/z calculated for CgsH4s5N402S 933.3263. Found 933.3260.

Melting point: 258 — 260 °C, decomposed.

3-8 and 3-9 were synthesized using the following general method, taking 3-8 for

example.

2,3,6,7-Tetraaminoanthracene-9,10-dione (3-8)

o}
H,N NH,
LI -
H,N NH,
o}
3-8

3 mL 2 mol/L Hydrochloric acid was added to a 30ml THF solution of 3-6 (0.30 g,

0.32 mmol). The mixture was stirred for 10 h at RT. Then the THF was evaporated
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and reside was dried under freeze drier condition. The dark color solid was washed
with hexane to give the rough product 80 mg with 60% yield. The rough product was
used directly as the starting material in the next reaction without further purification.

2,3,7,8-Tetraaminodibenzo[b,d]thiophene 5,5-dioxide (3-9)

o, 0

S
HoN
H,N NH,
39

2

Yield: 67%.

3-10 and 3-11 were synthesized using the following general method, taking 3-10 for

example.

5H,11H-Anthra[2,3-c:6,7-c']bis([1,2,5]thiadiazole)-5,11-dione (3-10)

3-10
3-8 (25 mg, 0.06 mmol) was dissolved in 10 mL pyridine, then N-sulfinylaniline (0.04
mL, 0.38 mmol) and chlorotrimethylsilane (0.05 mL, 0.41 mmol) were added. The
mixture was stirred under argon at 80 °C overnight. After the reaction, the mixture
was filtrated. The affording material on filter paper was washed with acetone to give

light yellow solid product (18 mg, 92%).

'H NMR (250 MHz, D,S0,): 8 9.22 (s, 4H).

13C NMR (63 MHz, D,S0,): 6 182.13, 150.64, 136.73, 123.78.

HR-MS (MALDI) m/z calculated for C14H4N40,S, [M*] 323.9776. Found 324.9847.

Melting point has not been observed below 300 °C.
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Crystallographic data (CCDC deposition number): CCDC 1400306.

Dibenzo[1,2,5]thiadiazolethiophene 5,5-dioxide (3-11)

O\\ ,/O
S
= 3-
s s S
N N
3-11
Yield: 80%.
'H NMR (500 MHz, D,SO,): d 8.87 (s, 2H), 8.84 (s, 2H).
13C NMR (126 MHz, D,S0.): 5 144.79, 143.13, 135.93, 129.01, 113.16, 109.07.
HR-MS (MALDI) m/z calculated for C1,H4N402S3 [M*] 331.9496. Found 332.2009.

Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1400305.

2,3,8,9-Tetrabromo-5,12- tetracenequinone (4-1)

O
BOGSSH
Br Br

(0]

4-1

To a flame-dried flask cooled under nitrogen was added a,a,a',a',4,5-Hexabromo-o-
xylene (2.8 g, 4.8 mmol), 3-2 (1.5 g, 4.7 mmol), and sodium iodide (3.65 g, 24.4
mmol). Then the dry dimethylacetamide (60 mL) was added. The mixture was stirred
at 90 °C for 48 h. The mixture was then filtered, and the yellow solid was rinsed with
water and acetone. The yellow solid was then dried under vacuum, which is insoluble

in normal organic solvents (1.5 g, 56% yield).
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'H NMR and **C NMR spectra cannot be obtained because of the bad solubility of
the compound.
MALDI-TOF: Calculated for C18HgBrsO, 573.86. Found 573.66.

Melting point has not been observed below 300 °C.

2,3-Dibromo-5,12- tetracenequinone (4-2)

(@]
l l l l Br
Br

(@)

4-2

To a flame-dried flask cooled wunder nitrogen was added 1,2-
bis(dibromomethyl)benzene (0.64 g, 1.52 mmol), 3-2 (0.40 g, 1.27 mmol), and
sodium iodide(0.94 g, 6.35 mmol). Then the dry dimethylacetamide (15 mL) was
added. The mixture was stirred at 90 °C for 24 h. 20 mL acetone was added. The
mixture was then filtered, and the yellow solid was rinsed with water and acetone.

The yellow solid was then dried under vacuum, yield 72%.

IH-NMR (250 MHz, C,D,Cls): & 8.84 (s, 2H), 8.59 (d, J = 1.5 Hz, 2H), 8.11 (dd, J =
6.2, 3.3 Hz, 2H), 7.72 (dd, J = 6.3, 3.2 Hz, 2H).

3C NMR (63 MHz, C,D,Cly): & 181.01, 135.46, 134.10, 132.69, 132.09, 130.16,
129.84, 129379, 129.60.

HRMS (TOF MS ES+): m/z calculated for C16HgO2Br,Na 436.8789. Found 436.8789.

Melting point has not been observed below 300 °C.

3,4,10,11-Tetrabromo-7,14- pentacenequinone (4-3)

O
POSSSOH
Br Br

(@]

4-3
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4-3 was prepared according to the reported procedure.

A dried round bottom flask was added 50 mL of dry N,N-dimethylacetamide. The
solvent was purged for 30 minutes with argon. 4,5-Dibromo-a,a,a’,a’-tetrabromo-o-
xylene(5.00 ¢,8.63 mmol) was added to the mixture, followed by 1,4-benzoquinone
(0.45 g,4.30 mmol), and Nal (6.5g, 44 mmol).The mixture was stirred vigorously at
90°C for 30 hours. Water was added to the reaction mixture and then filtered. The
crude yellow solid was rinsed with water and acetone separately. 0.84 g target

compound was obtained in a yield of 31%.
FD-Mass (8KV): calculated for C,;HgBrsO, 623.92. Found: 623.9.

Melting point has not been observed below 300 °C.

4-4(a-d) were synthesized using the following general method, taking 4-4b for

example.

2,3,8,9-Tetrabromo-5,12-bis-(triisopropylsilylethynyltetracene (4-4b)

BOOOOH
Il
%iK

4-4b

To a flame-dried flask cooled under nitrogen was added dry ether 35 mL in ice bath.
Triisopropylsilyl acetylene (1.2 mL, 5.8 mmol) was then added to the flask, followed
by n-BuLi (2.2 mL, 3.4 mmol). The mixture was stirred for 35 minutes, and then
2,3,8,9-tetrabromo-5,11-tetracenequinone (0.5 g, 0.87 mmol) was added to the
mixture, followed by 35 mL of anhydrous THF. The mixture was stirred over night at

room temperature. The mixture was then quenched with wet ether, and the solvent
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was evaporated. The diol was dissolved in THF/CH3CN and stannous chloride was
added until the mixture turned a dark purple color. The reaction was stirred for six
hours at room temperature, and then the solvent was evaporated. The residue was
dissolved in DCM and filtered through a short silica column. The crude product was
further purified by column chromatography with hexane as the eluent to afford dark

purple solid 0.7 g in a yield of 89%.

'H-NMR (250 MHz, CD,Cl,): & 9.19 (s, 2H), 9.02 (s, 2H), 8.41 (s, 2H), 1.32 — 1.40 (m,
42H).

3C NMR (126 MHz, CD,Cl,): & 132.59, 132.10, 131.92, 131.46, 130.58, 126.02,
124.10, 122.89, 118.29, 108.32, 102.36, 18.68, 11.53.

HRMS (TOF MS ES+): m/z calculated for CsoH49Si>Brs 901.0106. Found 901.0106.

Melting point has not been observed below 300 °C.

2,3,7,8-Tetrabromo-5,10-bis-(triisopropylsilylethynyl)anthracene (4-4a)

e

Br = Br

Yield: 42%.
'H NMR (250 MHz, CD,Cl,): & 8.84 (s, 4H), 1.15 - 1.26 (m, 42H).

3C NMR (63 MHz, CD,Cl): & 132.34, 132.26, 125.01, 117.62, 108.24, 101.63,
18.97, 11.83.

HRMS (TOF MS ES+): m/z calculated for C3sH47Si:Brs 850.9950. Found 850.9949.

Melting point has not been observed below 300 °C.
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2,3-Dibromo-5,12-bis-(triisopropylsilylethynyl)tetracene (4-4c)

Yield: 62%.

IH-NMR (250 MHz, CD,Cl,): & 9.17 (s, 2H), 8.90 (s, 2H), 7.95 (dd, J = 6.5, 3.3 Hz,
2H), 7.43 (dd, J = 6.5, 3.3 Hz, 2H), 1.21 — 1.26 (m, 42H).

3C NMR (63 MHz, C,D,Cly): & 133.02, 132.27, 131.99, 130.61, 128.85, 127.04,
126.88, 123.78, 118.39, 107.94, 103.18, 19.07, 11.95.

HRMS (TOF MS ES+): m/z calculated for C4oHs50SioBry 744.1818. Found 744.1833.
Melting point: 293.1 — 294.2 °C.

3,4,10, 11-Tetrabromo-7, 14-bis-(triisopropylsilylethynyl)pentacene (4-4d)
e
|
Br = Br

Yield: 60%.
IH NMR (250 MHz, CD,Cl,): & 9.13 (s, 2H), 8.25 (s, 2H), 1.25 —1.33(m, 42H).

13C NMR (63 MHz, CD,Cl,) & 132.64, 131.33, 131.01, 125.97, 122.73, 119.18,
108.84, 103.71, 19.03, 11.61.
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HRMS (TOF MS ES+): m/z calculated for C44Hs5:Si2Brs 951.0263. Found 951.0276.
Melting point has not been observed below 300 °C.

4-5(a-d) were synthesized using the following general method, taking 4-5b for

example.

N% N3 N8 N°-Tetrakis(diphenylmethylene)amina-5,12-bis-(triisopropylsilylethynyl)
tetracene (4-5b)

0
%

&

&

oo
}!{ J

4-5b

A mixture of tris(dibenzylideneacetone)dipalladium(0) (62 mg, 0.07 mmol), rac-BINAP
(84 mg, 0.14 mmol) and toluene (10 mL) was stirred at 110 °C for 0.5 h under argon.
After cooling at r.t., the mixture was added with benzophenone imine (0.3 mL, 1.75
mmol), sodium tert-butoxide (0.17 g, 1.75 mmol), and 4-4b (0.25 g, 0.28 mmol). The
mixture was stirred at 110 °C overnight. After the reaction, toluene was evaporated,
then the residue was subjected to column chromatography on silica gel with Hex/EA
(10:1), including 1% trimethylamine (avoiding decomposition) as eluent to afford dark

purple solid 0.22 g in a yield of 65%.

'H-NMR (700 MHz, CD,Cl,): & 8.67 (s, 2H), 7.80 (d, J = 7.00 Hz, 8H), 7.47 — 7.50 (m,
8H), 7.43 (d, J = 7.00Hz, 8H), 7.42 (s, 2H), 7.31 (s, 16H), 6.89 (s, 2H), 1.25 — 1.30 (m,
42H).

13C NMR (126 MHz, CD,Cl,): 5 168.08, 146.72, 144.98, 139.34, 139.20, 136.52,
136.31, 130.69, 130.60, 129.96, 129.52, 129.42, 129.10, 129.03, 128.88, 128.78,
128.08, 127.93, 123.61, 115.66, 114.88, 112.74, 104.21, 104.11, 18.73, 11.56.
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HRMS (TOF MS ES+): m/z calculated for CgoHggSioN4 1304.6547. Found 1304.6587.
Melting point has not been observed below 300 °C.

N% N3 N’ N8-Tetrakis(diphenylmethylene)amina-5,10-bis-
(triisopropylsilylethynyl)anthracene (4-5a)

e

o4 ]
AL,

o

4-5a

Yield: 60%.

IH NMR (500 MHz, CD,Cl,): & 7.64 (d, J = 7.6 Hz, 8H), 7.35 (t, J = 7.3 Hz, 4H), 7.31
—7.26 (m, 16H), 7.17 (s, 4H), 7.17 — 7.14 (m, 12H), 1.03 — 1.09 (m, 42H).

13C NMR (63 MHz, CD.Cl,): & 168.58, 146.48, 139.65, 136.66, 131.00, 129.92,
129.86, 129.38, 129.22, 128.41, 128.21, 115.49, 113.19, 104.00, 103.04, 19.09,
11.86.

HRMS (TOF MS ES+): m/z calculated for CggHg7SioN4 1255.6469. Found 1255.6434.

Melting point has not been observed below 300 °C.
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N2 N3-Tetrakis(diphenylmethylene)amina-5,12-bis-
(triisopropylsilylethynyl)tetracene (4-5c¢)

HLO

Yield: 55%.

'H-NMR (700 MHz, CD,Cl,): & 9.14 (s, 2H), 7.99 (dd, J = 6.5, 3.3 Hz, 2H), 7.84 (d, J
= 7.6 Hz, 4H), 7.52 (s, 8H), 7.46 (dd, J = 6.7, 3.0 Hz, 4H), 7.31 — 7.38 (m, 8H), 1.31 —
1.37 (m, 42H).

13C NMR (176 MHz, CD,Cly): & 168.42, 147.25, 139.10, 136.28, 131.66, 131.15,
130.80, 129.60, 129.56, 129.02, 128.94, 128.33, 128.11, 127.97, 125.61, 125.47,
116.31, 112.62, 104.83, 103.94, 18.75, 11.59.

HRMS (TOF MS ES+): m/z calculated for CggH71SioN2 947.5156. Found 947.5139.
Melting point: 268.2 — 269.5 °C.

N3,N* N*° N*’-Tetrakis(diphenylmethylene)amina-7,14-bis-
(triisopropylsilylethynyl)pentacene (4-5d)

aofa
SOCCCCL
“ }J.{

-5d

*:

Yield: 65%.
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IH NMR (500 MHz, CD,Cl,): & 8.80 (s, 4H), 7.82 (d, J = 7.6 Hz, 8H), 7.50 (t, J = 7.3
Hz, 4H), 7.44 (t, J = 7.6 Hz, 8H), 7.39 — 7.30 (m, 20H), 6.90 (s, 4H), 1.29 — 1.38 (m,
42H).

13C NMR (63 MHz, CD,Cl,): & 168.62, 145.87, 139.60, 136.88, 131.16, 130.82,
130.15, 129.84, 129.43, 129.24, 128.49, 128.35, 124.31, 116.82, 115.04, 106.52,
105.07, 19.14, 12.01.

HRMS (TOF MS ES+): m/z calculated for CggHg1SioN4 1355.6782. Found 1355.6776.

Melting point has not been observed below 300 °C.

4-6(a-d) were synthesized using the following general method, taking 4-6b for
example. 3C NMR spectra have not been obtained due to their bad solubility in

commonly used deuterated solvents.

2,3,8,9-Tetraamino-5,12-bis-(triisopropylsilylethynyl)tetracene (4-6b)

pREy
I

I e
I
IS8

4-6b

1 mL 37% hydrochloric acid was added to a 10 mL THF solution of 4-5b (0.13 g, 0.1
mmol). The mixture was stirred for 5 hours at RT. Then the THF was evaporated and
reside was dried under freeze drier. The dark purple solid was washed with hexane
to give the rough product (4-6b) 76 mg with 95% vyield. The rough product was used
directly as the starting material in the next reaction without further purification. 1 mL

2M HCI works better for yielding compound 4-6d.

'H NMR (250 MHz, DMSO-ds): 5 8.69 (s, 2H), 7.55 (s, 2H), 7.41 (s, 2H), 1.24 — 1.33
(m, 42H).
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FD-Mass (8KV): calculated for C40HseN4Si» 648.4. Found 648.5.

2,3,6,7-Tetraamino-9,10-bis-(triisopropylsilylethynyl)anthracene (4-6a)

4-6a

IH NMR (250 MHz, DMSO-de): & 7.59 (s, 4H), 1.21 — 1.31 (m, 42H).

FD-Mass (8KV): calculated for C3sHs4N4Si; 598.4. Found 599.0.

2,3-Diamino-5,12-bis-(triisopropylsilylethynyl)tetracene (4-6c)

)<

4-6¢
'H NMR (250 MHz, DMSO-dg): & 8.99 (s, 2H), 7.89 (dd, J = 6.5, 3.2 Hz, 2H), 7.50 (s,
2H), 7.47 (dd, J = 6.5, 3.2 Hz, 2H), 1.22 — 1.35 (m, 42H).

FD-Mass (8KV): calculated for C40Hs4N2Si, 618.4. Found 619.1.
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2,3,9,10-Tetraamino-6,13-bis-(triisopropylsilylethynyl)pentacene (4-6d)

%EK
I e
If
<

4-6d

IH NMR (300 MHz, DMSO-dg): & 8.65 (s, 2H), 7.15 (s, 2H), 1.27 — 1.40 (m, 42H).

FD-Mass (8KV): calculated for C44HsgN4Si> 698.4. Found 699.2.

4-7, 4-8, 4-9, 4-10 and 4-11 were synthesized using the following general method,

taking 4-8 for example.

Trans-tetrakis((triisopropylsilyl)ethynyl)-tetrahydro-
bis(epibenzothiadiazolo)cyclooctadinaphtho[1,2,5]thiadiazole (4-8)

4-8

4-6b (30 mg, 0.038mmol) was dissolved in 10 mL pyridine, then N-sulfinylaniline
(0.14 mL, 1.28 mmol) and chlorotrimethylsilane (0.18 mL, 1.4 mmol) were added.
The mixture was stirred under argon at 80 °C overnight. After the reaction, pyridine
was evaporated, and then the residue was subjected to column chromatography on
silica gel with hexane/DCM (1:4) as eluent. The material was washed with acetone to

give yellow solid product 18 mg in a yield of 66%.
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IH-NMR (250 MHz, CD,Cl,): & 9.02 (s, 2H), 7.82(s, 2H), 6.06(s, 2H), 1.37 — 1.52(m,
42H).

3C NMR (63 MHz, CDsCl): & 153.99, 153.04, 141.99, 141.05, 132.32, 119.98,
118.84, 118.71, 105.63, 102.25, 51.50, 19.05, 11.77.

HRMS (TOF MS ES+): m/z calculated for C4oH4sSioN4S, 704.2859. Found 704.2850.

Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1042600.

Trans-tetrakis((triisopropylsilyl)ethynyl)-tetrahydro-
bis(epithiadiazolo)cyclooctadinaphtho[1,2,5]thiadiazole (4-7)

Yield: 57%.
IH NMR (250 MHz, CD,Cl,): 5 9.05 (s, 4H), 6.07 (s, 4H) 1.24 — 1.36 (m, 84H).

13C NMR (63 MHz, CD,Cl,): & 162.67, 153.75, 139.20, 132.38, 121.48, 119.40,
107.03, 102.03, 46.72, 19.15, 19.13, 12.15.

HRMS (TOF MS ES+): m/z calculated for CggHg7Si>2N4 1309.5483. Found 1309.5487.

Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1042599.
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6,9,16,19-Tetrakis((triisopropylsilyl)ethynyl)-7,8,17,18-tetrahydro-7,18:8,17-
bis([3,4]epithiadiazolo)cycloocta[l,2-b:5,6-b'ldianthracene (4-9)

Yield: 77%.

IH NMR (250 MHz, CD,Cl): & 9.02 (s, 4H), 8.03 (dd, J = 6.4, 3.3 Hz, 4H), 7.58 (dd, J
= 6.6, 3.1 Hz, 4H), 6.19 (s, 4H), 1.42 — 1.47 (m, 84H).

13C NMR (63 MHz, CD,Cl,): & 163.43, 138.13, 132.82, 129.80, 128.63, 126.98,
126.70, 120.92, 105.68, 102.70, 46.71, 19.20, 12.17.

HRMS (TOF MS ES+): m/z calculated for CgoH101SiaN4S, 1293.6545. Found
1293.6586.

Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1042601.

6,9,16,19-Tetrakis((triisopropylsilyl)ethynyl)-7,8,17,18-tetrahydro-7,18:8,17-
bis([3,4]epithiadiazolo)cycloocta[l,2-b:5,6-b']dianthracene (4-10)
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Yield: 15%.

IH NMR (250 MHz, CD,Cl,) & 8.82 (s, 4H), 7.86 (dd, J = 6.4, 3.3 Hz, 4H), 7.43 (dd, J
= 6.5, 3.2 Hz, 4H), 6.35 (s, 4H), 1.31 — 1.41 (m, 84H).

13C NMR (63 MHz, CD,Cl,): & 163.54, 138.85, 132.58, 129.85, 128.44, 126.78,
121.17, 105.27, 103.37, 47.01, 19.24, 12.28.

HRMS (TOF MS ES+): m/z calculated for CgoH101SisN4S, 1293.6545. Found
1293.6542.

Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1042602.

Trans-tetrakis((triisopropylsilyl)ethynyl)-tetrahydro-
bis(epibenzothiadiazolo)cyclooctadianthra[1,2,5]thiadiazole (4-11)

MALDI-TOF (MS): m/z calculated for CggH100Si4NgS4 1508.60. Found 1508.26.

9,9'-Spirobi[fluorene]-2,2'-diylbis((2-iodophenyl)methanone) (5-1)
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A 500-mL round-bottomed flask was charged with 2-iodobenzoyl chloride (10.10 g,
37.97 mmol), dichloromethane (400 mL), and spirofluorene (4.00 g, 12.67 mmol).
The reaction mixture was cooled in an ice bath, and aluminum chloride (5.90 g, 44.35
mmol) was added in one portion. The mixture was stirred at room temperature for 24
hours. Water was slowly added to the reaction mixture while cooled with an ice bath.
The mixture was extracted with dichloromethane, washed with brine and dried over
sodium sulfate, filtered and concentrated. The residue was purified by flash
chromatography with 10 — 25% ethyl acetate in hexanes to give the white product in
85% yield.

IH NMR (500 MHz, THF-dg): 8 6.29 (d, J = 7.8 Hz, 2H), 6.27 (d, J = 8.0 Hz, 2H), 6.13
(d, J = 8.0 Hz, 2H), 5.91 (dd, J = 8.1, 1.6 Hz, 2H), 5.68 (dt, J = 9.6, 7.6 Hz, 4H), 5.59
(d, J = 1.5 Hz, 2H), 5.53 (dd, J = 7.6, 1.7 Hz, 2H), 5.46 (t, J = 7.5 Hz, 2H), 5.41 (td, J
= 7.7, 1.7 Hz, 2H), 5.01 (d, J = 7.7 Hz, 2H).

3C NMR (126 MHz, THF-dg): & 194.92, 149.29, 148.50, 147.01, 144.77, 140.46,
139.49, 135.48, 131.65, 130.76, 129.21, 128.60, 128.18, 127.60, 124.64, 123.89,
121.29, 119.98, 92.08.

HRMS (TOF MS ES+): m/z calculated for C3gH2302l, 776.9788. Found 776.9767.

Melting point: 245 °C, decomposed.

12H,12'H-10,10'-Spirobi[indeno[2,1-b]fluorene]-12,12'-dione (5-2)

A mixture of 5-1 (1.40 g, 1.80 mmol) and palladium acetate (0.16 g, 0.72 mmol) in dry
dimethylacetamide (100 mL) was heated to 130 °C overnight under argon
atmosphere. The mixture was cooled to room temperature and the solvent was
evaporated under vacuum. Then, water was added. The mixture was extracted with

ethyl acetate, and the organic extracts were washed with 2 M HCI, dried over sodium
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sulfate and concentrated. The residue was purified on silica gel with DCM to provide

the green product in 65% vyield.

IH NMR (500 MHz, C,D,Cl,) & 7.95 (s, 2H), & 7.94 (d, J = 6.6 Hz, 2H) 7.64 (d, J = 7.4
Hz, 2H), 7.55 (dd, J = 7.2, 1.0 Hz, 2H), 7.52 (dd, J = 7.5, 1.0 Hz, 2H), 7.45 (td, J = 7.6,
1.1 Hz, 2H), 7.27 (td, J = 7.4, 1.0 Hz, 2H), 7.21 (td, J = 7.5, 1.1 Hz, 2H), 6.95 (s, 2H),
6.80 (d, J = 7.6 Hz, 2H).

3C NMR (126 MHz, C,D.Cly): 5 193.15, 148.76, 148.63, 148.47, 145.35, 143.98,
140.48, 134.90, 134.74, 134.09, 129.60, 129.28, 128.58, 124.19, 121.29, 120.50,
120.07, 112.37, 74.18, 65.55.

HRMS (TOF MS ES+): m/z calculated for C3gH210, 521.1542. Found 521.1552.
Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1035931.

2,2'-(12H,12'H-10,10'-Spirobi[indeno[2,1-b]fluorene]-12,12'-diylidene)dimal-
ononitrile (5-3)

To a stirred mixture of 5-2 (0.25 g, 0.48 mmol) and malononitrile (1.59 g, 24 mmol) in
100 mL CHCI3, 1mol/L TiCl4 (9.60 mL, 9.6 mmol) was slowly added, followed by dried
pyridine (1.89 mL, 23.45mmol). The mixture was refluxed for 36 hours under Ar.
Every 5 hours, identical amounts of malononitrile, TiCl, and pyridine were added.
After cooling down, the mixture was poured into ice/water and extracted with DCM.
The combined organic layers were dried with Na,SO,4. The solvent was removed
under vacuum and the residue was purified by column chromatography using DCM
as eluent to give 5-3 as red orange solid. Finally the solid was washed with acetone

to give the pure product in a 99% vyield.
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'H NMR (500 MHz, C,D,Cls): & 8.23 (d, J = 7.8 Hz, 2H), 8.01 (s, 2H), 7.96 (d, J = 7.7
Hz, 2H), 7.67 (d, J = 7.5 Hz, 2H), 7.61 (s, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.47 (t, J = 7.6
Hz, 2H), 7.28 (t, J = 7.8 Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 6.81 (d, J = 7.6 Hz, 2H).

13C NMR (126 MHz, C,D,Cls): & 161.22, 148.89, 148.64, 148.34, 143.66, 141.80,
139.83, 134.86, 134.80, 133.83, 130.22, 129.40, 128.79, 126.61, 124.10, 122.21,
121.64, 120.95, 113.75, 113.50, 112.90, 65.75.

HRMS (TOF MS ES+): m/z calculated for C4sH20N4Naz; 639.1586. Found 639.1566.

Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1035932.

Methyl 2-bromo-4-(tert-butyl)benzoate (6-1)

I
0y O

Br

6-1

A solution of NaOH (15.12 g, 0.38 mol) in 140 mL water was cooled in an ice bath 15
min, following by the dropwise of bromine (5 mL, 0.10 mol). After that, a solution of 1-
(2-bromo-4-(tert-butyl)phenyl)ethan-1-one (6.2g, 0.024 mol) in 120 mL dioxane was
slowly added. The reaction took place in room temperature overnight. Around 12
hours later, the reaction flask was put in an ice bath and the mixture was acidified
with concentrated hydrochloric acid, which was extracted with 150 mL ethyl acetate
three times. The combined extracts were washed with 200 mL water and 200 mL
brine separately, dried over Na,SO,. The solution was concentrated via rotary
evaporator, resulting in crude liquid, which was purified by silica column with eluent
Hex/EA (4:1) to give the compound 2-bromo-4-(tert-butyl)benzoic acid. 2-bromo-4-
(tert-butyl)benzoic acid in 500 mL methanol was dropwise added a catalytic H,SO,4
2.0 mL. Then, the reaction was refluxed overnight. The resulting mixture was
evaporated until around 100 mL solvent left. The residue was poured into 300 mL

water and extracted with 200 mL DCM three times. The organic layer was washed
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with saturated 50 mL NaHCOj3; two times and dried over Na,SO, After evaporating,
the pure liquid methyl 2-bromo-4-(tert-butyl)benzoate (6-1) was obtained in a 90%
yield.

'H NMR (250 MHz, CD,Cl,) & 7.78 (d, J = 8.2 Hz, 1H), 7.72 (d, J = 1.9 Hz, 1H), 7.44
(dd, J = 8.2, 1.9 Hz, 1H), 3.93 (s, 3H), 1.36 (s, 9H).

3C NMR (63 MHz, CD,Cl,): & 166.66, 157.18, 131.92, 131.50, 129.44, 124.83,
121.87, 52.56, 35.28, 31.05.

HRMS (TOF MS ES+): m/z calculated for C1,H150,NaBr 293.0153. Found 293.0164.

Tetramethyl 2,2',2",2"-(9,9'-spirobi[fluorene]-2,2',7,7'-tetrayl)tetrakis (4-(tert-
butyl)benzoate) (6-2)

The mixture of 2,2'7,7'-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9'-
spirobi[fluorene] (231 g, 289 mmol), 6-1 (3.6 g, 13.28mmol),
tetrakis(triphenylphosphine)palladium(0) (667 mg, 0.58 mmol), 2M aqueous
potassium carbonate solution (50 mL) and toluene (200 mL) was heated at 110 °C
under argon for two days. Then the resulting mixture was washed 80 mL DCM three
times and the organic layer was washed with brine, dried over Na,SO,. After being
concentrated under vacuum to remove the solvent, the crude product was purified by
column chromatography using Hex/EA (10:1) as eluent to give the desired compound
6-2 as white solid in a 74% yield.
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'H NMR (250 MHz, C,D,Cls ) & 7.88 (d, J = 7.9 Hz, 4H), 7.56 (d, J = 8.0 Hz, 4H),
7.38 (dd, J = 7.8, 1.7 Hz, 4H), 7.30 (dd, J = 8.3, 1.8 Hz, 4H), 7.25 (d, J = 1.9 Hz, 4H),
6.65 (s, 4H), 3.06 (s, 12H), 1.25 (s, 36H).

13C NMR (63 MHz, CD,Cl,): & 169.36, 155.13, 149.18, 141.90, 141.85, 141.03,
130.06, 128.70, 128.60, 127.98, 124.82, 124.60, 120.54, 66.28, 51.97, 35.26, 31.31.
HRMS (TOF MS ES+): m/z calculated for C;3H;30g 1077.5305. Found 1077.5299.

Melting point: 245.4 °C, decomposed.

2,2',2",2""-(9,9'-Spirobi[fluorene]-2,2',7,7'-tetrayl)tetrakis (4-(tert-butyl)benzoic
acid) (6-3)

6-2 (2.3 g, 2.14 mmol) and 300 mL ethanol were mixed in 500 mL flask, followed by
the dropwise of sodium hydroxide solution (12 g in 45 mL water), then the reaction
temperature was increased to 90 °C. With the increasing reaction time, the
precipitate decreased correspondingly. 12 hours later, the solution became
transparent with a little bit of light orange color. Most of the solvent was evaporated,
then concentrated HCI| was added, resulting in white solid. The mixture was filtrated,
and the obtained solid was washed with 1000 mL water, dried in the vacuum oven.

2.18 g pure white solid 6-3 was obtained in a 99% vyield.

'H NMR (250 MHz, CD,Cl,) & 7.84 (d, J = 7.7 Hz, 4H), 7.39 (dd, J = 12.9, 8.0 Hz, 8H),
7.29 (d, J = 8.5 Hz, 4H), 7.27 (s, 4H), 6.59 (s, 4H), 1.22 (s, 36H).

13C NMR (63 MHz, CD,Cl,): & 176.32, 154.99, 148.70, 141.90, 141.84, 141.13,
129.56, 128.37, 128.23, 127.45, 124.58, 124.53, 120.63, 66.35, 35.26, 31.21.
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HRMS (TOF MS ES+): m/z calc. for CgoHesOg 1021.4679, found 1021.4704.
Melting point has not been observed below 300 °C.

3,3',9,9'-Tetra-tert-butyl-6,6'-spirobi[cyclopenta[2,1-b:3,4-b']difluorene]-
12,12'15,15'-tetraone (6-4)

0.07 mL dry DMF was added dropwise to a solution of 6-3 (0.60 g, 0.59 mmol) and 2
mol/L oxalyl chloride (6 mL, 12 mmol) in 120 mL dry DCM. The mixture was stirred
for 10 hours at room temperature. The crude tetrachloride was obtained after the
evaporation of DCM. Then, the crude tetrachloride in 30 mL dry DCM was added to a
suspension of anhydrous AICl; (848 mg, 4.8 mmol) in 100 mL dry DCM at 0 °C. 12
hours later, the reaction mixture was poured into ice water slowly, extracted with
DCM, and dried over Na,SO,4 The solvent was removed by rotary evaporator. The
residue was purified by column chromatography on silica gel with Hex/EA (20:1) as

eluent to afford 6-4 as a yellow solid in a yield of 82% (0.46 g).

'H NMR (700 MHz, C,D,Cls) & 8.19 (s, 4H), 7.55 (d, J = 7.8 Hz, 4H), 7.27 (s, 4H),
7.24 (d, J = 7.8 Hz, 4H), 6.93 (s, 4H), 1.19 (s, 36H).

3C NMR (63 MHz, C,D.Cly): & 192.54, 159.65, 153.64, 145.44, 143.83, 141.74,
135.94, 132.08, 126.64, 124.44, 117.94, 116.37, 116.12, 66.42, 35.55, 31.02.

HRMS (TOF MS ES+): m/z calculated for CggH570,4 949.4257. Found 949.4249.
Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1408336.
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2,2',2",2"-(3,3',9,9'-Tetra-tert-butyl-6,6'-spirobi[cyclopenta[2,1-b: 3,4-
b'ldifluorene]-12,12',15,15'-tetraylidene)tetramalononitrile (6-5)

6-4 (0.20 g, 0.21 mmol) and malononitrile (1.39 g, 21 mmol) were dissolved in dry
CHCI;3 (80 mL) under argon. TiCl, (2.3 mL, 21.0 mmol) and pyridine (2.49 mL) were
added dropwise. The mixture was stirred overnight at 80 °C. The solvent was
removed by rotary evaporator. The residue was purified by column chromatography
on silica gel with pure DCM as eluent to afford crude 6-5. The crude 6-5 was
dissolved in DCM, followed by adding of hexane, the resulting precipitate was filtrated
as a grain solid in a yield of 90% (0.22 g).

IH NMR (250 MHz, C,D.Cls) & 8.98 (s, 4H), 8.21 (d, J = 8.4 Hz, 4H), 7.30 (s, 6H),
7.27 (s, 2H), 6.97 (s, 4H), 1.20 (s, 36H).

3C NMR (126 MHz, C,D,Cly): & 160.21, 159.95, 153.12, 144.02, 141.63, 141.57,
136.34, 132.35, 126.99, 126.97, 118.81, 118.09, 116.19, 113.54, 113.17, 76.30,
35.60, 30.84.

HRMS (TOF MS ES+): m/z calculated for CgiHsgNgNa 1163.4526. Found 1163.4541.
Melting point has not been observed below 300 °C.

Crystallographic data (CCDC deposition number): CCDC 1408337.
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(S)-12'-(2-(9,9'-Spirobi[fluoren]-3-yl)phenyl)-12'-methyl-12'H-spiro[fluorene-
9,10'-indeno[2,1-b]fluorene] (7-1)

A solution of 2-bromobiphenyl (1.66 mL, 9.6 mmol) in 30 mL of dry THF was added to
a flask in charged with lodine (10 mg, 0.04 mmol) and magnesium (0.28 g, 11.52
mmol) to initiate the Grignard reaction. After the reaction initiated, the solution was
added dropwise, and the reaction mixture was then refluxed for 8 h to complete the
reaction. Afterward, a solution of 5-2 (0.5 g, 0.96 mmol) in THF (50 mL) was added
all at once to the Grignard solution and the mixture was refluxed overnight. THF was
evaporated, followed by the adding of water (100 mL) and 1M HCI (100 mL) to
guench the reaction. The mixture was stirring for 3 h and then extracted with DCM (3
x 50 mL). The organic phases were combined, washed with sat. NaCl solution (2 x
100 mL), dried with Na,SO, and filtered. The solvent was removed by rotary
evaporator, resulting in oil intermediate. The oil was then dissolved in acetic acid (40
mL), and the reaction was refluxed at 120 °C overnight. The cooled mixture was
poured onto 100 mL of water. The crude product was precipitated and collected by
filtration, washed with water and subjected to column chromatography on silica gel
with Hex/DCM (5:1) as eluent to afford white solid (700 mg, 92%).

'H NMR (500 MHz, CD,Cl,): & 8.25 (s, 2H), 7.94 (d, J = 7.6 Hz, 2H), 7.90 (d, J = 7.7
Hz, 2H), 7.77 (t, J = 7.0 Hz, 4H), 7.33 — 7.41 (m, 6H), 7.30 (t, J = 7.5 Hz, 2H), 7.02 —
7.11 (m, 8H), 6.61 (t, J = 6.7 Hz, 4H), 6.53 (d, J = 7.5 Hz, 2H), 6.48 (d, J = 7.6 Hz,
2H), 6.08 (s, 2H).

3C NMR (126 MHz, CD.Cl,): 5 149.45, 149.08, 148.99, 148.83, 148.59, 148.40,
142,14, 141.87, 141.77, 141.38, 141.31, 141.09, 127.74, 127.73, 127.70, 127.69,
127.67, 127.65, 127.60, 123.53, 123.49, 123.43, 123.32, 119.98, 119.96, 119.89,
119.20,111.33, 65.71, 65.57.
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HR-MS (MALDI) m/z calculated for Ce3Hss [M*] 792.2818. Found 792.2810.
Crystallographic data (CCDC deposition number): CCDC 1408339.

Melting point has not been observed below 300 °C.

3,3',9,9'-Tetra-tert-butyl-6,6'spirobi[cyclopenta[2,1-b:3,4-b'|tetrafluorene]-
12,12',15,15'-spirotetra[fluorene] (7-2)

A solution of 2-bromobiphenyl (1.2 mL, 7.1 mmol) in 25 mL of dry THF was added to
a flask in charged with lodine (10 mg, 0.04 mmol) and magnesium (0.18 g, 7.5 mmol)
to initiate the Grignard reaction. After the reaction initiated, the solution was added
dropwise, and the reaction mixture was then refluxed for 5 h to complete the reaction.
Afterward, a solution of 6-4 (0.3 g, 0.32 mmol) in THF (25 mL) was added all at once
to the Grignard solution and the mixture was refluxed overnight. THF was evaporated,
followed by the adding of water (50 mL) and 1M HCI (50 mL) to quench the reaction.
The mixture was stirring for 3 h and then extracted with DCM (3 x 50 mL). The
organic phases were combined, washed with NaCl solution (2 x 100 mL) dried with
Na,SO, and filtered. The solvent was removed by rotary evaporator, resulting residue
was then dissolved in acetic acid (50 mL), and the reaction was refluxed at 120 °C
overnight. The cooled mixture was poured onto 100 mL of water. The crude product
was precipitated and collected by filtration, washed with water and subjected to
column chromatography on silica gel with Hex/DCM (10:1 — 5:1) as eluent to afford
white solid (420 mg, 88%)).
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'H NMR (500 MHz, C,D,Cl): & 7.84 (d, J = 7.7 Hz, 8H), 7.59 (d, J = 1.9 Hz, 4H),
7.36 (t, J = 7.5 Hz, 8H), 7.25 (s, 4H), 7.13 (t, J = 7.4 Hz, 8H), 7.04 (dd, J = 8.0, 1.9 Hz,
4H), 7.01 (s, 4H), 6.87 (d, J = 7.5 Hz, 8H), 6.54 (d, J = 8.0 Hz, 4H), 1.30 (s, 36H).

3C NMR (126 MHz, C,D,Cly): & 151.02, 149.78, 149.52, 149.13, 146.54, 142.53,
141.91, 141.70, 141.34, 127.73, 127.54, 125.11, 124.40, 123.20, 119.95, 116.66,
115.76, 115.71, 65.85, 34.75, 31.58, 29.57.

HR-MS (MALDI) m/z calculated for Cq17Hgg [M*] 1492.6881. Found 1492.6874.
Crystallographic data (CCDC deposition number): CCDC 1408340.

Melting point has not been observed below 300 °C.
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VIII.3 Crystallographic data

Crystal structure of 2-5b

Cambridge Crystallographic Data Centre deposition number: CCDC 1042607

Table VIII-1. Crystallographic table.

Compound 2-5b

Molecular formula CeoH74N4O,4
Formula weight 915.23 gmol™
Absorption coefficient g =0.071 mm*

Crystal size
Space group
Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

0.05 x 0.3 x 0.31 mm?; light red plate
P-1 (triclinic)

a=11.2497(8) A o= 95.185(2)°
b=12.3730(9) A B =106.067 (2)°
c=20.0241(15)A y= 94.622 (2)°
2651.1(3) A

2

988

yay = 1.147 gcm™®

-100 °C

w-scans

24°<0<21.0°
-14<h<14,-16<k<16,-25<1<25
39917

12120 (R = 0.1207)

3311 (|F}/a(F) > 4.0)

Program: SIR-97 (Direct methods)

wWR2 =0.4299 (R1 = 0.1229 for observed
reflections, 0.3268 for all reflections)
S =0.994

0.001 *e.s.d
0.58 and -0.48 eA™

185



Chapter VIII

Crystal structure of 3-6

Cambridge Crystallographic Data Centre deposition number: CCDC 1410009

Table VIII-2. Crystallographic table.

Compound 3-6

Molecular formula CssH44N,O;
Formula weight 925.05 gmol™*
Absorption coefficient g =0.079 mm™

Crystal size
Space group
Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

0.08 x 0.19 x 0.2 mm?; light brown plate
P 2,/n (monoclinic)

a=19.9809(7) A

b =15.5280(9) A R =90.154(6)°
c=15.1288(11) A

2344.7(3) A°

2

968

Oyay = 1.31 gem™

-80 °C

w-scans

2.4°<09<28.3°
-13<h=<11,-20=k <20, -20<1<20
14941

5727

3052 (|F|/o(F) > 4.0)
SIR-2004 (Direct methods)

wR2 =0.114 (R1 = 0.0471 for observed
reflections, 0.1092 for all reflections)
S=0.918

0.001 *e.s.d
0.22 and -0.19 eA™
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Crystal structure of 3-10

Cambridge Crystallographic Data Centre deposition number: CCDC 1400306

Table VIII-3. Crystallographic table.

Compound 3-10
Molecular formula C14H4N,O5S,
Formula weight 324.33 gmol™

Absorption coefficient
Crystal size

Space group

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

1 =4.079 mm™ corrected with 6 crystal faces
0.02 x 0.02 x 0.2 mm?; light brown needle
C 2/m (monoclinic)

a=10.3036(19) A

b=15.727(2) A R =96.172(16)°
c =3.8043(8) A

612.89(19) A°

2

328

yray = 1.757 gem™®

-50 °C

w-scans

5.15° <0 <66.35°
-11<h<12,-18<k<18,-3<1<4
1820

541 (Riy = 0.0638)

354 (|F|/o(F) > 4.0)
SIR-2004 (Direct methods)

wR2 =0.2617 (R1 = 0.0801 for observed
reflections, 0.1120 for all reflections)
S =1.076

0.001 *e.s.d
0.52 and -0.47 eA™
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Crystal structure of 3-11

Cambridge Crystallographic Data Centre deposition number: CCDC 1400305

Table VIII-4. Crystallographic table.

Compound 3-11
Molecular formula C1o,H4NL,O5S5
Formula weight 332.37 gmol™

Absorption coefficient
Crystal size

Space group

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

1 = 0.62 mm™ correction with 6 faces
0.04 x 0.06 x 0.7 mm®; brown needle
P-1 (triclinic)

a=6.7778(7) A o =91.812(9)°
b=9.6253(11) A R =109.511(8)°
¢ =9.8490(10) A y = 93.899(9)°
603.22(11) A°

2

336

dyay = 1.83 gem™®

-80 °C

w-scans

3.2°<0<28.3°
-9<h<9,-12<k<12, -13<1=<13
14727

11764

8156 (|F|/a(F) > 4.0)
SIR-2004 (Direct methods)

wR2 = 0.1537 (R1 = 0.0573 for observed
reflections, 0.0913 for all reflections)
S =1.027

0.001 *e.s.d
0.45 and -0.43 eA®
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Experimental section

Crystal structure of 4-7

Cambridge Crystallographic Data Centre deposition number: CCDC 1042599

Table VIII-5. Crystallographic table.

Compound 4-7

Molecular formula C15HgoNgS4Siy
Formula weight 1310.14 gmol™
Absorption coefficient i=0.25mm*

Crystal size
Space group
Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

0.07 x 0.14 x 0.63 mm?; yellow needle
P-1 (triclinic)

a=7.769(1) A a=78.462(5)°
b =13.928(2) A B =86.683(5)°
c=17.208(3) A y=79.739(5)°
1794.8(9) A®

1

700

Oyay = 1.212 gem™®

-100 °C

w-scans

2.4°<0<27.0°
-9<h<10,-18<k<18,-22<1=<22
19428

8142 (R;; = 0.0508)

5190 (|F}/a(F) > 4.0)

Program: SIR-97 (Direct methods)

wR2 =0.1264 (R1 = 0.0488 for observed

reflections, 0.0939 for all reflections
S =0.996

0.001 *e.s.d
0.32 and -0.48 eA™®
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Chapter VIII

Crystal structure of 4-8

Cambridge Crystallographic Data Centre deposition number: CCDC 1042600

Table VIII-6. Crystallographic table.

Compound 4-8

Molecular formula CgoHosNgS4Si,
Formula weight 1410.6 gmol™
Absorption coefficient H=0.23mm*

Crystal size
Space group
Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

0.16 x 0.22 x 0.24 mm?; yellow block
P 2,/c (monoclinic)

a=18.5577(8) A

b = 15.4895(6) A B =113.356(4)°
¢ = 15.0011(7) A

3958.7(3) A

2

1504

Oyray = 1.183 gecm™®

-80 °C

w-scans

2.6°<0<28.2°
-24<hs<24,-20sk<19, -19<1<19
25804

9483 (R;y = 0.0996)

4347 (|F)/o(F) > 4.0)

Program: SIR-97 (Direct methods)

wR2 =0.1669 (R1 = 0.0618 for observed
reflections, 0.1560 for all reflections)
S=0.943

0.001 *e.s.d
0.46 and -0.36 eA™
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Experimental section

Crystal structure of 4-9

Cambridge Crystallographic Data Centre deposition number: CCDC 1042601

Table VIII-7. Crystallographic table.

Compound

4-9

Molecular formula
Formula weight
Absorption coefficient
Crystal size

Space group

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

CgoH100N4S,Siy
1292.65 gmol™

1 = 1.55 mm™ correction with 6 crystal faces

0.03 x 0.06 x 0.43 mm?; yellow needle
P-1 (triclinic)

a=14.5655(10) A a =86.867(6)°
b=14.7189(11) A R = 88.326(6)°
c = 18.6267(13) A y =74.024(6)°
3833.0(5) A

2

1392.0

Oyay = 1.55 gem™®

-80 °C

w-scans

2.4°<0<67.2°

-17<h<17, -15<k<15, -22<1<21
36141

12372 (Ro = 0.1131)

14142 (|F)/o(F) > 4.0)

Program: SIR-2004 (Direct methods)

wR2 =0.4318 (R1 = 0.1491 for observed
reflections, 0.0.2572 for all reflections)
S=1.178

0.001 *e.s.d
0.81 and -0.91 eA™®
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Chapter VIII

Crystal structure of 4-10

Cambridge Crystallographic Data Centre deposition number: CCDC 1042602

Table VIII-8. Crystallographic table.

Compound

4-10

Molecular formula
Formula weight
Absorption coefficient
Crystal size

Space group

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

C80H100N4828i4
1292.65 gmol™

1 = 1.54 mm™ correction with 6 crystal faces

0.033 x 0.05 x 0.14 mm?; yellow needle
P 2,/c (monoclinic)

a=18.7012(10) A

b =33.6573(13) A R =106.214(4)°
c=12.8089(7) A

7741.7(7) A°

4
2784.0

Oyay = 1.55 gem™®

-70 °C

w-scans

2.5°<0<63.7°
-22<h=<21,-40<k<38,-15<1<15
66070

13745 (R = 0.2901)

3090 (|F|/a(F) > 4.0)

Program: SIR-2014 (Direct methods)

wR2 =0.3294 (R1 = 0.1022 for observed
reflections, 0.2698 for all reflections)
S=0.748

0.001 *e.s.d
0.57 and -0.36 eA™®
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Experimental section

Crystal structure of 4-12

Cambridge Crystallographic Data Centre deposition number: CCDC 1434737

Table VIII-9. Crystallographic table.

Compound 4-12

Molecular formula C136H136NgS,

Formula weight 2427.50 gmol™

Absorption coefficient u=0.83mm™*

Crystal size 0.04 x 0.07 x 0.11 mm?; yellow block
Space group P-1 (triclinic)

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

a=12.8535(8) A a=109.991(5)°
b =17.9575(11) A R =109.538(5)°
c =18.3686(9) A y=99.052(5)°
3573.9(4) A°

1

1304

Oyray = 1.128 gcm™

-80 °C

w-scans

2.0°<0<67.8°
-15<h<15,-21<k<21, -20<1<22
35903

12138 (Ri = 0.0566)

6133 (|F|/o(F) > 4.0)

Program: SIR-2004 (Direct methods)

wR2 = 0.3521 (R1 = 0.1090 for observed
reflections, 0.1727 for all reflections)
S =1.087

0.001 *e.s.d
0.75 and -0.53 eA
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Chapter VIII

Crystal structure of 5-2

Cambridge Crystallographic Data Centre deposition number: CCDC 1035931

Table VIII-9. Crystallographic table.

Compound 5-2

Molecular formula C39H500-
Formula weight 520.55 gmol™
Absorption coefficient i =0.08 mm™*

Crystal size
Space group
Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

0.26 x 0.27 x 0.3 mm?; yellow block
P 2,/c (monoclinic)

a=17.6736(8) A

b =15.8144(5) A R =109.009(3)°
c=19.7873(9) A

5228.9(4) A®

8

2160

Oyray = 1.322 gcm™

-80 °C

w-scans

2.5°<B8<284°

-18<h<23,-20sk<18, -26<1<26

34000

12573 (Rit = 0.0551)

7447 (|F|/o(F) > 4.0)

Program: SIR-2004 (Direct methods)

wR2 = 0.1168 (R1 = 0.048 for observed

reflections, 0.0975 for all reflections)
S=1.003

0.001 *e.s.d
0.27 and -0.17 eA3
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Experimental section

Crystal structure of 5-3

Cambridge Crystallographic Data Centre deposition number: CCDC 1035932

Table VIII-10. Crystallographic table.

be,
an
S<¢

Cad

Compound

5-3

Molecular formula
Formula weight
Absorption coefficient
Crystal size

Space group

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

2(CysH20N4), CHCl,

1318.23 gmol™

i = 1.273 mm™ correction with 6 faces
0.01 x 0.01 x 0.2 mm?; brown needle
P-1 (triclinic)

a=14.0610(12) A a=99.814(7)°
b =15.0528(14) A R =90.613(7)°
c=33.2723) A  y=92.172(7)°
6933.3(11) A®

4
2712

dyay = 1.263 gcm™

-60 °C

w-scans

2.7°<0<51.2°
-15<h<15,-18<k<17,-39<[1< 39
94677

23561 (R;y = 0.3682)

3389 (|F|/o(F) > 4.0)

SHELXD-2013

wR2 =0.2318 (R1 = 0.0725 for observed
reflections, 0.3689 for all reflections)
S=0.68

0.001 *e.s.d
0.32 and -0.32 eA®
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Chapter VIII

Crystal structure of 6-4

Cambridge Crystallographic Data Centre deposition number: CCDC 1408336

Table VIII-11. Crystallographic table.

Compound 6-4

Molecular formula CeoHs60
Formula weight 949.13 gmol™
Absorption coefficient B=0.41mm*

Crystal size
Space group
Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

0.08 x 0.08 x 0.34 mm?; yellow needle
C 2/c (monoclinic)

a = 34.0876(10) A

b =20.6528(5) A R =110.119(2)°
c=32.6782(10) A

21604.4(15) A°

12

6024

dyay = 0.876 gcm™®

-70 °C

w-scans

2.6°<0<67.0°
-40<h<40,-20sk<24,-36<1<39
80183

19067 (Rin = 0.1063)

8614 (|F|/o(F) > 4.0)
SIR-2004 (Direct methods)

wR2 = 0.2561 (R1= 0.0820 for observed
reflections, 0.1391 for all reflections)
S=0.92

0.001 *e.s.d
0.84 and -0.23 eA™®
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Experimental section

Crystal structure of 6-5

Cambridge Crystallographic Data Centre deposition number: CCDC 1408337

Table VIII-12. Crystallographic table.

Compound

6-5

Molecular formula
Formula weight
Absorption coefficient
Crystal size

Space group

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

2(Cg1HseNg), CHLCl,

2367.59 gmol™

1 =0.72 mm™ corrected wit 6 crystal faces
0.03 x 0.110 x 0.15 mm?®; brown plate

C 2/c (monoclinic)

a = 30.9564(13) A

b=17.6678(5) A R =105.930(3)°
c=31.5873(12) A

16613(1) A°

4
4952

dyray = 1.0 gcm™

-60 °C

w-scans

2.9°<6<66.3°
-37<h=<33,-20sk<21,-37<1< 36
64811

14760 (Rix = 0.1314)

3936 (|F|/a(F) > 4.0)

SIR-2004 (Direct methods)

wR2 =0.3106 (R1=0.0954 for observed
reflections, 0.2334 for all reflections)
S=0.811

0.001 *e.s.d
0.56 and -0.25 eA™
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Chapter VIII

Crystal structure of 7-1

Cambridge Crystallographic Data Centre deposition number: CCDC 1408339

Table VIII-13. Crystallographic table.

Compound 7-1
Molecular formula CesHsg
Formula weight 792.9 gmol™

Absorption coefficient
Crystal size

Space group

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

1 = 0.47 mm™ correction with 6 faces
0.03 x 0.08 x 0.5 mm?®; colorless needle
P 2,/c (monoclinic)

a =21.5530(8) A

b=12.2789(3) A R =119.414(3)°
¢ = 21.0230(8) A

4846.5(3) A

4
1656

yray = 1.263 gcm™®

-80 °C

w-scans

4° <0 <68°

-25<h<25 -14<k<13,-25<1<25
34322

8515 (R = 0.0937)

4074 (|F)/o(F) > 4.0)

SIR-2004

wR2 =0.2631 (R1 = 0.0844 for observed
reflections, 0.1398 for all reflections)
S=091

0.001 *e.s.d
0.49 and -0.37 eA®
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Experimental section

Crystal structure of 7-2

Cambridge Crystallographic Data Centre deposition number: CCDC 1408340

Q!
®

Table VIII-14. Crystallographic table.
Compound 7-2
Molecular formula Ci17Hss
Formula weight 1493.8 gmol™
Absorption coefficient i =0.05mm™
Crystal size 0.18 x 0.34 x 0.44 mm?® colourless block
Space group P-1 (triclinic)

Lattice parameters

Volume

Z value

F (000)

Calculated density
Temperature

Scan type

Theta range for data collection
Limiting indices

Total number of reflections
Unique number of reflections
Observed number of reflections
Structure solution

R-values

Goodness of fit
Max Shift / Error
Largest diff. peak and hole

a=18.8798(13) A a=114.305(5)°
b =18.9690(12) A R =110.247(5)°
¢ =20.2269(15) A y =90.152(5)°
6104.0(7) A®

2

1580.0

dyay = 0.813 gcm™

-70 °C

w-scans
2.1°<0<28.1°
24<hs<24,-25<k<25, -26<1<26
61356

29346 (R, = 0.1327)
8229 (|F|/o(F) > 4.0)
SIR-97 (Direct methods)

wR2 =0.3632 (R1 =0.1122 for observed
reflections, 0.2521 for all reflections)
S =0.899

0.001 *e.s.d
0.39 and -0.27 eA™®
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