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Chapter 1

General introduction

Inorganic Si-based and Ge-based semiconductors,iss0Glators, and metals such as
Al and Cu have been the backbone of the semicoadurtlustry over the past 40
years: However, from the end of the last century, facihg problems of high-cost
and resource exhaustion, such inorganic semicooductre experiencing the
inevitable low ebb.

In recent two decades, consideration of requireroétarge-area electronics, a
growing research effort has been made in amorpbaige-semiconductor systems
(like In-Ga-Zn-0)? and organic electronics The former prepared by pulse laser
deposition exhibits the mobility of 0.1 - 10 @Ms (higher than a-silicon), leading a
big progress in modern electronics, while the ktaiso was considered to improve
the semiconducting, conducting, and light emitgprgperties of organics (polymers,
oligomers) and hybrids (organic—inorganic compa3itey using novel preparation
strategies and self-organization techniqtid®erformance improvements, coupled
with the ability to process these “active” matesialt low temperatures over large
areas on materials such as plastic or paper, mayidar unique technologies and
generate new applications and form factors to additee growing needs for pervasive
computing and enhanced connectivity.

There are, basically, two reasons for this phenamenn the applied research
side, organic semiconductors, specifically like-conjugated materials, have seen
significant development owing to their potentialpipation to future-generation
ultrathin, large-area, and/or flexible devices asiirsg of, for instance, organic
field-effect transistors (OFETs), organic light-emitting diodes (OLEDsf, and
organic photovoltaics (OPVs),which can be fabricated by low-cost and low-energy
processes and thus offer novel features that #fieratit from those of conventional

silicon technologies; on the basic research side;conjugated materials are

1



fascinating systems in which a rich variety of neancepts have been uncovered to
exploit the interplay between theirelectronic structure and their geometric structure
So as to improve device’s performance. In partictie most essential parameter is the
charge carrier mobility in these materials, whichtedminates in a high degree the
successful application of the compounds, whichls® éormidable tool to probe the
basic structure—performance relationships that gotee physics and chemistry of
organic semiconductors.

At the beginning, let’s briefly review the developnt of organic semiconductors,
namely, category based on molecular weight andtarygpe. In fact, it is easy to
understand that a clear cut-edge emerged whengémohd organic semiconductors
with self-organization property, such as liquidstafs. In contrast to self-organizing

semiconductors, conventional organic semiconductond have any such property.

1-1 Conventional organic semiconductors

In the early time, organic semiconductor, anthracéimstly as photoconductor
was used in Xerographic copier. However, accordmdhe actual standard, such
organic semiconductor didn't have absorbance inblasregion, so led to low
efficiency. Here, the reported photogeneration cigfficy was 10. The first
commercial organic photoconductor was based oraggektransfer complex between
poly (vinylcarbazole) and trinitrofluorenone. Sutpgently, Kodak produced a
thiapyrylium salt, opening the door of developing aggregated photoconductor. In
practice, high performance devices require not golyd electrical property, and also
stable thermal property. Some of large-conjugated systems, like metal-containing
phthalocyanines (such as Cit), can meet the stringent demands for the practica
application. Moreover, phthalocyanines exhibit vesige optical absorption even up
to 800nm, and have fast photoresponse, thus aasimy IR photoconductor for diode
laser printers.

Generally speaking, conventional organic semicotuisc can be broadly
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classified into two categories: small moleculesobgomers (usually processed in
vacuum) and polymers (usually processed by wet @artechniques), as shown in
Figure 1-1. However, lots of evidences have prahede materials can’t be applied in
industrial process. For instances, small molecwesn if showing high mobility over
lcnfVs', have to be deposited using vacuum sublimatiomnigaes, which

prevents from fabrication of large-area electronitsvhile polymers just exhibit

mobility ranging from 16 to 10* cn?V's?, hardly meeting the requirement of

modern electronic device¥.

Small molecules and oligomers Polymers

Naphthalene Pentacene

S.
000® i, :
CeH1s
Terphenyl Terthiophene

Poly(3-hexylthiophene)

Q O O \S/ \S/ \S/ PTAA

O B 1L 1o

MeO

Trinitrofluorenone Peryl
erylene MDMO-PPV PPV

Figure 1-1 Examples of conventional organic sendcmtors: small molecules and

oligomers, and polymers.
1-1-1 Small molecules and oligomers

In the earlier researches, small molecular orgaeimiconductors mainly were
studied and used to form thin films through vacusublimation, thus leading to the
formation of molecular single crystals or amorphatate. The materials mainly
include naphthalene, anthracene, tetracene, trjdu@mes, perylenes,
tetrathiafulvalenes, and fullerenes, and so on.rgghaarrier transport mobility
strongly depends on not only the nature of molecthemselves, and also the order
of molecular arrangement.

Actually, the low-temperature results have shovat the possibility of band-like
3



transport occurred in this highly ordered singlgstal. Take an instance, at low
temperature about 10K, single crystal naphthaledebged much higher intrinsic

hole mobility even up to 400évi™'s* under 3KV/cm shown in Figure 1-2. Electron
mobility was detected to be 24.58vi's™ at 22.5K, which didn't exhibit any electric
field dependence. These properties clearly confine presence of a band-like

transport in such single crystals.
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Figure 1-2 Typical positive at 4.2K and negative8@K photocurrent (left) and

temperature-dependent mobility (right)

In contrast to high mobility in single crystal, c¢ga carrier mobility in
amorphous compounds, due to slow hopping rate leetvilee adjacent molecules,
was found to be quite low, as described above. As of famous organic
semiconductors, triphenylamine-based compoundsh sag the prototypical 4,
4’-bis(N-m-tolyl-N- phenylamino) biphenyl (TPD) nmextule, have been researched
for long period as organic photoconductors in tlegox industry. They have already
been extensively employed in OLED as hole-trangpgprmaterials, in which the
amorphous film was formed through vacuum-depositethod. The figure 1-3 shows

that the hole mobility was estimated to be>28)° cn?/Vs at room temperaturt-
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Figure 1-3 Molecular structures of TPD and typicahsient photocurrent

Similarly, n-type perylene diimide derivatives &ypical organic semiconductors
for electron-transporting, due to quite low LOMCegyy level around 4eV. The title
compound N, N-bis(2-phenethyl)-perylene- 3,4:9 bif[dicarboximide) (PECI) was
sublimated to substrate to form a thin film, whtre electron transport mobility was
measured by TOF technique. In the research, etectnobility ranging from

10%-10°cm?/Vs was achieved as exhibited in Figure 124.
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P W = 100

s -

- s 7 259

< 5

44
2+ 106 |- 222

] T —T

| S
0 2 4 6 8 10 i)

time (10-8s)

photocurrent (arb. units)

N

108 1 1 1 1 L L
0 100 200 300 400 500 600 700

E'2 (Viem)1/2
Figure 1-4 The molecular structure of N, N-bis(Zpéathyl)-perylene- 3,4:9,

10-bis(dicarboximide) (PECI), its transient photwent and Logarithm of the

mobility vs E'?, parametric in T.

From the above discussion, it is obvious that ahargrrier mobility in small
molecules strongly relies on the order of molecwaentation. In single crystals,

mobility is two or three orders of magnitude highkan that in polycrystals and
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amorphous states.

On the other hand, oligomers also were studied Iwid®r organic
semiconductors, like oligothiophene, tetracene a@editacene. For an instance,
tetracene exhibited high hole mobility by time bflit technique over focn?Vvs?
in single crystal, 18 cn?V's' in polycrystalline state and focm?v's! in
amorphous state, which reveals that grain bounsla@ molecular misorientation
are detrimental to charge carrier transport.

Oligo polydithienopyrroles (DTP) as a new unit ionjugated materials have
received attention because of its planar strucextended = -conjugation across the
fused rings and the NH bond, which can be easily substituted by variomstional

groups as shown in Figure 18.

0.0%0 =

s

&£
Photocusram
o
g'l'
=

0000 =

Figure 1-5 Molecular structure of oligomer (DTP-FL&hd its transient photocurrent

This material formed polycrystalline film, in whiatharge carrier transport was
measured in time of flight (TOF), and the transite ¢, for the arrival of carriers was
readily obtained from the inflection point in theouble logarithmic plot of
photocurrent versus time. At 298 K, the hole meopilivas found to be 7%10°
e’V st at an applied electric field of 2:910° V/cm. The hole mobility was found
to have positive temperature dependence, whiclstifites the typical hopping
mechanism of charge transport in DTP-FLU. Generaflgaking, the transport of
charge carriers in conjugated molecular compourdsirs via hopping between the

localized sites on individual molecules.
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Figure 1-6 Chemical structures of ter(9,9-diaryflene)s: 1 and 2. Representative
TOF transients for 1 and 2 samples (both 1.5unk}hi@) 1, electron, E ) 3:310°
Vicm, (b) 1, hole, E ) 3.810°V/cm, (c) 2, electron, E ) 6 10° Vicm, (d) 2, hole,

E ) 8X 10" V/cm. Insets of (a-d) are double logarithmic plotga-d).

Ter(9, 9-diarylfluorene)s 1 and 2 in Figure 1-6 evéound to form amorphous
films, which interestingly showed non-dispersivansient photocurrent in time of
flight (TOF) measurement. The ambipolar mobility glass/Ag (30 nm)/organic (1.5
im)/Al (150 nm) samples was estimated to bé-10? cn?/Vs. '

This is the first report of nondispersive electrand ambipolar transport in
fluorene-based materials. Although thorough undedihg still remained some
guestions and requires further studies, severderdiice can be extracted to
distinguish the present ter(9,9- diarylfluorenes previous works.

In particular, the well-defined conjugation length oligomeric systems may
prevent formation of deep electron traps due tactral defects which easily occurs

in polymeric systems.

1-1-2 Polymers

In the last two decades, molecularly doped polym@#DPs) act as

photoreceptors have been used in xerographic apipins, in which the charge
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carrier transport has been well investigated.

In particular, the charge carrier transport in p{dyphenylenevinylene) (PPV)
has been studied by the time-of-flight (TOF) teciuei.*> Mobility of holes in PPV
was determined and found to be quite dispersiveacher. The dispersion parameters
were analyzed in the frame of a multiple trappingdel. The drift mobility of the
positive carriers was determined to be at the omferl0® cnfV7's® at room
temperature under an electric field of Mcm and has positive field and temperature
dependence in Figure 1-7. The mobility exhibitsiedly activated behavior, which
shows an activation energy about 0.75 eV at zeld.fiThis result clearly points out

that the charge carrier transport in PPV can berstdod through a polaron transport.

O6 &

2 300 I 380 o
Tamparature (K)

Current (mA)

| PPV at6.4*10" Vicm

10% 10* 1t 10° 10°
Time (s)

Figure 1-7 Molecular structure of PPV and transigmbtocurrent under the electric

field of 6.4X 10*V/cm
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Figure 1-8 the chemical structure of the MeLPPP1(R:GH4-n-CoH21; R’: n-CgH13).

Photocurrent transient of the ITO/MeLPPP/AI sangdter excitation through the ITO
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anode with light pulses of 450 nm at 290 K and ppliad electric field of &« 10*
vem™. The hole mobility is & 10* cn?V™ s*. Arrhenius plot of the mobility of the

MeLPPP at different applied electric fields.

The reduced influence of disorder in MeLPPP lead#sidn-dispersive charge
carrier transport and unusually large hole moksitexhibited in Figure 1-8 compared
to PPV and its derivatives® The greatly improved hole mobility of MeLPPP offers
further hope that fast-response polymer light-engtidiodes and electrically driven
polymer lasers can be developed, for which highihtiels and high injection rates

are critical factors.

1-2 Self-organizing organic semiconductor s based on liquid crystals

Through molecular self-organization properties argamaterials can form
ordered structures, thereby enhancing charge caimamsport. There are many
intermolecular interactions involve in moleculatfsgganization, such as H-bont,
S-S interactiort® and super-amphiphobic natdfeand= - ©  interactior’ as well.

Thermotropic liquid crystals, which mainly use- n interaction to form
long-range order structure have been known for cerguries.” However, charge
carrier transport property was just reported 20ry/esgo.?? In that time, charge
mobility measured by time of flight in the typicaliscotic liquid crystalline
triphenylene derivtaives was firstly reported inarer group?? And then three years
later, in Hanna group, charge carrier mobility ialamitic liquid crystal, i.e.,
2-(4-heptyloxyphenyl)-6- dodecylthiobenzothiazole, wasind. ** Unlike discotic
and calamitic liquid crystals, liquid crystallinelgmers have been reported relatively
fewer, due to difficulty of forming mesophase, &g tonsequence, charge carrier
transport property was just report in very fewharn.?*

In recent years, researchers have tried to empoiety of methods for higher

charge carrier mobility in liquid crystals, whicletaally points out the development

9



directions of liquid crystalline semiconductors.

1-2-1 Calamitic liquid crystals

Calamitic liquid crystals usually exhibit two typed mesophases, namely,
nematic and smectic. In the nematic phase, the qulgle are aligned uniaxially and
don’t have positional order, while in the smectiape, molecules are aggregated in
layers, which are called smectic layers, and hawé lranslational and positional
order. In SmA, SmB, SmBs, and SmE phases, the molecules sit perpendicutaet
smectic layer, on the other hand, in SmC, SmF, Sam@,SmH phases, the molecules
sit tilted against the smectic layer.

In calamitic liquid crystals, charge carrier malyilstrongly depends on the order
of mesophases. For an instance, a liquid-cryseapimtoconductor, 2-(4-octylphenyl)
- 6-n- butoxynaphthalene, exhibited quite high gyolar mobility in SmE phase up to
10%cm?/Vs, while in SmA phase, it just showed mobilitpand 10" cnf/Vs. 2 This
result, on the one hand, is consistent with thee dast SmE phase has smaller
intermolecular distance than SmA phase, and onother hand reveal that high
densely phase is beneficial for suppressing maodegubtions, thus enhancing charge

carrier transport.

10"

o
£
£
O OCnHzn+1 el X, saeeg
CgHi7 Q O 2 SmA Phase
:E Isotropic
= . SmE Phase
n = 4: 2-(4"octylphenyl)-6-butyloxynaphthalene (8-PNP-04) E 10°} Phase
n = 12: 2(4'octylphenyl)-6-dodecyloxynaphthalene (8-PNP-012) ,E + positive carrier |58
3 negative carrier - L
10% L L il .
60 80 100 120 140

Temperature (°C)

Figure 1-9 Molecular structure of 8-PNP-0O4 andntsbility in each phase

Recent research in charge carrier mobility in thepe-based calamitic liquid

crystals made a big progress, in which quite higle lmobility up to 18cm?/Vs has
10



been achieved® This result could be explained by two reason: isnthe large =
-conjugated core, and the other is the smallerrmiéecular distance of 319 As

reported, in other mesophases, the intermolecigtardte is over 412

8
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Figure 1-10 Thiophene-based calamitic liquid crgséad their transient

photocurrents.

1-2 Liquid crystalline polymers

In liquid crystalline polymer’, generally speaking, to enhance charge carrier
transport also requires less defective structudestiorter = - = interaction distance.

The typical example is main-chain poly(9,9-diodtydfrene), in which high hole
mobility of 8.5X 10°cnm?/Vs was obtained?’® When the same polymer is deposited
as an isotropic film, the hole mobility was detecte be 4X 10 cn?/Vs 2°. This
result described the utility of mesophase alignmesita means to enhance carrier

mobilities for conjugated main-chain liquid-crysia polymers.

40
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Figure 1-11 Molecular structures of poly (9, 9-dwituorene) and its transient

photocurrent and electric field dependence of nitgbil

It can be observed that mesophilic poly (9, 9-dilfictorene) shows one order of
11



magnitude higher mobility than non-mesophilic phlgfene-based MeLPPP, which
primarily indicates that ordered structure providdgth less defective pathway for
charge carriers, thereby enhancing conduction.

On the other hand, side-chain liquid crystallindypeer just exhibited lower
charge carrier mobility than main-chain polymersisTprobably can be explained
that charge carrier can be fast transported albegchains in main chain polymer,

while in side chain polymers charge carrier onlyrasmsported by hopping.
1-2-3 Discotic liquid crystals

1-2-3-1 Structure of discotic liquid crystals

Discotic (disc-like) molecules typically comprisirgy rigid aromatic core and
flexible peripheral chains have been attractingwgng interest because of their
fundamental importance as model systems for theystof charge and energy

transport and due to the possibilities of theirli@agion in organic electronic devices.
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Figure 1-12 General structure for DLC moleculahéecture

A majority of DLCs form columnar mesophases propahle to intensen - =
interactions of polycyclic aromatic cores. The cermre (intracolumnar) separation
in a columnar mesophase is usually of the ord&.@, so that there is considerable
overlap of = -orbitals. As flexible long aliphatic chains surnol the core, the
intercolumnar distance is usually 2@0A, depending on the number of lateral chains

and their lengths®

1-2-3-2 Discotic columnar phas&s
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Discotic liquid crystals are able to exhibit tydichscotic columnar phases. In
the discotic columnar phase, molecules aggregate aolumns. The discotic
columnar phases are classified by the order of cuéds in the intra-column, and the
order of inter-columns in the two dimensions.

In the classification of the order of columns, thare two categories, i.e., the
columnar hexagonal (G9l and columnar rectangular (Qolphases. In the Gl
columns are aligned in a hexagonal pattern as showiy. 1-3 (b). In this Cglphase,
the vertical alignment of the columns (homeotroplignment in general) does not
have retardation. Thus, it is easy to confirm thgnanent by observation with a
polarized optical microscope, in which we just e dark in the whole visible
region. In the Cg) columns are aligned in a rectangular patterrshasvn in Fig. 1-3
(c). And also, in this Ceplphase, the columns are tilted in the most cadeass,Tthe

homeotropic alignment has retardation.

Figurel-13 Different kinds of columnar structuresnfied by discotic mesogens: (a)
ordered column, (b) disordered columns, (c) helmaumn, and (d) tilted column.
These self-assembled columns selforganize intcerdifit types of 2D columnar

lattices (e: hexagonal columnar phase; f: rectargrdlumnar phase).

In the classification of the order intra-columnenth are four categories, the
columnar disordered (Cglphase, the columnar ordered (§ghase, the columnar

plastic (Co}) phase, and the Helical (H) phase. In theqsQblase, the position of

13



molecules in column is disordered, so the X-rajraktion pattern does not have the
peak in a wide angle. In the Gglhase, the molecules in column have a long-range
orientational order but the molecules can movétla,liso the X-ray diffraction pattern
has a broad peak in the wide angle. In the, @bhse, the molecules in the column
have a long range order and the molecules canngé nmoa column, so the X-ray
diffraction pattern has some sharp peaks at a wadgle. In the H phase, the
molecules in column are aligned in hexagonal-liké&grn, so this phase has a three

dimensional structure like a crystal.

1-2-3-3 Conductivity in discotic liquid crystai$

DLCs, like any other organic molecule, are insutatm pure form due to the
large energy gap and low intrinsic charge concéntraHowever, they can be made
conducting by generating charges via chemical ootqahemical doping. The
columnar phase provides a facile path for the mardrof generated charges. As the
molecules are packed closely, charges can migrasdyevia hopping from one
molecule to another. Due to the 1D stacking of mdkes in the columnar phase,
charge migration in these materials is expectdgbtquasi-1D. Conductivity along the
columns in columnar mesophases has been reportbe ® orders of magnitude
greater than in the perpendicular directitn.

1-D Charge Transport
Through - interaction

Columnar phase

QS

Figure 1-14 One-dimensional charge transport ialanchar phase.
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Planar

Homeotropic

Figure 1-15 The conductivity difference in the diten of columnar axis and the

vertical direction

1-2-3-4 charge carrier transport mobility

As discussed above, charge carrier transportedcotic columnar phase has to
go along the columnar axis direction, where therlapeof= - &1 occurs. In the case,
the charge carrier mobility was expected to beeqjuiigh.

In fact, there are several techniques for measuchnyge carrier mobility in
discotic liquid crystals, namely, time of flight @F) technique, Pulse-Radiolysis
Time-Resolved Microwave Conductivity Technique (PRMC), space charge
limited current (SCLC) method and field effect setor method.

Consideration of measuring long-range intrinsic rghacarrier transport in
homeotropic columnar phase of discotic liquid aisstthe time of flight technique
usually can meet well the requiremetit.

The earliest report about charge carrier mobilitydiscotic liquid crystals by
TOF was proposed in the 1990s in a DLC triphenylederivative,
hexapentyloxytriphenylene (H5T), which showed haiebility of 10%cnm?/Vs. %
After that, another triphenylene derivative of hes®yloxytriphenylene (H6T) with
hole mobility of 3<10%cm?/Vs was reported®® When triphenylene with OGH,3
groups (H11T), the mobility is around 4@m?/Vs, 20 times lower than H5F° The
decrease of hole mobility from H5T to H11T can Bplained that longer side chains

causes stronger molecular motions in discotic calmphases.
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Figure 1-16 Side chain length dependence of chaeier mobility in
triphenylene derivatives (a) and temperature depecel of charge carrier mobility in

hexahexylthiotriphenylene (HHTT)

For further investigation of higher mobility in digtic columnar phases, various
cores with kinds of side chains have been preparet characterized in terms of
charge carrier transport. One of the most effectivategies to achieve high mobility
in discotic columnar phases is to suppress molecgutations, namely, translational
and vertical, as well as rotationat.For examples, in highly ordered phase, the, ol
phase of hexabutyloxytriphenylene (H4T), the holebitity is 1 x 10 cnf/Vs was
determined And also, in the H phase of hexahexylthiotripheng (HHTT), the
hole mobility came up to 0.1 &Ws, the highest in all triphenylene analogues.iSo,
is obvious that in discotic columnar phases thei@amobility strongly depends on
the order of phase.

However, in some literature, people thought thegdacore will result in higher
charge carrier mobility, due to stronger - = interaction. But, the data from
experiment told us that this conclusion is invalkbr instances, discotic liquid
crystalline phthalocynine derivatives in columnaeage exhibited hole mobility to be
103%cn?/Vs, * which almost at the same order with H5T, althopthalocyanine has
much large core size than triphenylene. Another Die@abenzocoronene, in which

13 benzene rings are contained, couldn’t exhibjttgpical transient photocurrent in
16



TOF measurement, because it only forms columnaseghié@th edge-on alignment
(columnar axis is parallel to the electrodés).

Based on above discussion, the effect factorstarge carrier transport can be
summarized and shown below:

(1) The local molecular arrangement should be agdtim

Since charge transport in discotics is describedth®y hopping formalism
according to Marcus theory, the charge transfewvéetd neighboring molecules
within a column strongly depends on their relatp@sitions and orientations. The
probability for charge hopping would be maximal wtiee intermolecular separation
is minimal, with the polyaromatic cores being op wf each other (no lateral slide)

and the mutual orientation being cofacf&l

<>

Side view Top view

Figure 1-17 Schematic illustration of homeotropiscdtic columnar alignment

with molecular slipping.

(2) The number of chemical impurities and strudtdedects must be minimal on
a large spatial scale

Since one dimensional charge transport is limitgdhe slowest transfer rates.
Chemical impurities and structural defects willnfodeep traps for charge carrier,
directly increasing the transient time.

(3) The thermal motion of the molecules perturbse thather “soft”
charge-transport system

Charge transfer between neighboring molecules,wision the picosecond time
scale, is hindered by the slow whole-body movementthe discs on similar and

slower time scale¥®.
17



This study mainly focuses on finding a general rooler design strategy for
discotic liquid crystals, which can be applied imds of discotic cores to form

homeotropic columnar mesophases with high changeec&ransport mobility.

1-3 Enhancement of charge carrier transport in homeotropic discotic

columnar mesophases

As discussed above, high charge carrier mobilitydiscotic columnar phases
measured by TOF technique requires well-defined dairopic alignment, less
defective structure and stabilized molecular areamgnt.

There have been lots of publications reporting hiscotic liquid crystals can
align homeotropically, mainly including two typethe one is to use modified
substrate for induced homeotropic columnar aligrim&rthe other one is to exploit
discotic liquid crystals by molecular engineeririg. The former is based on the
interaction between molecules and substrate, whédateral relatively relay on the
nature of molecules. So, the lateral usually regpuinique molecular structures. In
consideration of charge carrier transport measungntiee lateral exhibits much more
advantages, like independence of electrodes (mlalecuientation) and spontaneity
in columnar alignment.

In the homeotropic columnar alignment, less defecttructure and stabilized
molecular orientation will bring out high speed ®carriers through the columns
between two electrodes. Here, let’s briefly introeluhe recent progress regarding of
how to stabilize columnar structure in hoemeotragtumnar mesophase for high
charge carrier mobility through subtle interplayvioeen molecules.

In homeotropic columnar phases, enhacement of cbager transport mainly
has been made through suppress molecular therm@nmaoln fact, two strategies
can be done to achieve this goal: the one is tointeemolecular interaction within

columns, while the other is to use intercolumnatdes.
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1-3-1 Using intermolecular interaction to stabilize the columnar phase

Intermolecular interactions within columns have rbe®nsidered as tools to
suppress molecular motions in columnar mesophi&gettbond, S-S interaction, and
SO0 on.

A. Demenev, et al., reported a discotic liquid talsmme H-Bonded
Benzotristhiophene Derivative, whose columnar mkaeps cover a temperature
range from —50 to 280. Charge carrier mobility measured by TOF methoabisut

102 cn? V™t st for electron in both hexagonal columnar mesoph&8es

photocurrent (a.u.)
,T_'
'Y

1E-5

T T
1ET 1E6 1ES 1E4 1E3
time (sec)

Figure 1-18 Molecular structure of H-Bonded Benathiiophene Derivative and

its negative transient photocurrent in columnarsgha

Recently, Q. Xiao, et al., prepared kinds of priggeshaped regioisomers of
fused oligothiophenes, which was said to form caelamphase with S-S interaction.
And also, in each LC column, well-organized intelesalar S—S contacts are
developed triple-helically along the columnar awigh a helical pitch of 4.04 nm.
They measured charge carrier transport using TOntque, and found in columnar

phases ambipolar mobility to bed6n? v*s™ 4

19



e

1
Hole

-0 I e -
3 — | et
2.4 - —— 1 }
c Electron & |+ o
E—-E ; S E -\'5 :E) 2
33 § N R

4 = Log (Timeis) 4

0 10 20 30 40 10-3 I L I i
Time (us) 0 50 100 150 200 250

EV2 ((V cm~1)'72)

Figure 1-19 Molecular structure of a propeller-sf@pegioisomer of fused

oligothiophenes, its transient photocurrent andtatefield dependence of mobility

From the two reports, it is clear that to some mixt®lumnar structure can be
stabilized by introduction of intermolecular intetian within columns, thereby
enhancing charge carrier transport. Especially, $h8 interaction made a good
molecular arrangement in columnar phase, whichaldugher ambipolar mobility

over 10°%cm?V's*, one order of magnitude higher than usual.
1-3-2 Using physical gelsto stabilize columnar structure
Y. Hirai, et al., prepared discotic liquid-crystaét (LC) physical gels by

combining the self-assembled fibers of a low-madl@eweight gelator and

semiconducting LC triphenylene derivativ&s.

Liquid Crystals Enhanceman'l of hnla_rmbiiity
by physical gelation
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Figure 1-20 Molecular structures of discotic LC picpl gels and schematic

illustration of columnar structures
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The hole mobilities of the discotic LC physical geheasured by a time-of-flight
method become higher than those of LC triphenylat@se. For example, when n=8,
the mobility increased by 23 times. The introductad the finely dispersed networks
of the gelator in the hexagonal columnar phasesrepsrted to strongly affect the
molecular dynamics of the liquid crystals, therabgulting in the enhancement of

hole transporting behavior in the LC gel state.

1-3-3 Incorporation of side chains into bay positions to form densely packed

columnar phase
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Figure 1-21 Molecular structure of bay-substitutekthalocyanine, its transient
photocurrent and temperature-dependence of magbilplecular structure of

peri-substituted phthalocyanine and its transiéat@current

In Hanna Lab. previous researches revealed that taegh charge carrier

mobility over 0.1cr'Vs could be determined in bay-substituted phthalomne
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derivatives even in disordered columnar phasess mobility is almost 100 times
high than that determined in peripheral-substitulldC phthalocyanines which
exhibited ordered columnar phasé&s.

Importantly, this is the first report that chargeobility in discotic liquid
crystalline columnar mesophase over'd®?/Vs. Such high mobility could be
obtained, probably originated from the below reason

1) Easy access to isotropic phase making therniahsaling for homeotropic
alignment possible

2) High pure sample by recrystallization

3) Densely packed columnar structure suppressirigaular motions

Interestingly, such high mobility was determined ‘idisordered columnar
phases”. So, from this result, several researclesssan be extracted:

a) Why such high mobility could take place in “didered columnar phases”?

b) Is it possible that high mobility can be obsernia other discotic liquid

crystals with bay substituents?

1-4 Objective and approach of this study

This research progress on organic semiconductoctudimg amorphous,
crystalline, and liquid crystalline small molecukesd polymers has been reviewed as
a background of the present research. In partictilisrhighlighted that liquid crystals
as self-organizing organic semiconductors are pmgifor device application in the
future, because of high mobility ranging from™entV's* to 0.1cnfv?'s® and
possible control of molecular alignment. Additidgalit is pointed out that what
determines the charge transport properties has@en clarified in discotic liquid
crystals yet, while the recent reported resultsaohay-substituted phthalocyanine
derivative exhibiting high mobility over 0.1éfs in disordered columnar phase
actually can be a key for understanding chargeezarmansport properties in discotic

columnar phases. Based on these results from icst@tudies, the motivation and
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purpose of the present study are described:

1) To address why high mobility can be determineddisordered columnar
phase, but can't in ordered columnar phase; to @anawquestion about why such high
mobility can be achieved in disordered columnar spka of bay-substituted
Phthalocyanines and whether high mobility can bgeolked in other discotic liquid
crystals bay-substituted with long alkyl chains,iehhcan give us some idea about
how the bay-substituted discotic liquid crystalse aavailable as an organic
semiconductor.

2) Generalize this molecular design concept to rotiiees of discotic liquid
crystals. In order to obtain more information abthe liquid crystallinity, charge
carrier transport property and molecule structwevall as molecular orientation, we
attempt to prepare various bay-substituted discegamd study their phase transition
and charge carrier transport, and investigate teneral characteristics.

To make these questions clear will not only lemese deeply understand charge
carrier transport in discotic columnar mesophakasalso give us some ideas about
how the bay-substituted discotic liquid crystals &g exploited and further possess

the availablity as an organic semiconductor.

1-4-1 Investigation of bay-substituted discotic liquid crystalline phthalocyanines

and tetrabenzopor phyrins
R R R R
N (1L
R YN N R R R
N N
R %\ N FN igR R R
N~
R R R R
R = alkyl chains R = alkyl chains
Figure 1-22 Molecular structures of bay-substitutqzhthalocyanine and

bay-substituted tetrabenzoporphyrin

As a reference, the analogue of phthalocyanine, tetrabenzoporphyrin, was
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designed, due to their similar molecular shape. Als, both of them show quite
similar chemical and physical properties, such jiscal absorption and molecular
arrangement in single crystal.

1-4-2 Generalization of the molecular design concept to various discotic liquid

crystals

As typical example, triangular molecules usualhyhibk quite perfect liquid
crystal properties and behavior as good semicomduaiatures. So, in the section of
generalization, two types of triangular disclike re were chosen for the
generalization of this concept, namely, Hexaazapinmhylenes (HATNA) and truxene,
which are representative and always act as modkdomes for simulation of charge
carrier transport. So, there have been abundamrerafe experimental results

available for my study.

Figure 1-23 Molecular structures of typical triatagu disoctic liquid crystals,

Hexaazatrinaphthylenes (HATNA) and truxene with-lmgated substituents

And also, it is necessarily mentioned that the glacore must be retained after
introduction of bay substituents for maintaining tintrinsic electronic property. For
some molecules, the incorporation of side chaits Iy position probably destroys
the planarity of the core, because of strong steii@rance, like triphenylene

derivative and perylene diimides.
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Chapter 2

Experimental methods

2-1 General methods

2-1-1 Chemicals and solvents
Unless otherwise noted, all the reagents and stiweare used as received from
Aldrich Chemical, Tokyo Chemical Industry, and WaRare Chemical Industries.

Dry solvents, like dry THF, were dehydrated in anleemade equipment.

2-1-2 Purification of samples
2-1-2-1 Chromatography
Column chromatography was carried out with Wakosgeda (particle size: 200
um). Compounds were detected by fluorescence quemgchat 254 nm,
self-fluorescence at 366 nm. For eluents, GC-lsaélents were used without further
treatment. The compositions of the eluents arengiggether with the retension value
Ry.
2-1-2-2 Recrystallization
Through repeated recrystallization in ethanol amdexane, we are trying to
remove the ionic and neutral impurities. In the tame, distilledn-hexane is required
to remove the remained polar solvent and few inti@sti
2-1-3 Inert atmosphere
Oxygen or moisture sensitive reactions were cawigdn an argon atmosphere
(Linde). If not mentioned specifically, reactionene degassed by bubbling a stream

of argon though the reaction mixture.

2-2 Structure characterization of materials
28



2-2-1 Nuclear magnetic resonance spectroscopy (NMR)

NMR technique can be used to check chemical streiobfi organic materials.
Usually, 'HNMR and *CNMR are commonly used. According to the chemical
synthesis, structures of all compounds in this aegde have been confirmed by
'HNMR.

In this study,'H spectra were recorded at‘@50on a JEOL model JNM-ECA500
spectrometer, where chemical shifts i ppm) were determined with respect to

tetramethylsilane as an internal reference.

2-2-2 Mass spectrometry (M S)

MS spectra are used to determine the elementsaigle, the masses of particles
and of molecules, and to elucidate the chemicatgires of molecules.

In this research, HRMS were obtained on a douldedimg magnetic sector mass

spectrometer JEOL JMS-700.

2-3 Characterization of phase transitions

2-3-1 Differential Scanning Calorimetry (DSC)

Basically, phase transitions will result in the gyechanging with exothermic
and endothermic processes when the samples aredheatcooled. Differential
scanning calorimetry can be utilized for quantualy studying the thermal transitions
in liquid crystalline materials, in which a liquatystal sample and an inert reference
are heated, usually in a nitrogen atmosphere, larhal transitions in the sample are
detected and measured. Most commonly, the sampterhased is a very small
aluminum cup, and the reference is either an eroppyor a cup containing an inert
material, such as anhydrous alumina. Sample wegyis from 0.5 to about 10 mg.

In this research, DSC 220C system, Seiko Elec., wsasl. The reference is an

empty cup. Sample weight is around 5mg.
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2-3-2 polarizing optical microscope (POM)

Polarizing optical microscope can be used to oles¢ne formed textures by
birefringence in liquid crystals upon heating oplxag. Through the observation, we
can know preliminary what mesophases the liquicgtatyexhibits. In particular, we
can use POM texture to distinguish the columnagmnatient in discotic liquid crystals.
As for the homeotropic columnar alignment, the P@QMphs are absolutely dark,
while planar alignment will exhibit lots of birefrgence.

In this study, the polarized light microscope okdh and the hot-stage of Mettler

Toledo, FP900 thermo system were used.

2-3-3 X-ray diffraction (XRD)

Evaluation of molecular alignment and crystallingf/ polycrystalline phase
and liquid crystal phases of liquid crystal matisrimowder X-ray diffraction is a
powerful tool to be measured.

In theB-20 scan, the spacing is estimated from Braggs equatio

A
2sin@

A is the wavelength of X-ray radiation source GuK.54 A. 6 can be extracted
from the system automatically. And then, d willdzculated based on the equation.

In the measurement of discotic liquid crystals,i¢ggp powder XRD patterns are
shown in the Figure 2-1. Discotic hexagonal colunpteases can be considered as a
2D order lattice. And there are two typical strues) the first one is called as ordered
hexagonal columnar phase, in which adjacent matsowithin columns align parallel
to each other with a uniform intermolecular disenihe second is called disordered
hexagonal columnar phase, in which the intermobcdistances are not uniform.
The difference can be easily distinguished from XB&terns, in which the peak

appearing at large angle regions representatiwemtarmolecular distance.
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Ordered hexagonal columnar lattice Disordered hexagonal columnar lattice

Figure 2-1 Schematic illustration of ordered ansodiered hexagonal columnar

lattice in discotic liquid crystals.
Through the characterization of powder XRD measerdmthe phase
structures, including lattice parameters shownigufe 2-1, can be recognized.

In this study, x-ray diffraction equipment (RigaRAD-2B) was used.

2-4 Spectroscopy

2-4-1 Ultraviolet-visible spectrophotometer (UV)

The Ultraviolet-visible absorption spectroscopyused for the detection and
guantitative measurement of chromophores that godezlectronic transitions
between different vibrational levels of the groward excited states.

In our study, the spectrometer of Spectrophotom2?&; Hitachi was used. The
range of wavelength is from190nm to 900nm. All cfasurements were done in the

atmosphere.

2-5 Cyclic voltammetry (CV)

Cyclic voltammetry, coupled with electronic speatrucan be used to estimate

the energy levels of materials. Here, each measnemwas calibrated with the
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ferrocene—ferrocenium couple (Fc/f¢aking 4.8 eV as ferrocene’s HOMO level. Al

solutions were purged with argon for 20 min befeaeh experiment.

2-6 Preparation of liquid crystal cells

The liquid crystal cells for charactering electtipaoperties of liquid crystals,
which are a sandwich type of cells, are made asvisha Figure 2-2 and 2-3.
Electrodes materials are either indium tin oxide&X) or aluminum (Al). Spacers used
are silica particles in a size of 5 to 15 pum.

A liquid crystalline material was capillaryl&@tl into the liquid crystal cells in the
isotropic phase as Figure 2-2. The glue used kamdithe glass or quartz plates is an
epoxy resin, which is available below 200 In Figure 2-3, thin film was fabricated

by spin coating, and then electrode was deposited.

N\

Cell with Al electrodes capillary-filling melted TPB

Figure 2-2 Fabrication and structure of liquid tajline cells used for TOF
measurement

.~

K N K T

Substrate Spin-coating Thin film Al electrode
ITO electrode

Figure 2-3 Devices fabricated for steady-state @tiorent measurement.

2-7 Evaluation of electric properties

2-7-1 Steady state dark current measurement
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Steady state dark current measurement is ableaacterize bulk (transport)
and/or surface (injection) properties in sandwibbged cells, which is based IV
measurement systents.

In particular, when the energy levels, i.e., HOMOLWMO, match the work
function of metal electrodes to establish Ohmictaoh) which leads to space
charge limited current (SCLCY.On the one hand, by means of the method of
SCLC, we can know some information about the entrggls, on the other hand,
charge carrier mobility also can be estimated biG@ethods?

In this case of SCLC, high electric field or low bildy samples are used, thus
leading to an excess amount of carriers injectinthé bulk from electrode. Such
carriers stay near the injection electrode, rasgltn very low electric field. I-V
characteristics can be described as Child law enftitlowing equation for trap

free condition.

2
d?

Whered represents the thickness of thin fil®g is dielectric constant of the

9
J _g‘grgO:u

organic materialy is mobility. Based on this, the SCLC mobility istienated
from the above equation.

In this study, a source measurement unit, (Advam8840) was used and the
steady-state dark current data collected using hin@me-made program on a

personal computer through GPIB communication.

2-7-2 Steady state photocurrent measurement *
When Ohmic contact is established between a saamean electrode, the
photocurrent under steady-state illumination iscdbsd by the following

equation,

_ _ HTE
I, =npeuE = aIOCDeT

Wherea is the absorption coefficient of lighg, is the light intensity of unit time,

@ is the photo generation efficiency amds the life time of photo generated
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carriers.

In this study, the measurement system for the wtstde dark and
photocurrents is shown in Figure 2-4. The lightrseuvas a Xe lamp of 500 W,
the UV wavelength of illuminating light was selettby the band pass filter
(UVD-33S) and the on-off of light was controlled the electromagnetic shutter.

The source measurement unit (Advantest R8340)dad aad the steady state
photocurrent data collected by the own-made progoama personal computer

through GPIB communication.

Interference
filier

e

Seurce -{ml:ﬁ :
measurement unit

Sample on - & = 1
Thermocontroller . hlm stage EM shutter S0V Nelange

Figure 2-4 Setup for steady state photocurrent areasent, which consists of
500 W Xe lamp as an excitation light source, etaofignetic shutter, optical

filters, lens, mirror, and sample hot stage.

2-7-3 Transient photocurrent measurement *

The transient photocurrent was measured by a cdowah time-of-flight
(TOF) setup, as shown in Figure 2-5. The sampieitiglly subject to a constant
applied voltagev between two electrodes of the sandwich type cethe dark;
and at t = 0 a light pulse is illuminated onto seenitransparent electrode, i.e., one
side of the sample, to produce a thin carrier sheat the electrode surface of the
sample. The resulting charge sheet drifts acroesssdmple and reach to the

opposite electrode along with an applied dc eledigald. The transient current
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flowing through the external circuit is amplifiechdh recorded by a digital
oscilloscope, which is called transient photocurrebhe duration of pulse
illumination should be far shorter than a transmet ty of the carriers and
penetration depthd, of illuminated light should be far smaller thathé&ckness of
samples to meet one-carrier transport conditiore pblarity of the applied field
to the illuminated electrode determines the sigthefcarriers that drift across the

sample. The carrier mobility is described by théofeing equation,

d2

i

Et, Wt
Whereyu is the mobility,d is a sample thicknesE,is the electric fieldy is a given
applied voltage ant} is the transit time.

In general, carriers should be transported to @uglectrode with a constant
velocity in the TOF method, therefore electric dieshould be homogeneous
across a sample. When an excess amount of chargespver 20% of the charges
determined by a geometrical capacitance, are ggedhe electric field becomes
inhomogeneous. Therefore, the light intensity oflspulaser used for
photo-excitation was set low enough to satisfyaim®unt of charges.

For evaluation of charge amount transported to dbenter electrode, the
transient photocurrer(t) was integrated as a function of transport timeyitee

the collected charge3.

00

Q=J.I(t)dt

0
The charge amount determined by the geometricaaii@mce of a cello is

the follow equation:

Q, =CV =¢4¢, gv
In this study, photo intensity was controlled as Q.2Q.
In this study, an Nlaser (Photonics LN203Qx = 337 nm, pulse duration =
600 ps) and a Nd:YAG laser with wavelength modulé&m optical parametrical

oscillator (OPO): LOTIS TII LT-2215, a second hamw generator (SHG):
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LOTIS TIl YHG-2, a third harmonic generator of LOHITII LS-2137UPMA\ =
about 230 - 840 nm, pulse duration = 6-8 ns) wasl @s an excitation light. The
energy of the laser pulse was measured by a polwerpmeter. Bias voltage was
applied by Kikusui PVA 250 oKeithley 237. The transient photocurrent was

recorded by a digital oscilloscope (Nicolet, Pro®2 ACCURA 100 (12bit,
20MHz and 100MHz, respectively)).

Discotic liquid
d crystalline materials
Bias
=V
Short duration s
laser pulse V(t)
Oscilloscope
I R}Dad
Liquid crystal cell i
a)
Non-dispersive Dispersive
= =
pad bad
5 5
w w
32 3
Q Q
A A
[ [
Transient time Transient time

b) c)
Figure 2-5 TOF setup for this study (a), which dstssof pulse laser, DC voltage
source, resistors, digital oscilloscope, and hagest d is the thickness of the cell. b)

and c) represent typical non-dispersive and dispergansient photocurrent,

respectively.
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Chapter 3

Bay-substituted discotic liquid crystalline

benzopor phyrins

3-1 Introduction

In the former chapters, it was repeatedly emphdsiiaat peripheral substituted
discotic liquid crystals exhibited low charge carrimobility ranging from 10 to
10%cn?Vs in ordered columnar phases, which could be ®céw through
modification to some extent, but still below™ 16mf/Vs. What' is surprising for us is
that incorporation of side chains into bay possiosf phthalocyanines shown in
Figure 3-1 was capable of achieving high chargeiezamobility even over 0.1

cm?/Vs in disordered columnar mesophases.

R R
IS N\
R \NH N~ R
NN HN 0
rR_ /NN R
N
R R
R = alkyl chains

Figure 3-1 Molecular structure of bay-substitutéthalocyanine

To the best of our knowledge about liquid crysteliorganic semiconductors,
high charge transport mobility strongly dependdamy-range ordered structures with
less molecular displacement and motidrHowever, bay-substituted phthalocyanines

exceptionally showed such a high mobility in relaty low-ordered columnar phase,
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i.e. disordered hexagonal columnar phase {fcoDne probably is wondering that
why bay-substituted phthalocyanines show higherilitpbhan other discotic liquid
crystals. Explicitly, this question has never bemldressed in available literature
reports.

Generally speaking, the electronic spectra of ghtyanine derivatives must be
closely relative to the configuration of their moléar stacking’

As we observed, bay-substituted phthalocyaninesiadgt exhibited quite
different electronic spectra from those of peristithted ones. It is obvious that
bay-substituted phthalocyanines always exhibitedittisg Q-band in their

temperature-dependent spectra, while peri-substitphthalocyanines didn’t do like

that, shown in Figure 3-2.

i -—Ih. i i
s s LF 5 y - — " ! ..{:
i l". 1MT Ol i W — - £
g - Wit i — = o
i '.\.'-.'. FL AT P #h ¥ 1 2
g ¥ \.". '-::l 1
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."C.‘. \\ l."i
| 5} A -4 \'\.'\.
Q-band™Ps.. ' A Q-band N

W i WA e e ME = - " - o -

Figure 3-2 Temperature-dependent electronic spefbra peri-substituted
phthalocyanine (left) and bay-substituted phthadmiye (right), the former shows a
orientation, while the

face to face molecular latershows s herringbone

configuration.
According to Kasha’ report, only the oblique dimslow the split related band.

So, in phthalocyanine derivatives, the split Q-bagnkals that molecules aggregate

together to form a unique oblique dimers showrhalielow figure.
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Figure 3-3 Face to face molecular orientation in-pebstituted phthalocyanines
(left), in which molecules exhibit translational tiom; oblique molecular orientation

in bay-substituted phthalocyanines

Furthermore, bay-substituted phthalocyanines uguathibited two separate
mesophases, i.e., hexagonal columnar phase arahgetdar columnar phase. From
powder XRD patterns in Figure 3-3, it is clearlyselbvable that in both mesophases
XRD curves are quite similar. The only differencetvieeen them is the slight split
peak at small angle region. In the hexagonal coamphase, this peak can be
assigned as (100), which split into (200) and (libOjectangular columnar phase.
And the intracolumnar distance i&,4vhich is little larger than usual (3)6°”

Although by this description, we can understandt tivdy bay-substitued
phthalocyanines exhibited disordered hexagonalnecoar phase, this result couldn’t
be used to explain why bay-substituted phthalocy@sshowed high mobility, while
peri-substituted ones showed low mobility.

In chapter 1, the effect factors on charge trartspor discotic columnar
mesophase have been stated, which mainly incluge thspects, namely, molecular
orientation, defects and thermal motiors. When molecules of highly pure
compounds form well-defined homeotropic alignmentplecular motions will
dominate the charge carrier transport in columnesaphases:** Obviously, both of

bay-substituted and peri-substituted phthalocyanimeet the first two requirements,
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which can form homeotropic molecular alignment arah be purified through
repeated recrystallization. Only the last factberimal molecular motions probably
play a distinguished role on their charge carria@ngport.

As for the peri-substituted phthalocyanines, dupdopheral located side chains
acting as natural spacer between molecular columagecules in mesophases can
move freely in the translational direction, which mainly caused by electrostatic
repulsion and the fluctuation of flexible side aisi

In the case of bay-substituted phthalocyanines shhins are located in the
non-peripheral positions, which strongly confine fluctuation of side chains, due to
steric hindrance. Moreover, the phenyl rings argosrd, which makes the
intermolecular distance between adjacent columnsowar than peri-substituted
ones.

Based on the above discussion, we speculated rihedlumnar mesophase of
bay-substituted discotic liquid crystals narrowemmiolecular space originated from

the incorporation of side chains at bay positiangsesses the molecular motions.

R = alkyl chains
Figure 3-4 Molecular structures of bay-substitutedzoporphyrin analogues,

which have similar shapes with bay-substituted gloityanines

This study aimed to extend this molecular desiga gmilar molecule system,
namely, tetrabenzoporphyrin in Figure 3-4. Theyvslsamilar molecular shapes and
similar electronic spectra, which makes the gemstbn more controllable. Actually,
analogous to phthalocyanines, benzoporphyrin déves are also considered to

possess excellent optical and electrical properéied also, can be substituted at bay
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positionst? However, because of the difficulty in chemical thasis, to introduce
flexible chains into bay positions of benzoporphgrjust was reported in few early
literatures:®> Only the parent benzoporphyrin derivative, tetregmporphyrin, was
widely studied, which was reported to have a HOMel of 5.1 eV and a narrow
bandgap about 2eV and show relatively high intanspositive charge
concentratiort*>Moreover, high optical absorption in the visiblgimn qualifies it
for photovoltaic applicatior?

Until recently, discotic liquid crystalline benzapbyrin derivatives, i.e.,
1,4,8,11, 15,18,22,25- hexyltetrabenzoporphyrinfldmpound 2) and compound 3,
1,4,8,11, 15, 18, 22, 25- hexyl tetrabenzomonoapdyyoin (TBMAP: compound 3),
substituted by long side chains at bay positionsrewsynthesized starting from
thiophene shown in Schemt However, the attempt to prepare high-purity 2 &nd
for electronic application was never reported, phip due to quite low yields in the

whole synthetic route.

3-2 Synthesis

3-2-1 Previous synthetic route

Until recently, discotic liquid crystalline benzapbyrin derivatives,
1,4,8,11,15,18,22,25- hexyltetrabenzoporphyrin (T&Mmpound 2) and 1,4,8,11, 15,
18, 22, 25- hexyl tetrabenzomonoazaporphyrin (TBMA&®mpound 3), substituted
by long side chains at bay positions, were syn#ieelsstarting from thiophene shown
in Schem 3-1'° However, their phase transition, optical and etett properties are

still unclear, which possibly resulted from veryigields in whole synthetic route.
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R R ~
4 5 6
Previous route J iii
. R
1v CN
R=C¢H;;3 2 and 3
CN
R
9

i: BrCgH13, n-BulLi, THF; ii: m-CPBA, CHCIl.; iii: CHCI3, 150C, in sealed tube; iv:
a) BrMgMe, THF, reflux,30min; b) Quinoline, 20, 12h; ¢) AcOH, reflux

Scheme 3-1 Previous synthetic route for benzopoiplaerivatives
3-2-2 Novel synthetic routein thiswork

In this paper, we designed a versatile route forttessis of benzoporphyrin
derivatives, as shown in Scheme 3-2. In this neuterothe commercial starting
material, 2, 3-dicyanohydroquinone 7, was firstiflated to prepare 8 in a yield of
90%. And then through Suzuki coupling, the precur8owas synthesized from

compound 8 in a high efficiency and mild condition.

OH OTf R
CN : CN CN
1 ii i1
—_— 7 . ————  2and3 R=C¢H;
CN CN CN
OH OTf R
5 6

4

i: trifluoromethanesulfonic anhydride, pyridineyddCM,; ii: CeH13B(OH),,
Pd(dppf)C}, AgO, K.COs, THF, 80C:; iii: a) BrMgMe, THF, reflux,30min; b)
Quinoline, 200C, 12h; c) AcOH, reflux

Scheme 3-2 Novel synthetic route for benzoporphgerivatives

Finally, the cyclization reaction was carried ost reported in referenc® to
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prepare TBP and TBMAP with slight modification bging a 1 : 4 ratio of MeMgBr
to precursor 6. Crude products were carefully ieolaand extensively purified by
column chromatography followed by repetitive retallszation from a mixed solvent
of THF and methanol, in order to further charactsion of thermal and physical
properties. Comparing with the previous one, outecshowed quite high efficiency,

mild conditions and functional group tolerance.

i: Synthesis of 3,6- bis(trifluoromethanesulfonygshthalonitrile
2,3-dicyanohydroquinone (5.2 g, 0.033 mol) wasalissd in a mixture of dry DCM
(30 mL) and triethylamine (5 mL) and the resultiyglow solution was cooled to
-20 °C. A solution of trifluoromethanesulfonic amngle (22.1 g, 0.079 mol) in dry
DCM (8 mL) was added dropwise over 30 min. The lkegumixture was allowed to
warm to rt and stirred for 14 h under argon. Thaulteng brown solution was left in
the fridge for 24 h to help the formation of crystahich were filtered off, washed
with cold methanol and recrystallised from DCM/pétrto afford 3,6-
bis(trifluoromethanesulfonyloxy)phthalonitrile (Y 90%).'"H NMR (CDCk, 500
MHz, ppm): 7.87(s, 2H).

ii: Synthesis of 3,6- dihexylphthalonitrile

A suspension of compound 1(1.5g), Alkyl boronicda@ equiv.), Pd(dppf)GI(10%),
powdered KCO; (3 equiv.),and AgO (2.5 equiv.) in THF (75ml) was stirred under
argon at 80°C in a sealed tube. After 48 h, thetunéx was cooled to room
temperature. The dark solid was filtered, and wetas added into the solution. The
solution was extracted using CHCAfter evaporation, chromatography column was
carried out to purify the crude product to provil85g white crystal, yield 60.9%H
NMR (CDCl, 500 MHz, ppm): 7.47 (s, 2H), 2.86 (t, J=7.0Hz, ¥H.67(m, 4H),
1.34 (m, 12H), 0.90 (t, 6H).

iii. Synthesis of benzoporphyrin derivatives (reti@reference 1)

Cyclization for bay substituted benzoporphyrin waerated as the reference, 3 (200
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mg) A solution of MeMgBr in EO (0.93ml, 2.9M in BO, 4 equiv), dry quinoline (3
mL), Acetic acid (3 mL), green super-pure crystter repetitive recrystallization in
EL-level solvent were obtained (TBP: yield 2.4%;MBP: yield3.5%).

TBP: Transition temperature: 149 (K-D), 178C (D-I);

'H NMR (300 MHz, [D8]THF): d=11.56 (s, 4 H), 7.92, ®H), 4.41 (t, J=7.2 Hz,
16H), 2.25-2.44 (m, 16H), 1.5-1.8 (m, 16 H), 1.8, 32H),0.75-0.95 (m, 24 H),
—2.10 ppm (s, 2H);

TBMAP: Transition temperature: 149 (K-D), 177C (D-I);

'H NMR (300 MHz, [Q]THF): d=10.95 (s, 2H), 10.88 (s, 1 H), 7.96(d, B=Hz, 2
H), 7.84 (d, J=7.6 Hz, 2 H), 7.54 (m, 4H), 5.05J&7.2 Hz, 4H), 4.08 (t, J=7.2 Hz,
4H), 3.97(t, J=7.2 Hz, 4H), 3.85 (t, J=7.2 Hz, 4RlB5-2.42 (m, 4 H), 2.23-2.30(m,
4 H), 2.1-2.23 (m, 8H), 1.75-1.83 (m, 4H), 1.5651(%, 12 H), 1.26-1.45 (m, 32H),
0.80-0.91 (m, 24H), —1.36 ppm (s, 2H);

3-3 Phasetransition

3-3-1 polarizing optical microscope (POM)

Their phase transition has been characterized,hichvtwo mesophases were
observed for both TBP and TBMAP. On heating, tietgar points appeared at IZ8
and 177C, respectively. And then, as temperature decrefeea isotropic phase,
their phase transition from first mesophase tosé®ond one took place at I62nd
161°C, and entered into crystal states at the same tatupe of 149C. These results
are consistent with the previous repdtt.

POM textures of TBP and TBMAP are shown in Figusg. 3t can be seen that
both compounds exhibited quite characteristic te@gun their separate mesophases.
At 175C upon cooling, fan-like textures appeared (a and Eigure 3-5), which
are typical for hexagonal columnar pha3ehile, the black region can be considered

as the existence of homeotropic columnat 155C, their textures turned to be
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broken fan type (b and d in Figure 3-5), which asenmonly observable in the

rectangular columnar pha¥e.

100 ym

100 pm

Figure 3-5 Polarized optical micrographs of TBP&5C; b: 155C) and TBMAP(c:
175C; d: 155C)

3-3-2 X-ray diffraction (XRD)

In addition, we can see that XRD patterns of TBE aBMAP in rectangular
columnar phase did not show rather clear splitiegks (200) and (110) (results by
the splitting of the (100) reflection of the hexagbcolumnar phase lattice, b and d in
Figure 3-6) as usu&!, which has been reported for some phthalocyanirittsa very
unique molecular alignment.The uncommon results actually led to the diffiguitt
distinguishing the two separate columnar phasesth®oauthors of the reference 16
defined the second phase as the other hexagonahoal phase.

XRD data were summarized in Tab 3-1. Both TBP arBMAP showed
disordered hexagonal columnar phases judging from dbsence oft-stacking
reflection within a column at wide angle regiontelestingly, intracolumnar distances
for both of TBP and TBMAP are arranged to be 202® A, which seemed
significantly small compared with those of peri-stituted compound$® And even
though both TBP and TBMAP exhibited disordered Igexeal columnar phases, their

mean intracolumnar distances around 3.5 A probahly be estimated from alkyl
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chains reflection (3.8 A), indicative of relativesgrongern-n electronic interaction
than usual.*’* *® In the rectangular columnar phase, moleculesdtilte form
herringbone configuratioll. This type of arrangement is very common in thé fisf
organic crystallography, which is the lowest fraeergy possible arrangements for
rigid molecules, leading to the closest stacks.

As we can see in Figure 3-6, XRD patterns exhibgatde characteristic peaks
for both TBP and TBMAP self-organizing into hexagband rectangular columnar

phases, which agree with results of POM textures.témperature decreases, the
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Figure 3-6 XRD patterns of TBP (a: 1Z% b: 155C) and TBMAP (c: 175_; d: 155C)

hexagonal columnar phase quickly transformed toré¢lceangular one, which can be

observable in some DLC materials, and the latdéravs higher order than the former.

12

Table 3-1 Summary of X-ray diffraction data for TBRd TBMAP

T(C) d-spacin Miller Phase
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g (A) index (lattice parameter)

(hik)
TBP 175 17.5 (100)  Colpg
10.8 (110) a=21.6 A
9.3 (200)
3.8 alkyl
155 18.3 (200)  Col,
17.5 (110) a=36.6 A
3.9 alkyl b=19.9 A
TBMAP 175 17.9 (100)  Colpg
10.8 (110) a=21.6 A
9.2 (200)
3.9 alkyl
155 18.8 (200)  Col,
17.4 (110) a=37.6 A
3.8 alkyl b=19.6 A

3-4 Electronic spectrain film states

Temperature-dependent electronic spectra of tHmsfiof the representative
derivative TBP were recorded in Figure 4-7. Accogdito Kasha' report? they
theoretically illustrated that interaction betwe&mo neighbouring molecules in
dimers affects their electronic spectra. And orilg bblique dimers show the split
related band. As can be seen from Figure 4-7, T&R gplit Q bands at isotropic
phase, hexagonal columnar phase and rectangulanoal phase. The split Q bands
in these phases correspond to oblique (roof-topestiadimers, even in liquid state.

In amorphous state, the intensity of Q-band deekdsut still split as well.
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Figure 3-7 Temperature-dependent electronic spetisible region of the film of
the representative derivative TBP and illustrabdexciton energy diagrams for

dimers

3-5 Steady- state photoconductivity measurement

Steady-state photocurrent measurement of TBP wagsdaut by using two type
of devices: Al/TBP(9.am)/Al and AlI/TBP(50nm)/ITO. The measured photocatre
spectra of TBP thin films are shown in Figure 4m8which photocurrent spectra were
normalized to the number of absorbed photons. Wiesea that TBP showed relative
low photocurrent in the long wavelength region canmg with that in the short
wavelength region, mainly because photons in thg lwavelength region have low
excitation energy less than 2eV (bandgap of TBPInterestingly, comparing with
electronic spectra in Figure 3-8, the photocurrgméctra show minimums at the

maximal absorption but maximums at the minimal gson when large positive
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bias was applied to the thick sample. On the otierd, the thin one’s current
response almost resembles the shape of the whetepion spectrum. The striking
relationship between the photocurrent and absorpsioectra can be classified as

antibatic for the former and symbatic for the latte
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Figure 3-8 Normalized photocurrent spectra of THMe photocurrents were
measured at 20V and 175or the thick and 5V at room temperature for the.tifhe

voltage was applied on the same side of Al asrtbielént light.

Similar results have been reported by other rekeascon tetrabenzoporphyrin
derivatives.?® This effect usually is called as photocurrent ifieattion, which was
interpreted as resulting from the interaction betmvéhe bulk photoconductivity and
the injection currer®® For thick cells, the weakly absorbed light willnegrate into
the sample deeply, leading to a relative smalktaace and a relative large current at
these wavelengths, while its resistivity and curr@nstrongly absorbed wavelengths
are still practically at its dark level. Howeveoy fthe thin cell, the strongly absorbed
light will penetrate a substantial portion of treergple, while only a fraction of the
weakly absorbed light will be absorbed by the cdit. this point the spectral

characteristics of the bulk and injected currehtsud be similar.
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3-6 Transient photocurrent measurement

In order to investigate charge carrier transportl gmoto-carrier generation
property in benzoporphyrins in detail, the transiphotocurrent measurement was
performed by a conventional time-of-flight (TOF)peximent, using a nitrogen gas
laser §= 337 nm, pulse duration time =600ps, power persgl3.6J) for
photo-excitation. Liquid crystal cells with Al antTO electrodes for the TOF
experiments were prepared, and TBP and TBMAP wapdlary-filled into the cells
at their isotropic temperatures. The resultinggiamt photocurrents were recorded by
digital oscilloscope and were analysed in lineat dauble logarithmic plots. Carrier
mobility p was obtained through an equationsfd®Vtr, where d is the sample
thickness, and V the applied \oltage, andthe transit time of photo-generated
carriers traversing the sample layer. Thés determined from an inflection point in a

double logarithmic plot of transient photocurrestaafunction of time.
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Figure 3-9 Transient photocurrents of TBP in colammesophases, the left was
measured at 176 in the hexagonal columnar phase, while the rigi6&C in

rectangular columnar phase.
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Figure 3-10 Transient photocurrents of TBMAP inutbhar mesophases, the left
was measured at 175 in the hexagonal columnar phase, while the righs&C in

rectangular columnar phase.

Figure 3-9 and 3-10 show well-defined non-dispexrsivle transient photocurrent
of both materials in the hexagonal columnar phasel7b’C and rectangular
columnar phase at 185. Each photocurrent exhibits a slow rise of thetpborrent,
which is probably due to thermally activated depiag of the photo-generated
charges at the electrode interfaeso that a peak instead of a shoulder was shown
followed by a slow decay of the current. The mapiéixceeded 0.1 ci#Vs in the Col
phases, which is high enough to attribute it taHgehole conductiort® ?* This value
is comparable to those of bay-substituted phthaloine derivatives? and about one
order of magnitude higher than that of polycrystaell non-mesomorphic
tetrabenzoporphyrin determined by field effect siator (FET) techniqué*®: 2°and
two order of magnitude higher than that using thece charge limited current (SCLC)
technique®.

The positive carrier mobility for both TBP and TBNWAas shown in Fig 3-11 (a),
is almost same and increases in a stepwise marorer ¥0° cn?V!s in isotropic
phase to 16 cn?V s in both disordered hexagonal and rectangular colrphases,
when the phase transition took place. Judging fremech high mobility over
103cm?/Vs, the conductivity was surely confirmed to beattonic but not ionic®
which indicated high purity in both compound§.However, after samples entered

into crystal states, due to lot of grain boundaribge signals of their photocurrent
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became quite dispersive so that charge transpdsilityaccouldn’t be obtained.
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Figure 3-11 Mobility of TBP and TBMAP as a functiohtemperature at a fixed

electric field (a) and as a function of electrieldi at 175Cin Colg phase (b)

This fact of high mobility indicates that bay-subged benzoporphyrin
derivatives are surely beneficial for enhanceméntharge transport in columnar
phases. It implies that molecular motions in thekpd columns probably can be
suppressed through introducing side chains into pasgitions, which allows the
special herringbone configuration to construct isotered hexagonal columnar

phase and rectangular columnar phase. Coincidgntalhay-substituted
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phthalocyanines having high mobility also showesl gplit Q-band in their electronic
spectr&® but those peripheral substituted phthalocyaniniés lew mobility didn't
show the split Q-band even though they exhibiteghlyi ordered hexagonal columnar
phase.® ?° Furthermore, the relationship between high mabitihd herringbone
configuration has been explored in single crysthks pentacené’, and calamitic
liquid crystalline smectic E phagk

The hole mobility hardly depends on the temperatureboth mesophase
irrespective of the compounds, which was often megbin other discotfc and
smectic liquid crystals?. These features have been well explained by aowarr
distribution of density ranging from 40 to 60 meWntparable t&T, and T is the
temperature for TOF experimerits And also, the hole mobility of TBP and TBMAP
as a function of electric field is illustrated ilgR3-11 (b). It is very clear that the hole
mobility in two samples doesn’'t have dependencel@dtric field which is also quite
common behaviour in the electronic conduction gfiild crystals, which is attributed
to a small intermolecular distance of aroundA3i8 the liquid crystalline phases (as

mentioned above) and small dipole moment of theemdés
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3-7 Summary of Chapter 3

In conclusion, a facile synthetic route was propgose prepare high-purity
bay-substituted benzoporphyrin derivatives of TBE aBMAP having alkyl groups
at bay positions for characterization of phasesitaon, optical and photoconductive
properties. Results from characterization by POM &RD confirmed that both
compounds showed disorder hexagonal and rectangatdumnar phases.
Temperature-dependent electronic spectra illustrdtat these bay-substituted DLCs
exhibited split Q-band, which has been theoretycalkplained for resulting from
herringbone configuration.

And also, we investigated charge carrier transpamd photoconductive
behaviours in two discotic liquid crystalline bepobophyrin derivatives. Interestingly,
through time of flight technique, these materiathibited very high hole mobility
over 0.1cmiVs in Colq and Cal, which originated from herringbone configuration
within long range columns. Moreover, very high pligeneration efficiency up to 2%
in the columnar phase has been achieved.

According to the present results, TBP is very psing as a p-type of organic
semiconductor for photovoltaic applications. Fumnthere, TBMAP as a good
derivative, its availability and potentials alsdllviie worthy of attention. Nowadays,
we are focusing on how we can develop more efficegnthetic methods as well as
application in high performance photovoltaic desice

Through this study, we found that bay-substituteshZzoporphyrins exhibited
similar molecular orientation in mesophases andesarer of mobility of 18cm?/Vs.
The results from bay-substituted benzoporphyrirficored our speculation originated
from bay-substituted phthalocyanines, which revebalt bay-substituted discotic

liquid crystals with tetragonal symmetry can extatdihigh charge carrier mobility.
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Chapter 4

Bay-substituted discotic liquid crystalline
hexaazatrinaphthylene (HATNA) derivatives

4-1 Introduction

Semiconducting molecular columns, living in discdiguid crystalline (DLC)
columnar phases, are capable of forming one diraeakchannel for charge transport
and natively behavior as superior models for study bfirge-transfer process.
Furthermore, their homeotropic molecular alignmeithin “out of plane” columns,
in which the molecules adopt face-on orientationtlon substrate, allows long-range
fast charge carrier transport between the top attbim electrodes favoring high
photovoltaic and light-emitting performanédn order to make further advancement
in such electronic devices, it is of fundamentgbamance to investigate how to make
DLC molecules spontaneously grow “out of plane”wmsn the electrodes, thus
generating long-range charge carrier transport fagh mobility.

Over the past couple of years, abundant reseaflwnes addressed that “out of
plane” molecular columns can be organized by p-tgseniconducting DLCs
themselves through thermal annealing process, inhathole can be transported with
mobility ranging from 1dcn?Vs* to 10*cm?V's™. ® However, only few reports
aimed at discussing the self-directed n-type DL@sotganize “out of plane”
molecular columns for high electron transpdmyhich actually subject to not only the
low chemical stability and high reactivity of theadical anions with O and Q,°
but also the strong trend to “in plane” grow witheir axis parallel to substrates
(planar alignment). To form stable n-type organgngonductors, primarily two
molecular design strategies are accessible: i)ntooduce electron-withdrawing

groups (-CN, -COR or —N4£) ii) to incorporate N-containing heterocycles ridine
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or diazine). The former can preferentially lowee #nergy of the LUMO and have a
smaller impact on the HOMO, making both electrod hale injection possible, while
the lateral tends to decrease both the occupieduaaodcupied orbitals, thus favoring
electron injection but blocking hole injectidnSo, the lateral should be considered as
the ideal n-type active materials for bulk hetenajion devices.

As shown in Figure 4-1, hexaazatrinaphthylene (HAJNs a G symmetric
heterocyclic aromatic core, in which there are embedded nitrogen atoms so that
the first reduction potential can be significantigreased, thus beneficial for electron

injection.”

Figure 4-1 Structure of 5, 6, 11, 12, 17, 18-Hex#&idzaphthylene (HATNA)

Up to date, very few HATNA compounds have been @qul as discotic liquid
crystalline materialé in spite of various derivatives studied as modehpounds to

determine the crystal structuPdpnization potentiaf:® and electron affinity:*

Q HATNA-SR Phase transition temperature
N
N R=CgHy3 Cr 205 Colh> 250 dec

N N

4 \ R=CgH- Cr 175 Coln > 250 dec
RS =N N=

SR Cr 113 Colr1134 Colr2181 Colr3222 Colh> 250
RS SR R=CioH21 dec
R=C4;Hs5 Cr 90 Colr149 Coln> 250 dec

R= CyHoney  16.8.10,12

Figure 4-2 Structure of peripheral-substituted HANWith alkylthio groups and

their phase transition temperature
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The first discotic columnar HATNA derivatives shown Figure 4-2 were
prepared about ten years ago by Geerts, 8t They have already prepared a series
of HATNAs with hexathioethers and characterizedrttteermal properties. Moreover,
the thermotropic behavior was found to strongly reh the length of side chains.
However, before the observation of their decompmsitlearing temperatures wasn’t
obtained, so that further studies on their physeadl electronic properties were
hampered. Although incorporation of swallow-tailgghe of hexathioethers chains
HATNA derivative had its isotropic temperature aexhibited multiple crystalline
phases prior to decomposition, these compoundgdfaib show any columnar
mesophase.

On the other hand, HATNAs with alkoxyl groups wasrid to exhibit columnar
mesomorphism shown in Figure 423 The synthesis of these compounds involves
the condensation of freshly prepared cyclohexaBe4,5,6- hexaone with
1,2-dialkoxy-4,5-diaminobenzene under the conditioh acid. The transition
temperatures of these compounds are summarizaduneH4-3. Unlike their thioether
counterparts, hexaethers showed obvious transitiom mesophase to isotropic
transitions, which was confirmed by POM and DSCedéhcompounds exhibited very
wide columnar mesophase temperature ranges, irhweatangular and/or hexagonal

symmetry were checked.

RO  OR
HATNA-OR Phase transition temperature
N\ R=CeH13 Cr187.1Col 23031
/NQN\ R=CgH17 Cr 114.5 Colr 176 Coln 224.4 |
RO—(/ =N N= OR Cr86 Coln214.6 |
Q R=C10H21
RO OR
R=Cy2Hys Cr 94.2 Coln206.1

R=C,Hyeq 1-6.8.10,12

Figure 4-3 Structure of peripheral-substituted HAY With alkoxyl groups and

their phase transition temperature
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Importantly, from the above HATNA derivatives, weonclude that the
introduction of six electron-donating side chasisch as hexathioethers or hexaethers
could not override the electron-deficiency of tlwee; which has been confirmed by
measuring the reduction potential of these compstnyccyclic voltametry studies.

With a view to charge carrier transport, electroobifity through time of flight
(TOF) technique still wasn't accessible becausthefabsent long-range “out of plane”
molecular columns. As a consequence, only ambigomkility of 103-10* cm?v's?
detected using the pulse-radiolysis time-resolveztawave conductivity (PR-TRMC)

8 or the steady-state space-charge limited cur®@eLC)’® "

techniques is always
referred to highlight the good electron transpooperty of HATNA.
This section will describe that how HATNAs with bcated thioether groups

form mesophases, and the charge carrier trangptreir columnar mesophase.

4-2 Alkyl-substituted HATNAS

4-2-1 synthesis
R
Br R R R N:/ ; "R
; i NH N N
/N\S i /N\ ii 73 iii P
~,/ =~ /S X
N N NH, N N
Br R R R Ni@/R
1 2 R
HATNA-4, R= C4Hq
HATNA-6, R=CgH13

HATNA-10, R=C10H21
HATNA-14, R=C14H29

i) R-B(OH),, Pd(dppf)Cl,, Ag.0O, K;COs, THF; ii) Zn, AcOH, reflux, 15min;
iii) Hexaketocyclohexane, R=489 and GH13, AcOH : CHC(1:1) reflux 1h; R=GoH»; and

C14H29, ACOH:CHCE (2:1) reflux 1h
Scheme 4-1 Synthetic route for alkyl-substitutedlNA derivatives

To introduce alkyl chains to bay positions of HATNsAoutlined in Scheme 4-1
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and showed good yield at each step even if theeciains are in variety of lengths.
Dialkylbenzothiadiazole was synthesized through dencoupling, and here is the
first report about it. Afterward, excessive Zniongter in AcOH was used in reduction
system to obtain diamine. Finally, cyclization wasried out in two different volum

ratio solvents in terms of side chain’ steric hantire. Four final compounds can be

easily recrystallized in hexane, even butyl sidairth

Synthesis of 2:

A suspension of compound 1 (298mg, 1mmol), decylobmic acid (3 equiv.),
Pd(dppf)C} (10%), powdered ¥CO; (3 equiv.),and AgO (2.5 equiv.) in THF (75ml)
was stirred under argon at 80°C in a sealed tulier A8 h, the mixture was cooled to
room temperature. The dark solid was filtered, aater was added into the solution.
The solution was extracted using CHGAfter evaporation, chromatography column
was carried out to purify the crude product.

R1=C4Hg: vield 73.3%."HNMR (300MHz, D/chloroform): 8 = 7.26 (s, ArH, 2H),
3.08(t,J=7.5Hz, 4H), 1.75-1.80 (m, -CH, 4H), 1.20-1.51(t, -Cht, 4H), 0.86(t, Me,
6H)

R1=CsHai3 vield 66.2%."HNMR (300MHz, D/chloroform): 8 = 7.23 (s, ArH, 2H),
3.05(t,J=7.5Hz, 4H), 1.72-1.81 (m, -CH, 4H), 1.21-1.52(t, -CH, 12H), 0.86(t, Me,
6H)

R1=CyoH21: yield 74.6%."HNMR (300MHz, D/chloroform): § = 7.24 (s, ArH, 2H),
3.06(t,J=7.5Hz, 4H), 1.75-1.80 (m, -CH, 4H), 1.20-1.50(t, -Cht, 28H), 0.86(t, Me,
6H)

R1=Ci4H.g: yield 69.5%."HNMR (500MHz, D/chloroform): 8 = 7.25 (s, ArH, 2H),
3.07(t,J=7.5Hz, 4H), 1.75-1.80 (m, -CH, 4H), 1.25-1.53(t, -Cht, 44H), 0.86(t, Me,
6H)

Synthesis of 3:
A mixture of 2 (5.2 mmol) zinc dust (26 mmol) and®@H (20 mL) was refluxed with

stirring over 15 min. The reaction mixture wasrstirfor 1 h, and then was allowed to
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cool to room temperature. The mixture was dilutethwieOH and filtered through
Celite, rinsing well with MeOH, and filtrate was raentrated. The residue was
partitioned between saturated aqueous Nagi(d60 mL) and EtOAc (100 mL), and
the organic phase was collected. The aqueous plesextracted with two additional
volumes of EtOAc (100 mL). The combined organicgd#sawere dried with N8O,
and concentrated to give colorless oil.

R1=C4Hg: yield 72.5%'HNMR (300MHz, D/chloroform): § = 6.58 (s, ArH, 2H),
3.78(s, NH2, 4H), 2.50(8=7.5Hz, 4H), 1.56-1.61 (m, -CH, 4H), 1.36-1.44(t, -CHt,
4H), 0.95(t, Me, 6H)

R1=CsHi3 yield 70.4%'HNMR (500MHz, D/chloroform): 8 = 6.95 (s, ArH, 2H),
3.93(s, NH2, 4H), 2.85(t=7.5Hz, 4H), 1.67-1.73 (m, -CH, 4H), 1.25-1.41(t, -CH,
12H), 0.88(t, Me, 6H)

R1=CyoH21: 66.5%."HNMR (300MHz, D/chloroform): § = 6.58 (s, ArH, 2H), 3.78(s,
NH2, 4H), 2.49(tJ=7.5Hz, 4H), 1.55-1.60 (m, -CH, 4H), 1.20-1.51(t, -Cht, 28H),
0.88(t, Me, 6H)

R1=Ci4H.g: vield 23.6%'HNMR (300MHz, D/chloroform): 8 = 6.58 (s, ArH, 2H),
3.77(s, NH2, 4H), 2.49(t=7.5Hz, 4H), 1.56-1.60 (m, -CH, 4H), 1.20-1.51(t, -CHh,
44H), 0.88(t, Me, 6H)

Synthesis of bay-substituted HATNAs with alkyl amsi

Mixture of hexaketocyclohexane octahydrate (1 mnaoijl appropriate o-phenylene
diamines (0.33mmol) was added to deoxygenatedcaaetd (20 mL). The mixture

was refluxed for 3 h under nitrogen. After the ranet was cooled to room

temperature, the resulting solid was collectedilnafion and was washed with acetic
acid. All compounds were further purified by chrdaography using chloroform and
cyclohexene as eluent. Finally, repeated recryssaibn was carried out to get high
purity sample.

HATNA-4: a yellow solid, yield: 45.6%. Melting point: 2@5_.

'HNMR (300MHz, D/chloroform): 6 = 7.74 (s, ArH, 6H), 3.61 ()=7.5Hz, 12H),

1.96-2.06(m, - Cht, 12H), 1.52-1.62(m, -CH, 12H), 1.04(t, Me, 18H);
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HRMS (m/z): [M] calcd. for GsHeoNe: 720.4933; found: 720.4930.

HATNA-6: a yellow solid, yield: 44.2%. Melting point: 131C.

'HNMR (300MHz, D/chloroform): 6 = 7.72 (s, ArH, 6H), 3.58 ()=7.5Hz, 12H),
1.95-2.05(m, - Cht, 12H), 1.27-1.53(m, -CH, 36H), 0.86(t, Me, 18H);

HRMS (m/z): [M] calcd. for GoHgsNe: 888.6757; found: 888.67309.

HATNA-10: a yellow solid, yield: 55.6%. Melting point: 1@1C.

'HNMR (300MHz, D/chloroform): 6 = 7.73 (s, ArH, 6H), 3.59 ()=7.5Hz, 12H),
1.98-2.06(m, - Cht, 12H), 1.23-1.56(m, -CH4, 84H), 0.84(t, Me, 18H)

HRMS (m/z): [M] calcd. calcd for gHi33Ne: 1226.0592; found: 1226.0590.
HATNA-14: a yellow solid, yield: 69.8%. Melting point: 85(3

'HNMR (300MHz, D/chloroform): 6 = 7.76 (s, ArH, 6H), 3.62 ()=7.5Hz, 12H),
1.99-2.07(m, - Cht, 12H), 1.25-1.57(m, -CH#, 132H), 0.89(t, Me, 18H);

HRMS (m/z): [M] calcd. calcd for ggH1goNe: 1562.6358; found: 1562.6355.

4-2-2 phasetransition

4-2-2-1 DSC

From DSC curves in Figure 4-4, four compounds didehibit mesophase.
HATNA-4 showed a wide exothermic peak aroundC8Qipon first cooling, which
might be caused by crystal transition, becauseethgasn’t presence of any
mesophase in XRD ( figure 4-6). As increase of sidain’ s length, decline of clear
points looked rapid frorlATNA-4 to HATNA-6 andHATNA-6 to HATNA-10, but
slowed down fromHATNA-10 to HATNA-14. The reason is that clear point can be

strongly influenced by both of side chain’s lengtid molecular weight.
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Figure 4-4 DSC curves ¢fATNA-4, HATNA-6, HATNA-10 andHATNA-14

4-2-2-2 POM

50um ' 50um 50um

Figure 4-5 POM oHATNA-4(a), HATNA(b), HATNA-10(c) andHATNA-14(d)

and their organization structure. The arrows in dr@wings represent the assembly

directions of the columns during solidification. &’leamples were prepared between
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two glass slides.

As shown in Figure 4-5HATNA-4 formed long and highly birefringent fibres
with lengths exceeding several millimetres duritaywscooling, in which the columns
were oriented uniaxially along the fibre axis. lontrast, well-ordered spherulites
nucleated over the whole sample aredd&TNA-14, suggesting a radial alignment
of the columnar structures from the centre and dgeen arrangement of the
molecules. However, both dHATNA-6 and HATNA-10 didn't present typical

textures, and just prefered random growth direstion

4-2-2-3 XRD
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Figure 4-6 XRD curves diIATNA-4 andHATNA-14 in polycrystalline phase at

room temperature

Powder XRD curves are shown in Figure 4-6. TBelderal hexagonal unit
cells were found for both dIATNA-4 andHATNA-14 from the the XRD curves,
which were fitted to the characteristic correlatiof 2: 3% 1, describing the
intercolumnar organization. 3.9A and 3.8A at widgla correspond to face-to-face
distances between the disc-shaped molecHl&S.NA-14 might form titled columns,
so the face to face distance is smaller than th&tTNA-4. 15.71A and 26.9 A at
small angle region suggested additional intracolmnuorrelations between ever{ 5

disc for HATNA-4 and &' disc for HATNA-14 (one pitch), which can be proved
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further through the obtained rotation angles.

4-2-3 Summary

In this study, HATNA with bay-located alkyl chairfsave been synthesized
through a three-step reaction. After optimizingseeeaction, the yields came up to a
mediate level, which made milligram-scale samplailable for further investigation,
including DSC and POM and also XRD.

By DSC and POM measurement, all of these compounei® found to be
non-mesophilic. The observation of strong birefenge from the thin films revealed
that all of them form molecular columns with themlumnar axis parallel to the
substrates. XRD patterns HATNA-4 andHATNA-14 gave the detailed information
that how the molecule oriented in the thin filmise introduction of short side chains
produced parallel columns, while to introduce langele chains will lead to radial
molecular growth. HATNA with mediate length sideagls exhibited random growth
columns.

Although these compounds didn’'t exhibit any messphdhey provided very
basic thermal behavior of bay-substituted HATNA,iebhtold us that HATNA with
mediate length side chains will probably be indutedhow homeotropic columnar

alignment.
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4-3 Alkylethynyl-substituted HATNA

4-3-1 synthesis

Bay-alkylated HATNA derivatives have been reportedhow crystalline
phase only in whole temperature ranges below ttlear points even bearing
various length side chains, i.e. butyl, hexyl, deayd myristyl. This result
probably derived from strong intermolecutan stacking, which is widespread
in large conjugated systems. To obtain liquid @aliste properties from these
materials, the key issue is to suppress the alhtgrystallization, but not to
destroy their planar structures absolutely. Soeroatoms (like O, S and N)
and space-required groups (like phenyl, alkynyl amdllow-tailed chains)
usually are needed. Here, alkynyl groups were iaddretween rigid HATNA
core and surrounding flexible aliphatic chains shemFigure 5-2. In this case,
side chains might be out of core’s plane with sriaé-face angle. As a result,

intermolecular affinity leading to crystallizatitt@comes weaker than usual.

R R
R ¥ VA N\
. | || N
Y , N i NH, ii =N B
s — I/ s —| I —_— \ K
SN =N NH, // \\
Br | || R N\ /N R

R R R—— = N

1 2 3
HATNA-yne-6, R=C¢H3
HATNA-yne-8, R=CgH 7

i) , Pd(dppf)Cly, Cul, E§N, 1,4-Dioxane; ii) R Zn, AcOH, reflux, 15min; Ra
LiAIH4, THF, 0°C-room temperature; iii) Hexaketocyclohexane, ACOH ;s (1:1)
reflux 1h;

Scheme 4-2 Synthetic routes for variety of HATNAidatives with
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The reaction yields optimized are shown below, Wwhare enough high
comparing with synthesis of alkylated HATNA. Itwsrth mentioning, to purify the
final product used to be difficult. Because lotsgséen by-products accompanied
designed compound whenever carrying out chromapbgrar recrystallization. We
speculated that such HATNA with bay-located acetylbonds exhibited low stability
at high temperature, which decomposed slowly duitiegfinal reaction.

All compounds appeared bright yellow color. Theptical absorption will be

reported in below section.

Synthesis of 2

To an oven-dried Schlenk flask was added dry 1o%athe (20 mL) and triethylamine
(3.5mL), which was then vacuum degassed three time§,7-
dibromobenzolc][1,2,5]thiadiazole 2 ( 4mmol), 1-dee (12.0 mmol), copper(l)
iodide (0.48 mmol), and bis(triphenylphosphine)adilm(il) chloride (0.4 mmol)
were all added at room temperature. The Schlersk fleas sealed and heated t6 60
C, whereupon the solution was stirred for 12 heAfhe reaction was cooled to room
temperature, water (200 mL) was added to the nex&und the aqueous solution was
extracted with dichloromethane (2 x 100mL). The borad organic layers were
washed with water (3 x 200mL), dried with magnesisuifate, filtered, and dried in
vacuo. The residue was purified by column chronvatolgy on silica gel using pure
hexane.

R,=octynl: 90.1% vyellow crystalSHNMR (300MHz, D/chloroform): 6 = 7.59 (s,
ArH, 2H), 2.58(t,J=7.5Hz, 4H), 1.67-1.72 (m, -CH, 4H), 1.31-1.49(t, -CH, 8H),
0.90(t, Me, 6H)

R,=decynl: 88.2% yellow crystalSHNMR (300MHz, D/chloroform): § = 7.59 (s,
ArH, 2H), 2.58(t,J=7.5Hz, 4H), 1.67-1.72 (m, -CH, 4H), 1.25-1.4(t, -Cht, 28H),
0.88(t, Me, 6H)

Synthesis of 3

Dry THF (50 mL) was added to a flame-dried 100-ndhi8nk flask charged with 5

or 7 (Immol), then LiAlH (14 equiv) was added to the mixture under a strem
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nitrogen over a period of 30 min, and stirring wasatinued for 4 h.

R,=octynl: with yield of 73.1%'HNMR (500MHz, D/chloroform): 8 = 6.73 (s, ArH,
2H), 3.86(s, -NH, 4H), 2.46(t,J=7.5Hz, 4H), 1.57-1.67 (m, -CH, 4H), 1.25-1.45(t,
-CH,-, 8H), 0.90(t, Me, 6H)

R,=decynl: with yield of 74.7%:HNMR (500MHz, D/chloroform): 6 = 6.57 (s, ArH,
2H), 3.87(s, -NH, 4H), 2.46(tJ=7.5Hz, 4H), 1.57-1.67 (m, -CH, 4H), 1.25-1.45(t,
-CH,-, 28H), 0.88(t, Me, 6H)

Synthesis of 4

Mixture of hexaketocyclohexane octahydrate (1 mnaoijl appropriate o-phenylene
diamines (0.33mmol) was added to deoxygenatedcaaetd (20 mL). The mixture
was refluxed for 3 h under nitrogen. After the ranet was cooled to room
temperature, the resulting solid was collectedilnafion and was washed with acetic
acid. All compounds were further purified by chrdaography using chloroform and
cyclohexene as eluent. Finally, repeated recrysstibn was carried out to get high
purity sample.

I-d: a yellow solid, yield: 69.8%. Melting point: 85C3

'HNMR (300MHz, D/chloroform): 6 = 7.76 (s, ArH, 6H), 3.62 ()=7.5Hz, 12H),
1.99-2.07(m, - Cht, 12H), 1.25-1.57(m, -CH#, 132H), 0.89(t, Me, 18H);

HRMS (m/z): [M] calcd. calcd for ggH1goNe: 1562.6358; found: 1562.6355.

II-a: a yellow solid, yield: 46.5%. Melting point: ov&B0C.

'HNMR (500MHz, D/chloroform): 8 = 8.05 (s, ArH, 6H), 2.72(t)=7.5Hz, 12H),
1.77-1.81(m, -Cht, 12H), 1.52-1.58(m, -CH, 12H), 1.35-1.38(m, -CH, 24H),
0.91(t, Me, 18H);

HRMS (m/z): [M]" calcd. for G,HgsNs: 1033.6836; found: 1033.6801.

4-3-2 phasetransition

4-3-2-1 DSC

In Figure 4-7, compoundl ATNA-yne-6 was heated to isotropic temperature over
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170C at the heating rate or 5K/min. It was found thais tcompound started to
decompose from 168, which probably resulted from its twist molecusdructure.
Usually twist molecules show low thermal instalilit

Before the isotropic phase transition, one higtkggpeared at 98, which could
be assigned as the transition from crystal phaseltonnar mesophase. As observed,
this material began to decompose after meltingclkvimmade further cooling cycle of

DSC measurement impossible. So, only first heginogess was exhibited.

'l 2 'l 2 'l 2 'l
21 | — 1st heating |
onset 98.05 °C
0- endset 104.74°C
-~ enthalpy 112.94mJ Decompose
= 30.52J/g J
E o)
U 24 onset 169.45 °C
n endset 176.78°C
(| enthalpy 3.64mJ
0.98J/g
-4
5K/min
3.7mg
6 ——— e
0 40 80 120 160 200

Temperature (°C)

Figure 4-7 DSC traces of HATNA-octyne showing ofitgt heating process

As for HATNA-yne-8, although it gave a low isotropic temperature bitb@C,
it still exhibited an instability property upon hem to high temperature (Figure 4-8).
In the first heating process, we can see that dl greak appearing at 37C can be
assigned as a transition from a crystal phase ¢than one, while the peak at 84
should be phase transition for crystal phase toptesse.

Upon cooling, this compound didn’t exhibit any ¢l@aak from isotropic phase to
crystal phase at 3'@. This result usually was reported to be a liquigstalline glass.
And also, it is observable that the peak of crystahsition shifted to 3. from
84 C, which is another evidence for forming a glasspgeh We have to use other

technique to confirm this conclusion.
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Figure 4-8 DSC curves for HATNA-yne-8

4-3-2-2 POM

Figure 4-9 POM graphs for HATNA-yne-6

Through characterization of DSGJATNA-yne-6 was found to be thermal
instability when heating to isotropic phase for hile. So, in the characterization of
POM texturesHATNA-yne-6 was quickly cooled to liquid crystalline phaseteaf
melting in isotropic phase. The POM images are showFigure 4-9. It is obvious
that compoundHATNA-yne-6 exhibited typical mosaic textures in mesophasechvh
is characteristic for hexagonal columnar phase willge-on molecular alignment.

And also, it was found that this compound formedlass phase, which could be
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observed in room temperature.

HATNA-yne-8 exhibited more stable property in DS@asurement, even if it
also turned green color when staying at isotrogiase for a while. So, in POM
measurement, we quickly cooled down the temperasfter HATNA-yne-8 was
melted. The POM images exhibit typical dendritixttge in the whole visible region
shown in Figure 4-10, which can be assigned as btopc hexagonal columnar
phase with columnar axis perpendicular to the satest. In the texture, we also can

find some bright birefringence, meaning very feedes in the thin films.

Figure 4-10 POM graphs fotATNA-yne-8 in hexagonal columnar phase, the

left was taken without crossed polarizers, whike tight was taken under crossed

polarizers.

In the figure, the black region usually is seen vedl-defined homeotropic
columnar alignment, which always was observed iscatic liquid crystalline

hexagonal columnar mesophases, like in triohenglane phthalocyanines.

4-3-2-3 XRD
The sample oHATNA-yne-6 was carefully placed on the glass substrate agml th
melted with a cover film made by polyimide. Immedlg, the sample was cooled

down to mesophase, avoiding the sample to decomipotie isotropic phase. The
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cooling rate was 10K/min.
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Figure 4-11 XRD patterns for HATNA-yne-6

From the temperature-dependence of XRD patternarshio Figure 4-11, it can
be seen thatlATNA-yne-6 showed a hexagonal columnar, which usually exhidit
clear sharp peak at the small angle region of XRilepn and wide diffraction in
wide angle region by alkyl chains. The lattice pagger in columnar phase of
HATNA-yne-6 can be estimated to be 21A3 Due to the absence of the peak
regarding of = - winteraction,HATNA-yne-6 was considered to form a disordered
hexagonal columnar phase.

X-ray diffraction (XRD) pattern of the LC mesophaseHATNA-yne-8 was
given in Figure 5-12. As illustrated from this cufeur peaks with d spacings of 19.6,
11.8, 9.8 and 4.2 A (Figure 2) which was indexediffsactions from the ¢, dy; and
dxo planes, respectively, coincide clearly with hexagocolumnar structure. This
Col, structure of 1b with a lattice parameter (a) 0628 can be calculated, which is
little larger thanHATNA-yne-6. However, the diffraction peak at wide angle regio
which usually can be assigned to the face-to-fastmce of ther-nstacked along the
columnar axis is absent here, suggesting randomacwmiumnar distances, i.e.

disordered columnar phase.
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Figure 4-12 XRD pattern of R2,2. The left for temrgiare dependence; The right for
100Con cooling (insert: Schematic illustration of thenteotropically aligned Cgl

structure)

The disordered hexagonal columnar phage AT NA-yne-6 and HATNA-yne-8
probably is influenced by the strong steric hindearfor bay-located side chains,

which arrange in narrow space leading a twist maéraconfiguration.

4-3-3 UV absor ption and photoluminescence

Furthermore, comparing with absorptionfbATNA-14, that ofHATNA-yne-8
exhibited clear red shift about 50nm, which coulel éxplained by much larger

conjugation system due to the introduction of &ipbonds. The absolute
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photoluminescence quantum yieldl dATNA-yne-8 in neat thin film was measured
in an integrated sphere at room temperature uridatraosphere. The wavelength of
the excitation source used is 254 nm laser linds Tasult shows that 1b is an
excellent semiconducting material for LEDs with dogohotoluminescence

efficiencies (the maximum 10.2%) and an emissiorimam around 700 nm.
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Figure 4-13 Optical absorption, photoluminesceiig @nd PL efficiency of

HATNA-yne-8
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Figure 4-14 IV curve foHATNA-yne-8, the cell thickness is Qum
When charge carrier transport was measured in TOEasorement,
HATNA-yne-8 compound always showed high dark current, sorttaddility was not
accessible. So, IV measurement in Figure 4-14 veaised out to check the dark
current directly. We found that the current incexhto 0.2A under the voltage of 5V.
We speculated that such high dark current probabfs caused by the
decomposedHATNA-yne-8, but not by itself. In the below section, we wdikcuss

the energy levels of HATNA-yne-8 by CV measuremneamd optical band gap.

4-3-5 CV measurement

100 A A A A A A A A A A A A A
q |=——THF
504 | — HATNA-de (2st cyc)

AT e o i) N

~~
<
2 -50-
-~ o
C . .
O -1004 RE: Ag/Ag+ CE: Pt
= ] WE: Pt
= THF TBAP 0.2M
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Ferrocene E = 0.12eV
= 3.48eV

-200+4 (IP=4.8eV)
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Figure 4-15 Cyclic voltammograms dfATNA-yne-6 and HATNA-yne-8
recorded in THF solution of [(fEl9)sN]CIO,4 (0.20m). Here, the second scanning is
presented for 1b and 1c. Scanning rate=100mVs

Cyclic voltammetry was employed to study electrovloal stability of
HATNA-yne-8, and to estimate HOMO/ LUMO levels coimdéd with their electronic
spectra. To determine LUMO energy values, each uneagent was calibrated with
the ferrocene—ferrocenium couple (Fc/Fc +) takirgyeV as ferrocene’s HOMO level.
The cyclic voltammograms show three reversible cédo peaks for both

HATNA-yne-8, but no oxidation waves were observed accessible window
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highlighting their dominantly reducible feature. erHirst reduction peaks for
HATNA-yne-8 occurring at —1.1 mV result in their MD energy levels of -3.5 eV,
respectively. Up to three cycles were recorded mmdchanges in the redox peaks
were observed, which indicate$HATNA-yne-6 and HATNA-yne-8 have
electrochemical stability and reversibility.

The optical band-gap, obtained from the absorptidges of absorption spectra in
thin film, was found to be 2.5 eV fdHATNA-yne-8. So HOMO values can be
calculated to be 6.0eV ft1 ATNA-yne-8 from the optical band-gap and the LUMO
levels. Moreover, the results also confirmed thae tintroduction of six
electron-donating side chains could not override #iectron-deficiency of the

HATNA core.

4-3-6 Summary

In this study, two HATNA derivatives with alkylethyl groups have been
synthesized, whose molecular structure were chemaed by HNMR and MS
spectrum. Through DSC, POM and XRD measurementH&DONA derivatives were
found to show disordered hexagonal columnar phBesvever, probably due to
strong steric hindrance of side chains at bay s} the planarity of HATNA core
was destroyed to become a twist structure, whicly beathe reason for instability
when heating to isotropic phase.

Furthermore, their energy levels could be estimdigdCV measurement and
optical band gap. This result also confirmed thATNA actually acts as good n-type

semiconductor, because of low LOMO level aroun@$.5
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4-4 Alkylthio-substituted HATNA

Based on the last study, the introduction of aeeylbond destroy the planarity
of HANTA core, which let us consider that flexileoups will probably be better for
HATNA to sustain its original electronic structuaed appear liquid crystalline. So,

sulfur atoms were inserted between HATNA core dexilile side chains.

4-4-1 synthesis

The synthesis of HATNA with alkylthio groups wergnghesized from reaction
between the appropriate o-phenylene diamines arakk&cyclohexane octahydrate
with moderate yield in the presence of acetic aeribr to the condensation reaction,
the preparation of these corresponding diaminesnuameed with the reduction,
which were obtained through the related Pd-catalyzripling reactions staring from

the same precursor, 4,7-Dibromo-2,1,3-benzothiadka ).

SR
. SR RS’ :I \TN SR
1 11
NH, N N
79.8% NH, 74.7% N N
SR RS\EZN SR
3
SR
HATNA-Se R= CeH13
HATNA-Sg, R= CgH17

Br , SR
N, ' N
S S

N 73.4% N

Br SR

1 2

i, HS-C¢H,3, Pdy(dba);, DPPF, 'Pr,NEt, reflux; ii, LIAIH,, THF, 0°C--R.T_; iii, CHCls, ACOH, 60°C.
Scheme 4-3 Synthetic route for HATNAs with alkytitgroups HATNA-S6 and
HATNA-S8)

In fact, to synthesize compound 2, several metthade been tried. However, the
results from such synthetic methods just yieldedixdure of 2, monosubstituted and
disubstituted. What’ the most difficulty is the segtion of the mixture using column
chromatography, which exhibited same/&ue in TLC plates observed under 254 nm

UV light, making purification impossible.
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2 (588mg, 2mmol), Pddba) (1 mol%), DPPF (2 mol%) and DIPEA (1.1 equiv) were
dissolved in a flame-dried 50-mL Schlenk flask w20ml toluene under a stream of
nitrogen. After 10min, ¢H:;SH (1.0 equiv) was added using a syringe. The
temperature of oil bath was increased to ‘C2And stirring was continued 2 days.
This reaction was stopped by pouring it into icédexa Then, the solution was
extracted using CHGI After evaporation, chromatography column wasiedrout to
purify the crude product.

R3=SGH13: yield of 73.4%.*HNMR (300MHz, D/chloroform): 6 = 7.32 (s, ArH,
2H), 3.11(tJ=7.5Hz, 4H), 1.70-1.80 (m, -CH, 4H), 1.30-1.50(t, -CH, 12H), 0.89(t,
Me, 6H)

Rs=SGH,7 yield of 75.2%."HNMR (300MHz, D/chloroform): 6 = 7.32 (s, ArH,
2H), 3.11(t,J=7.5Hz, 4H), 1.69-1.75 (m, -CH, 4H), 1.43-1.55(t, -Ch, 20H), 0.88(t,
Me, 6H)

Dry THF (50 mL) was added to a flame-dried 100-ndhi8nk flask charged with 5
or 7 (Immol), then LiAlIH (14 equiv) was added to the mixture under a strem
nitrogen over a period of 30 min, and stirring wasatinued for 4 h.

R3=SGHi3: with yield of 79.8%.'HNMR (500MHz, D/chloroform): 6 = 6.88 (s,
ArH, 2H), 4.10 (s, -NH, 4H), 2.74 (t,J=7.5Hz, 4H), 1.50-1.60 (m, -CH, 4H),
1.20-1.42(t, -Ch, 12H), 0.87(t, Me, 6H)

Rs=SGH,7 with yield of 82.5%."HNMR (500MHz, D/chloroform): 8 = 6.87 (s,
ArH, 2H), 4.10 (s, -NH, 4H), 2.73 (t,J=7.5Hz, 4H), 1.52-1.58 (m, -CH, 4H),
1.24-1.43(t, -Ch+, 20H), 0.87(t, Me, 6H)

Mixture of hexaketocyclohexane octahydrate (1 mnaoijl appropriate o-phenylene
diamines (0.33mmol) was added to deoxygenatedcaaetd (20 mL). The mixture
was refluxed for 3 h under nitrogen. After the ranet was cooled to room
temperature, the resulting solid was collectedilnafion and was washed with acetic
acid. All compounds were further purified by chrdaography using chloroform and

cyclohexene as eluent. Finally, repeated recrysstibn was carried out to get high
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purity sample.

Il1-a: a dark red solid, yield: 74.7%. Melting point:8L8C.

'HNMR (500MHz, D/chloroform): 8 = 7.67(s, ArH, 12H), 3.36(t)=7.5Hz, 12H),
1.84-1.90 (m, -Cht, 12H)1.53-1.61(m, -CH, 12H), 1.29-1.39(m, -CH, 60H),
0.89(t, Me, 18H);

HRMS (m/z): [M]" calcd. for GoHgsNeSs: 1081.5160; found: 1081.5136.

[11-b: a dark red solid, yield: 69.3%. Melting point:51Z2C.

'HNMR (500MHz, D/chloroform): § = 7.68(s, ArH, 12H), 3.37(t)=7.5Hz, 12H),
1.83-1.89(m, -Cht, 12H), 1.39-1.60(m, -CH#, 60H), 0.87(t, Me, 18H);

HRMS (m/z): [M] calcd. for GoH108NsSs: 1248.4096; found: 1248.4091.

4-4-2 phasetransition

4-4-2-1 DSC
L A L A L A L
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——HATNA-S6 15.22mJ
0.44 9.51Jig
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Figure 4-16 DSC curve for HATNA-S6 and HATNA-S8
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HATNA-S6 displayed an LC mesophase between 130 andC1%& heating)
and between 148 and 129on cooling). But, very small peak appears closg48C
upon cooling, which may another LC phase. If longiele chains are used, the two
peaks might be separated completely. And, betweem/ this phase usually is
hexagonal columnar phase, which tends to morphredtangular phase.

According to DSC curves diATNA-SG, it can be observable that upon cooling
one shoulder peak appeared at'C480 extend the phase usually needs to introduce
longer side chains into the corresponding core. feoe, we find that clear phase
separation appears when C6 was insteaded by CRyiid. And HATNA-S8 shows
two reversible mesophases upon heating and coollige second mesophase
probably is higher ordered than the first one, bheeahe exothermic peak at 8€.5

is quite larger than others.

4-4-2-2 POM

Figure 4-17 POM oHATNA-S6 at 140C upon slow cooling (2K/min). a: crossed
polarizers; b: no polarizers

POM textures oHATNA-yne-6 and HATNA-yne-8 have been discussed in the
previous section. In particulaHATNA-yne-8 presented typical dendritic textures
with 60° angle, which is characteristic for the homeotroplase, in which the
columnar axes are perpendicular to the substratesalso, on slow cooling from the
isotropic liquid,HATNA-S6 sandwiched between a clean glass slide and agipver
exhibit birefringent dendritic textural pattern emaéing from the dark background of

isotropic liquid. This pattern is well-known to b&n important signature and
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conclusive evidence for the occurrence of Col phéseobserved in Figure 4-17,
these textures are arranged witl %hgle, which are significantly distinguished from

others, like hexagonal columnar textures.

Figure 4-18 POM graphs of HATNA-S8 (a: IT%b: 80C; c: 30C)

As observed in POM graphs in Figure 4-18, at 105 HATNA-S8 showed
fan-like textures, which usually can be assignedigisature for tilted columnar phase.
When cooling to 8T, it gave broken fan-like textures, showing thatighly ordered
columnar phase appears. Until to room temperattire, material entered into

polycrystalline phase.

4-4-2-3 XRD

Upon cooling,HATNA-S6 exhibited two liquid crystalline phases betwee® 14

and 129C upon cooling. XRD patterns in Figure 4-19 are @stest with DSC

results. At 148C, the compound just entered the first mesophageeak appeared at

small angle region suggesting the intercolumnaadie, while the wide peak around
25°usually was considered as the reflection of alkyhins. As the decrease of
temperature, the compound immediately accesseseitend mesophase. XRD curve
measured at 136 demonstrated this phase likely consists of colunfnsolecules

in a rectangular two dimensional lattice. The ¢attparameters are: a = 37.6A, b =

16.8A.
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Figure 4-19 XRD pattern diATNA-S6, the left for temperature dependence; The
right for 135Con cooling

As discussed above, upon cooling, HATNA-S6 exhbitwo liquid crystalline
phases between 148 and 129upon cooling. XRD patterns are consistent with DSC
results. At 148, the compound just entered the first mesophagmeak appeared at
small angle region suggesting the intercolumnaade, while the wide peak around

25°usually was considered as the reflection of laltyains. As the decrease of

temperature, the compound immediately accesseseitend mesophase. XRD curve
measured at 135 demonstrated this phase likely consists of coluofsolecules

in a rectangular two dimensional lattice. The tattparameters are: a = 37.6A, b =

16.8A.
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Figure 4-20 Temperature-dependence XRD patterhbAGTINA-S8

In Figure 4-20, XRD measurement AT NA-S8 was carried out in each phase
during heating and cooling, whose results are stesi with the judgment from POM
textures. Both two mesophases can be assignedctangelar columnar phase.
Specularly, the tensity of the peaks (20) and (dl3econd are quite higher than in
first one, which is indictive of higher orderedwstture. On the other hand, we also
calculate the lattice parameters, a and b, to b2 48d 17.5 A. FOHATNA-SG, its
lattice parameters are: a = 37.6A, b = 16.8A. Beeahe peaks of (20) and (11) in
rectangular lattice are separated from the peald@f in hexagonal lattice. So, it is
worth pointing out that longer side chains prefer assist moleculars to form
hexagonal phase in disctic liquid crystals. Thasdy, if HATNA is introduced with

longer side chains, likejgor Gy, it will probably exhibit hexagonal phase.
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4-4-3 UV absorption

1.04

HATNA-S6
spin coating film

0.84

Absorption (a.u.)

3(')0 ) 4(')0 ) 5('30 ) 6('30 ) 700
Wavelength (nm)

Figure 4-21 Optical absorption of HATNA-S6

HATNA-S6 presents dark red color and no photolusteace, and its absorption
spectrum almost covers the whole optical regionowelfOOnm, which is quite
different from the peri-substituted-thioether HATNA literature. It is surprising to
point out that the change of substitutes’ positidres so strong influence on

absorption. And the optical band gap can be caledlt be 1.91eV.

4-4-4 CV measurement

The cyclic voltammograms show three reversible cédn peaks foHATNA-S6
(Figure 4-22). But no oxidation waves were obseniadaccessible window
highlighting the dominantly reducible feature. Tist reduction peaks occurring at —
1.1 V result in almost identical LUMO energy levels—3.48 eV. Up to three cycles
were recorded and no changes in the redox peaks @served, which indicates
electrochemical stability and reversibility. Thetiopl band-gap, obtained from the
absorption edges of absorption spectra in thin {8ee Figure 4-21), was found to be
2.43 eV for 1b. So HOMO values can be calculatetbed.91eV from the optical
band-gap and the LUMO levels. The energy levelsl AT NA-S6 were estimated to

be 3.40eV for LUMO and 5.31eV, respectively.
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Figure 4-22 CV measurementldATNA-S6

4-4-5 Transient state photoconductivity measurement

The transient photocurrent &fATNA-S6 was discussed to be so dispersive

(Figure 4-23) that the kink points couldn’t be mdkup, which can be explained

through its edge on alignment.
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Figure 4-23 Transient photocurrenttdATNA-S6 at 137C (left: log-log; right:
liner-log)

After recrystallization for several times, this ma@l was injected into liquid
crystal cell (9.4um) with ITO electrodes. Negatougrent could be observed at very
low electric field shown in Figure 4-23. Howeveaq positive current appeared even if

high electric field was applied. This result is smtent with CV results (only showing
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reductive peaks), probably meaning this compounsl $table reduction state but

unstable oxidation state. So, its molecules hardgnsport hole through their

overlaps.
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Figure 4-24 transient photocurrenttdATNA-S8 in the isotropic (left: electron; right:

ionic)
N N
1.2 X 10“cm’/em 4 —-6ov
0.01 —-50V
| — 0.10 ——-40V
< <
2 2
e = 0.05
o g
= =
3 8 1E-39 ooog 100000 200000
e} e}
2 0.14 0 300 600 3
= = 120C R 100000 Lambda=337nm DC
o 120C R 1000 Lambda=337nm DC o Photolntensity 100%uJ -bias ITO/ITO
PhotolIntensity 100%uJ -bias ITO/ITO d=9.2um S=16mm"2
d=9.2um S=16mm~2
T 1E-4 T T
10 100 1000 10000 100000
Time (us) Time (us)

Figure 4-25 transient photocurrenttdATNA-S8 in the Colr mesophase (left:

electron; right: ionic)
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Figure 4-26 a) Typical transient photocurrent. Téfeis in colr’ phase at 80,
and the right in polycrystalline phase at@0The thickness of liquid crystal cell used

here is 9.3um, into which HATNA-S8 was injected 80°C.
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HATNA-S8 produced typical distinctly dispersive transieritofcurrent for
negative charge, which output clear kink pointslauble-log plots (shown in Figure
4-24, 4-25 and 4-26). Most notably, the electrorbility can be obtained to be £0
cn’V'st in isotropic phase, and then increased t§ &67V's® in the Cal phase
with obvious temperature dependence. In the’ @blase and polycrystalline phase,
the electron mobility incrementally reaches to®16n?V's', which is almost
independent on temperature and weak dependentotrielfield (in figure 4-27). In
order to confirm that they are electroic transpitrt, ionic transport in each phase also
was showed in Figure 4-24 and 4-25. In the cold aolycrystalline phase, due to

high viscosity, the ionic transport was hardly oled.
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Figure 4-27 a) and b)Temperature dependence df@temobility of HATNA-S8.

E=6.5x10Vcm™ c) Electric field dependence of electron mobilityGolr’ phase at 8Q.

In the Figure 4-27, arrhenius plot illustrates theperature-dependent electron
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mobility. We can observe that in the isotropic ghasd Colr phase, probably due to
the molecular dipole moment and disordered stracttiie electron mobility has
temperature dependence with activity energy of @&2&and 0.44eV, respectively,
which are comparable with calamitic liquid crystadl 8-PNP-O12. In such
disordered phases, transport generally proceedsogping and is thermally activated.
Higher temperatures improve transport by providimg energy required to overcome
the barriers created by energetic disorder. InGlod’ phase, a slight increase in
mobility can be observed at high fields. Here, dpglied voltage was not too high to

yield a yield a Poole-Frenkel behavior.

4-4-6 Summary

In this section, two HATNAs with alkylthio groupsene synthesized through a
facile synthetic route. Their molecular structunese been confirmed by HNMR and
MS spectra. Phase transition was characterized ISC Dand POM. Using
temperature-dependence XRD characterize their giaseures.

The HATNA with sulfur atom spacers surprisingly sleal molecular columns
with rectangular lattices, whose molecular aligntmexiso varied sensitively
depending on the alkyl chain length. Furthermor¥, rGeasurements demonstrated
that the introduction of various side chains caubd override the electron-deficiency
of the HATNA core. More importantly, we also founthat the HATNA
bay-substituted with octylthio groups showed hidgdcceon mobility in the bulk of

Col,’ phase and even in polycrystalline phase up tae’Vv's*.
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4-5 Summary of Chapter 4

In conclusion, series of bay-substituted HATNA datives have been
synthesized through facile synthetic strategiesfdad that all compounds can form
long-range molecular columns with self-directedvgto direction. Interestingly, the
HATNA substituted with bay alkyl groups (Type I)gsented typical “edge-on”
molecular alignment to form in-plane-oriented malac columns on the substrate.
On the other hands, the HATNAs with acetylene spagpe Il) exhibited perfect
hexagonal lattice patterns: ll-a with short sideaink showed in-plane molecular
columns, while llI-b with longer chains obviouslysvéted in out-of-plane-oriented
columns with “face-on” molecular alignment.

In the case of Ill, the HATNA with sulfur atom spas surprisingly showed
molecular columns with rectangular lattices, whosaecular alignment also varied
sensitively depending on the alkyl chain lengthrtifermore, CV measurements
demonstrated that the introduction of various sith@ins could not override the
electron-deficiency of the HATNA core. More impartly, we also found that the
HATNA bay-substituted with octylthio groups showkih electron mobility in the
bulk of Col’ phase and even in polycrystalline phase up ©a&’V's™. The present
molecular design strategy of introducing side chah bay positions is an effective
method to achieve long range molecular columnddst charge transport, and also
the out-of-plane—oriented molecular columns, whatables us to apply discotic

liquid crystals to devices application in vertiesctrode configuration.
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Chapter 5

Bay-substituted Discotic Liquid

Crystalline truxenes

5-1 Introduction

Cs symmetric truxene (10, 15-dihydBi-diindeno[1,2-a;P'-c]fluorene) shown
in Figure 5-1 is a heptacyclic aromatic hydrocarblongeneral, organic compounds
based on fluorene exhibit highly fluorescent, whadtually also act as fascinating
candidates for variety of applications in opto-&iegic devices:* Truxene molecule
(Figure 5-1) can be considered to be consistetirektfluorene units, which actually
have a same benzene ring in the molecular centrspacially appears a planar

structure.

Figure 5-1 The molecular structure of truxene

Compounds based on truxene, even if researchdseandould be dated back to
more than one century ag had never been studied widely for special usage,
however just currently they started to arouse &tienwhen it can be used to be a
starting material for preparing organic functionaterials, like fullerene derivativks
During the past 10 years, lots of monodisperse dithand star-shaped oligoméets

in which truxene was used, have been successftélygoed by using facile synthetic
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routes and, presented good research value as doatited compounds, such as
semiconducting materials, nonlinear optical matgrialuminescent materials,
photochromophores, and so on, as well as applitatio the areas of asymmetric

catalysis and chiral recognition, fluorescent pslec.

: f Acid

Scheme 5-1 Synthetic route for truxene

Derivatives based on truxene prepared through titecatalyzed trimerization
always start from 1l-indanon@&cheme 5-1), in which Strong acids or Lewis acids,
such as hydrochloric acid, phosphorus pentaoxidesghorus pentachloride, sulfuric
acid, ethyl polyphosphate, polyphosphoric acid, aedon, have generally been
employed. Especially, in most cases, introducinge athains into the peripheral
phenyl rings can functionalize it.

Discotic liquid crystals’ derived from truxene core have been aroused much
interests since they display a variety of phasasitmn and thermal stability and,
therefore, recently they were studied extensivelythe field of liquid crystalline
materials. Truxene discotics with six peripheraios have been reported to show

very abundant phase transition behaviors.
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esterification
- >

n=6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17

Scheme 5-2 Synthetic route for DLC truxene hexagsted benzoates

DLC truxene hexaesters and benzoates have beearpdepy the introducing
flexible alkyl chains to 2, 3, 7, 8, 12, 13- hexdtoxytruxene (Scheme 5-%)
Truxene hexaesters displayed good polymorphism, a@hdf these compounds
showed nematic phase and columnar phases. On hbe lmdnd, the homologues of
hexabenzoate truxene series exhibited very commiuaisep sequences, that is,
Crystal-Columnar-IN-Isotropic, while other derivatives probably gaveerto both

columnar and nematic phases.

RO

Scheme 5-3 Synthesis of hexaalkoxytruxenes: (i) K&Hanol, RBr; (i) PPA, 110

C; (iii) PPA, 140 C.
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Truxene hexaethers previously were synthesizedhéydute in Scheme 5-3. In
this route, Ddihydroxy phenyl propionic acid wag&yhted with alkyl halide using
KOH in ethanol. The resultant 3-(3,4-dialkoxyphgpybpionic acids were cyclized
to indanone in PPA. A solution of 5,6-dialkoxy-Ildanones when heated at 140
in PPA produced desired truxene hexaethers in eld

In contrast to hexaesters, all of truxene hexasthare found to show only a
hexagonal columnar mesophase, which could be exquldiased on the consideration
of the low steric hindrance from the six ether &égks, which permits a stronger
cohesion between cores within a column. Furthermatear points decreased
gradually on increasing the length of peripheralaich. As expected, the
intercolumnar distance rose with both chain lengthd temperature. The
intracolumnar core core separation in all the compounds was founcetarbund 3.6
A.

Researchers in Pei’'s group recently reported @&seaf truxene derivatives and
their truxenone analogu&sThey studied how such materials (1, TrO3 and T3 i
Figure 5-2) could self-assembly into one dimendiomécrostructures in various

solvents. Interestingly, the three compounds atddcform liquid crystalline phase

during cooling.

n-CgHy4Br, K,CO4
-

air, 100°C

C,HsOH C5H130‘</‘
51% =

Tr3

/
n-CgHyBr, K7co3\‘ N(CH3),0H
air, 100°C 05, reflux
DMF THF

36% A

Figure 5-2 Molecular structures and synthetic roB@M graphs for 1, TrO3 and
TrO3

99



Later on, Zhao et al. prepared the type of Tr3 withoxyl groups (Figure 5-3)
according to the same synthetic route reported d&iy &d also studied the phase
transition by DSC, POM and XRD to reveal that tmigterial showed highly ordered
hexagonal columnar upon heating and cooling. Ineotd investigate the charge
carrier transport in the mesophase of Tr3-octokgyttried to measure transient
photocurrent through time of flight technique, dmdlly very high hole mobility up

to 10%cn?V st was determined.

(@

Tr-alkoxy truxéns Ordered column
Highly packed celumns

Carrier mobility ~ 102 em? v s

Figure 5-3 The molecular structure and illustratddrcolumnar packing

5-2 Alkoxyl-substituted truxenes

5-2-14, 8, 12-trialkoxyltruxene

Tri-peri-substituted truxene was reported to exhibdered hexagonal columnar
phase and have high hole mobility at the order@fcin?/V's in Col, phase’. Here,
tri-bay-substituted truxene was synthesized throilngbe-step reaction. In this case,
the side chains are located in bay positions ofetne core, which is designed as the

concept in this study.
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5-2-1-1 Synthesis

R¢ o

OH
o0 ? _
C[j AlCIy ICgH 5 Acid
—_
— _
K,CO3. Aceton

reflux

R2

1 2 3

R,=OCgH,7, Ry=H; 28.5%

Scheme 5-4 Synthetic route for bay-substitued tmaxe

Synthesis of 2

A mixture of 4- chromanone @) (1 g, 6.8 mmol) and anhydrous, powdered AICI
(2.7 g, 20 mmol) was fused at 250 °C for 10 minteAfllowing the reaction mixture

to cool to ambient temperature, dichloromethanenil( and cold hydrochloric acid

(10 mL) were added to the mixture. The resultingckl miture was extracted with
dichloromethane (50mL). Removal of the solvent undduced pressure followed by
flash column chromatography afforded 2 (0.7 g, 5ahm0 %).

‘H NMR (500 MHz, CDC4) § 9.07 (s, 1H, ®), 7.47 (tJ = 8.0 Hz, 1H, Ar- H), 6.94 (dJ =

7.2 Hz, 1H, Ar- H), 6.75 (dJ = 8.0 Hz, 1H, Ar- H), 3.11 (t,J= 5.6 Hz, 2H, €2 - CH2CO),

2.72 (t,J = 6.0 Hz, 2H, ©12CO);

Synthesis of 3

2 (300mg, 6.8 mmol), anhydrous powderedCR; (600mg, 20 mmol), 20ml aceton,
and GHi71 was added into a round bottom flask. This reactiaas refluxed for 3
hours. After the reaction was completely finishdeaked by TLC, the solvent of
aceton was removed by vacuum evaporation. Througdimgle purification by
column chromatography, pure 3 could be obtained.

‘H NMR (500 MHz, CDCJ) § 7.60(d, J=7.5Hz, 1H, Ar-H), 7.40(d, J=7.5Hz, 1H:HAY;
7.30(d, J=7.5Hz, 1H, Ar-H), 3.06(t, J = 6.0 Hz, 2BH,-CH,CO), 2.70(t, J=6.0Hz,
2H, Ar-CH,-), 1.62(m, 2H, -Cht), 1.31-1.40(m, 6H, -CH), 0.88(t, J=7.0Hz, 3H)
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Synthesis of 4, 8, 1Rialkoxyltruxene

A suspension of 3 (1 mmol) in the mixture of HOAwaHCI (0.7 mL/0.7 mL) was
refluxed at 128 for 2 days in a sealed tub. The mixture was poimema mixture
of ice and water. After filtration, the solid wasashed with water and acetone to
afford the desired product:

‘H NMR (500 MHz, CDCJ) §7.60(d, J=7.5Hz, 1H, Ar-H), 7.40(d, J=7.5Hz, 1H;HY,
7.30(d, J=7.5Hz, 1H, Ar-H), 3.06(t, J = 6.0 Hz, 2BH,-CH,CO), 2.70(t, J=6.0Hz,
2H, Ar-CHy-), 1.62(m, 2H, -Cht), 1.31-1.40(m, 6H, -CH), 0.88(t, J=7.0Hz, 3H)

5-2-1-2 phase characterization

6 L L L L L L L L

106.44°C
104.59mJ
49.80J/g

103.38°C
107.74mJ
51.30J/g

—
; 5K/min
e 04 2K/min
N
O 113.35°C
8 24 -104.42mJ
-49.723/g .
103.38°C 7
44 -106.65mJ

-50.31J/g

-6 +———r—p—r——r——r—

et
0 20 40 60 80 100 120 140

Temperature (°C)

Figure 5-4 DSC curves for 4, 8, 12- trialkoxyltrmee

As shown in Figure 5-4, the compound of 4, 8, tizlkoxyltruxene didn’'t show
any mesophase, just exhibited one peak upon heatiogoling. And we can observe
that the peak upon cooling always exhibited a s&itt, which is typical in crystal
non-mesophilic materials.

On the other hand, it is obvious that the endotihepeak (50.3J/g) upon heating
exhibited the same enthalpy as the exothermic f&hBJ/g) upon cooling, indicating
that there were only one phase transition in thel&ttemperature range. So, the
compound of 4, 8, 12- trialkoxyltruxene is non-mastc.

This conclusion was also supported by the obsemaif POM textures, which
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only one phase transition could be seen. The POMure in 4, 8, 12-
trialkoxyltruxene exhibited feather-like shape simow Figure 5-5, probably showing

a planar columnar alignment between the substrates.

Figure 5-5 POM graphs for 4, 8, 12-trialkoxyltrueethe cooling rates for the left

and the right are 5K/min and 10K/min, respectively.

Although thermal properties characterized by DS@ BOM displayed that this
compound only had one phase transition with deargasmperature from isotropic
phase, temperature-dependence XRD pots (Figurestitbgxhibited a quite unique
pattern upon cooling. we can see a high diffracii@ak appeared at 23which

seemly showed a highly ordered columnar phase.

— —~~
0
| 6000 &
_J100 bl
1 90 L 2
1 60 D
1 30 3000 &
+—
i=
\ | ja e
R R WS
=

5 10 15 20 25 30
2 theta (deg)

Figure 5-6 XRD patterns for bay-substituted truxene
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Furthermore, XRD patterns in crystal phase showeakrg high peak at wide
angle region, probably suggesting that a very smalkcular distance in translational

directions.

5-2-1-3 Charge carrier transport

Charge carrier transport measured in TOF is showRigure 5-7. Both positive
and negative transient photocurrents are dispersikee to planar molecular
alignment®. In this case, columnar axis is parallel to thecebdes, leading to much

diffusion of charge carrier during the transport.

10—2 . PRSP S |

30°c | — 12v— 10v

!* ‘1’ |

MMH il |

Photocurrent (uA)

m il

Photocurrent (a.u.)

Time (s)
Figure 5-7 Transient photocurrent (double -log ecaf the positive and negative

charge carriers at 30
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5-2-21, 5, 9-trialkoxyltruxene

Based on the previous study on the compound of 428 trialkoxyltruxene, its
analogue of 1, 5, 9-trialkoxyltruxene was desigaed prepared through a similar
route, shown in the below Scheme 5-5. In this csisie, chains are located at 4, 8, 12

positions of truxene core.

5-2-2-1 Synthesis

(0] (0]
O (0]
OH OR
1 2 3

i: AICl 3; ii: IR, K,CO3, Aceton; iii: HCI
Scheme 5-5 Synthetic route for 1, 5, 9-trialkoxytene

This synthesis started from 1, the inexpensive dlibgumarin 1. After an
etherization and cyclization, the final product Iof 5, 9-trilkoxyltruxene could be

obtained in a mediate yield.

Synthesis of 2
A mixture of 4- chromanone @) (1 g, 6.8 mmol) and anhydrous, powdered AICI
(2.7 g, 20 mmol) was fused at 250 °C for 10 minteAfllowing the reaction mixture
to cool to ambient temperature, dichloromethanenil( and cold hydrochloric acid
(10 mL) were added to the mixture. The resultingckl miture was extracted with
dichloromethane (50mL). Removal of the solvent undduced pressure followed by
flash column chromatography afforded 2 (0.7 g, 5ahm0 %).
H NMR (500 MHz, CDCJ) 57.60(d, J=7.5Hz, 1H, Ar-H), 7.40(d, J=7.5Hz, 1H:HAY;
7.30(d, J=7.5Hz, 1H, Ar-H), 3.06(t, J = 6.0 Hz, 2BH,-CH,CO), 2.70(t, J=6.0Hz,
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2H, Ar-CHy-), 1.62(m, 2H, -Cht), 1.31-1.40(m, 6H, -CH), 0.88(t, J=7.0Hz, 3H)

Synthesis of 3
2 (300mg, 6.8 mmol), anhydrous powderefCRs; (600mg, 20 mmol), 20ml aceton,
and GHy71 was added into a round bottom flask. This reactias refluxed for 3
hours. After the reaction was completely finishdeaked by TLC, the solvent of
aceton was removed by vacuum evaporation. Througdimgle purification by
column chromatography, pure 3 could be obtained.
'H NMR (500 MHz, CDCY) §7.60(d, J=7.5Hz, 1H, Ar-H), 7.40(d, J=7.5Hz, 1H;HY,
7.30(d, J=7.5Hz, 1H, Ar-H), 3.06(t, J = 6.0 Hz, 2BH,-CH,CO), 2.70(t, J=6.0Hz,
2H, Ar-CH,-), 1.62(m, 2H, -Cht), 1.31-1.40(m, 6H, -CH), 0.88(t, J=7.0Hz, 3H)

Synthesis of 1, 5, 9-trialkoxyltruxene
A suspension of 3 (1 mmol) in the mixture of HOAwaHCI (0.7 mL/0.7 mL) was
refluxed at 128" for 2 days in a sealed tub. The mixture was pounemla mixture
of ice and water. After filtration, the solid wasashed with water and acetone to
afford the desired product:
‘H NMR (500 MHz, CDCJ) 57.60(d, J=7.5Hz, 1H, Ar-H), 7.40(d, J=7.5Hz, 1H:HAY;
7.30(d, J=7.5Hz, 1H, Ar-H), 3.06(t, J = 6.0 Hz, 2BH,-CH,CO), 2.70(t, J=6.0Hz,
2H, Ar-CH,-), 1.62(m, 2H, -Cht), 1.31-1.40(m, 6H, -CH), 0.88(t, J=7.0Hz, 3H)

5-2-2-2 Phase transition

N N N
1st heating (5K/min)
1st cooling (5K/min)
2nd heating (2K/min)

2nd cooling (2K/min) 2223 .(]:/g

97.05C
e

149.15C
83.78 J/g

DSC (mw)
o

149.03 C
-84 86.08J/g

2lO 4lO 6lO 8l0 l(lJO 150 1:10 léO 180
Temperature (C)

Figure 5-8 DSC curves and POM graph for 1, 5, 8likaxyltruxene
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1st heating (5K/min) 108.98C
—— 1st cooling(5K/min) N
24 | —— 2nd heating(2K/min) 49.963/g
— 2nd cooling(2K/min)
14 112.67C
’;‘ 52.48J/g
E o
@) 135.92C
8 14 49.08J/g
-2+ 135.84C
51.26 Jig
1.8mg
20 40 60 80 100 120 140 160 180
temperature (C)
Figure 5-9 DSC curves and POM graph for 1, 5, 8lkoxyltruxene
4 N N N N N N
1st heating (5K/min)
34 —— 1st cooling (5K/min) ggg%/
—— 2nd heating (2K/min) ) 9
2 — 2nd cooling (2K/min)
— 82.07C 115.2C
R 63.4J/g 61.81J/g
S
N—r
Q 04
8 \—/—’_’_/_/—\f'
-1 100450
1.63J/g
-2 116.09 C
2.3mg 50.39J/g
-3

20 40 60 80 100 120 140
Temperature (C)

Figure 5-10 DSC curves and POM graph for 1, 5j@kioxyltruxene

All of these compounds of 1, 5, 9-trialkoxyltruxeaéso didn’t exhibited any
mesophase during cooling and heating. Only oneeptraasition from isotropic phase
to crystal phase was observed in DSC plots and r@dMyes (Figure5-8, 5-9 and
5-10). Typically, these images are characterigiicspherulite. Even if these crystals
have long range order, their columns align withirtt@lumnar axis parallel to

substrates, leading to hard determination of nepelsive transient photocurrent.
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Figure 5-11 XRD patterns of 4, 8, 12-trioctoxytrare

From temperature-dependence XRD patterns (Figutg)5we can see they are
quite different with those of 1, 5, 9- trialkoxylttene. In the case of 4, 8,

12-trioctoxytruxene, the XRD patterns are typicalyprystalline with disordered

structure.
5-2-2-3 Charge carrier transport

In the Figure 5-12, it can be seen that all of ¢heaxene compounds exhibited

guite dispersive transient photocurrent, which skahat there were lots of structural

defects or chemical impurities.
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Figure 5-12 Transient photocurrent (double-log scale) of thsitpee and negative

charge carriers at 30 (a, b and c: hexyl, decyl and dodecyl, respectively)
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5-2-3 Summary

Based on the truxene compound reported, two typésicene derivatives with
bay-located side chains have been synthesizedhisnstudy, alkoxyl groups have
been introduced into the bay positions of truxemmec namely, 1, 5, 9-
trialkoxyltruxene and 4, 8, 12-trialkoxyltruxene.otB types didn't exhibited
mesophase, and just show the phase transition igotropic phase to crystal phase
upon cooling, which had been confirmed by DSC, P&id temperature-dependence
XRD. Moreover, charge carrier transport in theidypoystalline phase was quite
dispersive, mainly due to planer columnar alignment

Based this study, | decided to synthesize bay-guted truxenes with alkyl side
chains. The removal of oxygen atoms probably wdulithg new insight into the
appearance of liquid crystalline behavior, due ¢tsgible traps brought by oxygen

atoms.
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5-3 Alkyl-substituted truxenes

5-3-11, 5, 9-trialkyltruxene
5-3-1-1 Synthesis
According to the present strategy, we designedetraxderivatives of 1, 5,

9-trialkyltruxene (Scheme 5-6). The implementatainthis strategy began with the
multigram-scale synthesis of hydroxyindanone 2 frothe inexpensive
dihydrocumarin 1 through a literature proceddr&he intermediate 2 was triflated to
produce 3 with N, N- bis (trifluoromethylsulfonybhenylamine at room temperature
at a high yield up to 70% prior to the alkylatioila \Buzuki coupling reaction. At last,
intermolecular cyclocondensation reactions werdéopered under mild conditions by
treating a synthetic block, 4 with acid to affohe tfinal truxenes ofru4 andTru6 at
the yields of 63% and 52%, respectively, afterfpzation by column chromatography.
It is worth noting that this synthetic pathway five truxene derivative actually is
short and efficient, which might help to avoid camination of chemical impurities
that make it difficult to characterize charge carriransport by time-of-flight

experiments.

o] (o] o]
OH OTf R R
1 2

a: R=C4H, 3, 76%
b: R=C,H,, 70%

Tru6: R=C¢H,3, 35%
Tru4: R=C,H,, 30%

L L)

i: N,N-Bis(trifluoromethylsulfonyl)phenylamine, g, DCM, 24h, 95%; ii: Hexylboronic acid,
Pd(dppf)C}, Ag0, K,COs, THF,; iii: HCI, AcOH, 120C, 2d

Scheme 5-6 Synthetic route for 1, 6, 11-trialkytene

4-hydroxyindan-1-one (2)
A mixture of dihydrocoumarin 1 (3 g, 34 mmol) amthgdrous AIC} (13 g, 95 mmol)

was fused at 210 °C for 1 hour. After the reactiixture was cooled to room
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temperature, ice and cold hydrochloric acid (30 mieye added to the mixture. The
precipitate was collected and washed with EtOH.riRgallization from absolute

EtOH gave 2 (2.1g, 70%) as colorless crystal. Mp'24

Oxoinden-4-yltrifluoromethanesulfonate (3)
N-phenyltrifluoromethanesulphonimide (2.50 g, 7r@thol) was added to a solution
of 4-hydroxyindan-1-one 2 (1.00 g, 6.75 mmol) andthhylamine (1.05 mL, 7.50
mmol) in dichloromethane (30 mL). The resulting tane was stirred 24 h at ambient
temperature. The mixture was washed with waterni®@) and brine (30 mL), and
extracted with dichloromethane (2 x 50 mL). Theamig phase was dried over
anhydrous MgS® Removal of the solvent under reduced pressutewed by flash
column chromatography (eluent: CHElexane =1 : 4) afforded the
3-oxoinden-4-yltrifluoromethanesulfonate (1.85 g616 mmol, 95 %) as colorless
solid. HNMR (500 MHz, CDC}) § 7.80 (t, J= 6.0 Hz, 1H, Ar-H), 7.50 (d, J = 6.0, Hz
1H, Ar-H), 7.17 (d, J = 8.0 Hz, 1H, Ar-H), 3.20 Jt= 6.0 Hz, 2H, CHCH,CO), 2.77
(t, J = 6.0 Hz, 2H, ChCO);

7 - 7 - Alkylindan - 1 - one (4a and 4b)

A suspension of compound 2 (Immol), Alkyl boronmda(3 equiv.), Pd(dppf)Gl
(10%mol), powdered ¥CO; (3 equiv.), and AgD (2.5 equiv.) in THF (75ml) was
stirred under argon at 80°C in a sealed tube. Af&ih, the mixture was cooled to
room temperature. The dark solid was filtered, aater was added into the solution.
The solution was extracted with CHCRAfter evaporation, chromatography column
was carried out to purify the crude product to jlewvhite crystal.

3a: yield 76%'HNMR (500 MHz, CDCI3)s 7.60(d, J=7.5Hz, 1H, Ar-H), 7.40(d,
J=7.5Hz, 1H, Ar-H), 7.30(d, J=7.5Hz, 1H, Ar-H), 8@ J = 6.0 Hz, 2H,
CH,-CH,CO), 2.70(t, J=6.0Hz, 2H, Ar-CH), 1.62(m, 2H, -Ck), 1.31-1.40(m, 6H,
-CH,-), 0.88(t, J=7.0Hz, 3H)

3b: yield 70%HNMR (500 MHz, CDC}) §7.65(d, J=7.5Hz, 1H, Ar-H), 7.43(d,

J=7.5Hz, 1H, Ar-H), 7.32(d, J=7.5Hz, 1H, Ar-H), 3(1, J = 6.0 Hz, 2H,
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CH,-CH,CO), 2.85(t, J=6.0Hz, 2H, Ar-GH), 1.88(m, 2H, -Cht), 1.40(m, 2H,
-CH,-), 0.92(t, J=7.0Hz, -Me)

1, 5, 9-trialkyltruxene (Tru6 and Tru4)

A suspension of 3a/3b (1 mmol) in the mixture of ACand HCI (0.7 mL/0.7 mL)
was refluxed at 126 for 2 days in a sealed tub. The mixture was poumnea a
mixture of ice and water. After filtration, the gblvas washed with water and acetone

to afford the desired product:

Tru6

Yield: 63%. Clear point: 172

HNMR (500 MHz, CDC}) § 7.79(d, J=7.0Hz, H, Ar-H), 7.44(d, J=7.0Hz, H, );
7.21(d, J=7.0Hz, H, Ar-H), 4.11(s, 2H, Ar-Gi#Ar), 2.83(t, J=7.0Hz, Ar-CH),
1.51(m, 2H, -CH), 1.25(m, 2H, -Cht), 0.91(t, J=7.0Hz, -Me). HRMS: Calcd. For
CysHss [M]7: 594.4226; Found: 594.4224.

Trud

Yield: 52%. Clear point: 254

"HNMR (500 MHz, CDC}) §7.69(d, J=8.0Hz, H, Ar-H), 7.41(d, J=7.5Hz, H, A};H
7.19(d, J=7.0Hz, H, Ar-H), 4.96(s, 2H, Ar-GHr), 2.78(t, J=8.0Hz, Ar-Ch),
1.72-1.78(m, 2H, -CH), 1.42-1.54(m, 2H, -CH), 1.00(t, J=7.5Hz, -Me). HRMS:
Calcd. For GegHa2 [M]": 510.3365; Found: 510.3363.

5-3-2-2 Phase transition

The phase transition behaviours of both truxenesewmvestigated by
differential scanning calorimetry (DSC) and poladzoptical microscope (POM).
CompoundTru4 didn’'t show clear mesophase transition upon hggfigure 5-13),

only exhibiting one exothermic peak at 280while exhibited a mesophase from 220
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to 209C with few dendritic textures before crystallizatiopon cooling (Figure 5-13).
The resulting mesophase was identified to be hex@gaolumnar phase. In

polycrystalline phase, a lot of cracks were obsgi#egure 5-15).

20 Il A Il A Il " Il " Il " Il " Il
1st heating
]l —— 1st cooling 208.78°C 219.43°C
—— 2nd heating 29 E;7J/g 12.56J/g
104 — 2nd cooling )
208.92°C 222.47°C
= 29.831/g 12.63J/g
g 07 N
N o
255.59°C
8 50.389J/g
N -104
3.5mg 255.92°C
204 10K/min 50.49J/g

0 50 100 150 200 250 300
Temperature (°C)

Figure 5-13 DSC curves of 1, 5, 9-tributyltruxene

44 1st heating 144.43°C 170.66°C
;stdcr?ollr?g 127.38°C 0.33.‘J/g 6.32J/g
nd heating 11.36J/g \
24
g supercooling
izati 14435°C  175.43°C
cold crystallization peaks
£ o Y P 0.350/g ~—.6.393/g
O
n
-7 - 0 //
a -2 127.76°C
22.08J/g o
144.32°C 175.16°C
44 2.8mg 0.33J/g 6.38J/g
10K/min
L) L) L) L) L)
0 50 100 150 200

Temperature (°C)

Figure 5-14 DSC curves of 1, 5, 9-trihexyltruxene

In contrast tolru4, Tru6 exhibited various thermal behaviors (Figure 5-T4e
DSC plot indicates that two mesophases appearadeémperature range from 127
to 175C in addition to the crystal phase below X27and isotropic phase over 175
in the heating process, while upon cooling, thekp@d.36J/g) at 12T is quite
smaller than that (22.08J/g) in the first heatingcess, which is usually identified to

be the liquid crystal glass transitiof.
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Figure 5-15 POM graphs of 1, 5, 9-tributyltruxeagcolumnar phase, b)
polycrystalline phase, ¢) amorphous phase

Figure 5-16 POM textures of 1, 5, 9-trihexyltruxene

Through observation of POM images Tfu6, its large dendritic textures up to
several hundred micrometers (Figure 5-16a) claadicated the presence of a highly
ordered hexagonal columnar phase in homeotropignmient. > Moreover, the
dendritic textures turned to be leaf-like with largomains (Figure5-16b) in the
second liquid crystal phase, probably due to theeamance of a higher order structure,
and finally this texture was still observed at ltenperatures, supporting a liquid
crystal glass. When the sample stayed in ambiembsthere overnight, it was found

to crystalize and show clear birefringence in thwle visible region.
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Figure 5-17 Temperature-dependence of XRD patt&fns

In order to investigate the microscopic moleculanfgyuration in columnar
phases, a study of variable-temperature XRD measemewas conducted in three
phases oflru6, i.e., the first mesophase at 160the second one at 140 and the
glass phase at 30 ( Figure 5-17) Upon cooling at 180 a peak appearing at 23.3°
corresponds to the average core-to-core correlatid@80 A, which is assigned to a
highly ordered hexagonal columnar phase, combinéd thve intense low angle peak
indexed to (100) that is attributed to a typicakdgonal unit cell with the parameter
of a=19.2 A (Figure 5-18). In particular, the malsz diameter offiru6 is calculated
to be around 20 A, which is a good agreement withgmall lattice parameter. This
indicates thafTru6 molecules in mesophases tend to arrange tightlgotapress
intermolecular space, so that they sit in restidegtice. As expected, the minimum
distance among adjacent columns was estimated kesbehan 5 A as schematically
illustrated in Figure 1b, which is quite narrow quamed with that of peri-substituted
DLC truxene (Figure 5-3}' ¢ which is so close to a typicatr interaction

distance of 3.5to 4 A in a column.
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Figure5-18 Schematic illustration

Tru6 exhibited another columnar phase when cooled don¥4C. Obviously,
it is an ordered mesophase because of the appeaohrthe peak (23.5°) at a wide
angle region of XRD pattern at 140 At the low angle region of XRD pattern, (100)
face in hexagonal lattice split into (200) and (11@hich is typical for ordered
rectangular columnar phase (Gp(Figure 5-17). Indeed, the slight split supp®ntzst
the phase transition from Gglphase to CgqJ just induced a trivial lattice variation.
And also, ther-n interaction distance can be determined to be 8,7Bhich is little
smaller than that in CgJ phase, originated from a tilted molecular confaiorain
Col,. This typical Ca}, lattice remained to a room temperature range, iftgra glass
phase, in which the peak at wide angle region oDXfattern at 3@ presented a
right shift indicating ar-n interaction distance of 3.70 A narrower than thimséhe

two mesophases (Figure 5-17).

5-3-1-3 Transient state photoconductivity measurégme
To characterize charge carrier transport in dengatked columns formed in the
windmill-shapedTru6, we measured transient photocurrents by TOF exeers.™®
Samples offru6 were capillary-filled into a 9§ 8n thick liquid crystal cell with ITO
electrodes at 180 in its isotropic phase. As shown in Figure 5-1%llwdefined

non-dispersive transient photocurrents for positemed negative charges were
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observed in the Cg phases offru6 at 165C. Each photocurrent exhibited a clear

shoulder, which indicates the transit time.
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Figure 5-20 Transient photocurrent (electron amacioof Tru-6 in isotropic phase

As shown in Figure 5-19, the mobility for positieed negative charges in the
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isotropic phase was determined to b&-10* cn? V! s*, respectively. Judging from
distinguished two kink points at short and longdimanges as shown in Figure 20, we
attribute the kink point at the short time rangé#oelectronic conduction for holes

and electrons.
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Figure 5-21 Typical transient photocurrent of Thy6time of flight at 165
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In the Coj,, phase, the ambipolar transport was enhanced &hgike and electron
mobility of 0.11 and 0.1 cfiv’s?, respectively (Figure 5-21). The ionic transport
mobility (in Figure 5-22) was estimated to be*1h?V's?. The hole and electron
mobility in the Col, phase was increased up to 0.12 and 0.71\fs ™, respectively,
which is one order of magnitude higher than theseearipheral-substituted truxene
analogues™ and comparable to that in larger-core liquid @aisstas is reported in
phthalocyanines’ and benzoporphyrin€. In the glass phase, the mobility of both
hole and electron was kept unchanged in the ortl@0d cn? V* s, even in the
room temperatures, implying that such highly ordezelumns closely packed hardly

changed as temperature was decreased.
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Figure 5-22 Typical transient photocurrent of Thy6time of flight in polycrystalline
state

This glass state was metastable and turned to lyerpstalline when the cell
was kept at a room temperature overnight. In tseltiag polycrystalline film, non-

dispersive photocurrent could be still observedgFfé 5-22), and enables us to
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determine charge carrier mobility in the polycrylsta state to be 0.2 and 0.17 tm
Vvts! for hole and electron, respectively, which are wvder of magnitude higher
than those of DLC alkyl-substituted-benzocoroneaevative$® *° They also hardly
depended neither temperature nor electric fieldufa 5-23), and were invariable for
several weeks (Figure 5-24). Polycrystallinieu4 also showed high ambipolar
mobility around 0.3 cmV™ s (Figure 5-24), which is the highest in all truxene
derivatived™ ¢ It is well known that the non-dispersive chargansport in
polycrystalline thin films is rarely observed inmbquid crystalline organic materials
because defective grain boundaries cause deep stetps for charge carriers.
Therefore, the fast charge transport in the trugeise explained by preferential
formation of grain boundaries along with the colefMrand/or possible charge
transport among the columns thanks to the smadréotumnar space of 5 A in the

present polycrystalline films.
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It is noted that mobility of hole and electron isnast constant irrespective of
columnar and glassy phase, even if the phase stesctare changed slightly as
discussed above. In mesophases, the mobility depead neither temperature nor
electric field, respectively, as is often reportedhe liquid crystalline phases. This
behavior can be well explained by a narrow distidyuof the density of states less
than 60 meV comparable to kT, where T is the teatpee for TOF experiments®
and is attributed to less disordered molecularnatignt in the column and a small

dipole moment ofru6.
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5-3-1-4 Summary

In summary, we synthesized novel windmill-shapeskcdatic liquid crystalline
truxenes, i.e., 1, 5, 9-trialkyltruxene substituteith alkyl chains at bay-positions of
truxene core. These truxenes showed highly ordetellimnar phases with
homeotropic alignment upon cooling, in which vearnow intercolumnar space of 5
A was estimated. The resulting columnar structues \guite stable and so densely
packed that molecular motions in mesophases weoeigtit to be confined.
Interestingly, these DLC materials showed fast awlbr carrier mobility over 0.1
cn’V™*st in both columnar and crystalline phases in spita celatively small core
size of truxene. These results suggest the wingthdbed DLC molecules with alkyl
substituents at bay positions give densely packednmar phases, which are
advantageous over conventional DLC molecules dubsti with peripheral side
chains for fast charge carrier transpbft.> The present results may give us a new

strategy of molecular design for discotic liquigstalline organic semiconductors.
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5-3-2 3, 8, 13-trialkyltruxene

5-3-2-1 Synthesis
As a reference, a truxene derivative with peri-ftiied side chains was
synthesized by the route shown in Scheme 5-7.I¥inssing Suzuki coupling to

alkylation was achieved at a good yield, and thiea cyclization could be carried out

in the condition of acid.

oA o
Br R

i: Hexylboronic acid, Pd(dppf)&lAg,0, K,COs, THF,; ii: HCI, AcOH, 120C, 2d

Scheme 5-7 Synthetic route for 2, 6, 10-trihexyléne

5-3-2-2 Phase transition

1.0 PO WP RPN RPN RPN TP W |
= 1 st heating
1/—1st cooling 60.2°C
= 2nd heating -12.2J/g
0.59 | = 2nd cooling
g 60.4°C
e 1mg -12.7J/g
= 009 s5wmin
% 25.3°C
] 125.
= — -14.43/g
-0.54 cold crystallization
1 123.2°C
-14.431g
-1.0 ——r .
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Temperature (°C)
Figure 5-26 DSC curves of 2, 6, 10-trihexyltruxene

DSC plot in Figure 5-26 shows that 2, 6, 10-triHaxixene only exhibited one
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endothermic peak during heating and one exothepeigk during cooling. And
exothermic peak (128) upon cooling appears at a lower temperature thah of
endothermic peak (602) upon heating, which always was observed in sustotic
materials, mainly originated from fast cooling rat&Vhen 3% heating was performed,
it gave special cold crystallization peaks, whidteo take place in organic materials
with long side chains. This behavior can be exgdirthat such materials have
become crystals before arrangement of side ch&aosif such materials are heated
again, their side chains first begin to relax witat release.

In Figure 8, it is observable that 2, 6, 10-trinéxyxxene just showed
polycrystalline phase, which exhibited much birefence in the whole viewable

regions in POM image shown in Figure 5-27.

Figure 5-27 POM graph (left) and illustration o$cibtic nematic phase (right)

5-3-2-3 Charge carrier transport

2, 6, 10-trihexyltruxene does not show liquid cajigte phase. Here, its charge

transport was measured in polycrystalline phasenugooing. It showed bipolar

transport with mobility positive and negative chesgrespectively.
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Figure 5-28 Transient photocurrents in polycrystalphase of 2, 6,

10-trihexyltruxene

In polycrystalline phase, positive charge transparbbility decreased to
1x10%m?V's?, probably resulted from the extended moleclulsstatice, while
negative charge transport mobility increased to0@eiV*s*. This mobility is quite
lower than that of bay-substituted truxenes, whigkreals the significance of ordered

structure for charge carrier transport in discbtjaid crystal.

5-3-2-4 Summary

When introduced by alkyl chains into bay-posititmuxenes exhibited columnar
mesophases, and showed quite high mobility ovecn®\'s*. We speculate that
such high mobility was originated from the densphcked columnar mesophase,

which suppresses the molecular motions.
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On the other hand, another truxene derivative \pighi-substituted side chains
also was prepared, which didn’'t exhibited any mbéssp. The mobility in
polycrystalline phase is around 4n?V's?, three orders of magnitude lower than
the former, which mainly resulted from well-definede dimensional pathway in the

columnar phase of the former.
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5-4 Summary of Chapter 6

In this study, bay-substituted truxene derivatiiese been prepared through
facile synthetic routs. When alkoxyl chains weredl®ed at 1, 5 and 9 positions or 4, 8
and 12 positions of truxene core, these compoudd’tdexhibited any mesophase,
and just presented phase transition from isotrépicrystal upon cooling. On the
other hand, when alkyl side chains were introdutgd 1, 5 and 9 positions of
truxene core, the obtained compounds (bearing hamgll butyl) exhibited ordered
columnar pesophases.

In the mesophilic truxene derivatives, namely, 1,9trialkyltruxene, very
unique phase structure has been revealed, whiattgobibut the presence of very
densely packed columnar lattice with a small irdenmnar space off5

Charge carrier transport property characterized©f showed that very high
ambipolar mobility over 0.1 cm2/Vs has been deteedi in both columnar
mesophase and polycrystalline phase. This is tlghelst mobility in truxene
analogues.

This molecular design strategy, incorporation ohmgide-chain in bay position,
actually is an extension of the original idea. e tase of windmill-shaped discotic
liquid crystals, the intermolecular between twoaaént columns becomes quite
smaller than usual, which leads more densely paddadmnar structure, thereby

enhancing charge carrier transport.
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Chapter 6

Conclusion and per spective

6-1 Summary of thisthesis

In this research, we proposed a new molecular desitategy for discotic liquid
crystals, i.e., incorporation of alkyl chains irtay positions of disclike core, so as to
achieve densely packed columnar mesophases wittethgpic alignment, thereby
suppressing molecular motion, which was expectetietdeneficial for high-speed
charge carrier transport.

Three different types of discotic liquid crystalsvie been designed and prepared
through facile synthetic routes, namely, benzopgiph Hexaazatrinaphthylenes
(HATNA) and truxene. Their phase transitions weharacterized by using DSC,
POM and XRD measurements. Furthermore, the chaggeerc transport was
measured by time of flight technique.

In the chapter 1, as the background of the prestedy the research progress on
organic semiconductors including amorphous, crigsggland liquid crystalline small
molecules and polymers has been reviewed. And theis, pointed out that as
self-organizing organic semiconductors, liquid taji;ne semiconductors are
becoming attractive for device application in théufe, because of high mobility and
controllable molecular alignment. Furthermore, tleirrent problems, what
determines the charge transport properties hadb@en clarified in discotic liquid
crystals yet, are also pointed out. The reseanehndsts of this thesis were aroused by
the recent breakthrough on a bay-substituted pitiiahine derivative. Based on
these results from historical studies, the motoratand purpose of the present study
are described: that is, to answer a question aimwyt such high mobility can be
achieved in disordered columnar phases of bay-sutest Phthalocyanines and

whether high mobility can be observed in otheraisdiquid crystals bay-substituted

131



with long alkyl chains.

In the chapter 2, experimental methods are talkedktail. All compounds were
synthesized according to the molecular design egjyatWe tried to prepare every
compound using short synthetic route to avoid tlatamination of chemical
impurities. After obtaining the relative compounids molecular structure was
confirmed by'HNMR and MS spectrum. And then the phase transitionld be
measured by using DSC and POM, in which molecutentation was checked by
X-ray diffraction. Finally, high-purity samples cdre used to transient photocurrent
measurements by time of flight technique, and thescharge carrier mobility can be
extracted.

In the chapter 3, we designed a versatile route dpnthesis of DLC
benzoporphyrin derivatives. Through the new rowte obtained quite high efficiency,
mild conditions and functional group tolerance, pamng with the previous one,
which was helpful for high-purity sample for measgrcharge carrier transport. Such
materials were found to exhibit homeotropic columabgnment. In the hexagonal
columnar mesophase, previously people thought tmet kind of “disordered”
intracolumns have been achieved, meaning that mielecare arranged with a tilt
angle to the normal direction. We confirmed tha¢ thresent actually could be
considered as the herringbone configuration byguslactronic spectra, which always
leads to densely packed lattice and closer stacgkingystal structures.

Furthermore, the intercolumnar distance was estichit be 21.6 (the diameter
of the core is 16 A), thereby showing an intercatamspace abouthgquite smaller
than that of peri-substituted ones (over 10 A) sTigisult is consistent with the above
mentioned herringbone configuration.

We investigated charge carrier transport and plooiective behaviours in two
discotic liquid crystalline benzoporphyrin deriwags. Interestingly, through time of
flight technique, these materials exhibited veryhhhole mobility over 0.1cAVs in
Colng and Caly while peri-substituted phthalocyanines just showesbility of 10°
lS-l

cm?V'st. We contributed this result to a densely packetlropar structure,

comparing with peripheral substituted DLCs. Morapwery high photo-generation
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efficiency up to 2% in the columnar phase has lzatmeved.

In the chapter 4, we have challenged hexaazatrihgigime (HATNA) to form
molecular columns with out-of-plane orientation fogh electron transport. In this
research, we discuss facile synthesis of novel dmatanaphthylenes bay-substituted
with alkyl, alkylethynyl, and alkylthio groups, i,etype |, type Il and type Ill, and
their phase transition behaviors, as well as fdagilof self-directed molecular
orientation on the substrates.

We found that all compounds can form long-range ecualar columns with
self-directed growth direction. Interestingly, tRATNA substituted with bay alkyl
groups (Type ) presented typical “edge-on” molaculalignment to form
in-plane-oriented molecular columns on the substr&n the other hands, the
HATNAs with acetylene spacers (type Il) exhibiteztfpct hexagonal lattice patterns:
lI-a with short side chains showed in-plane molaceblumns, while 1I-b with longer
chains obviously resulted in out-of-plane-orientetlmns with “face-on” molecular
alignment. In the case of lll, the HATNA with sulf@tom spacers surprisingly
showed molecular columns with rectangular lattiegspse molecular alignment also
varied sensitively depending on the alkyl chairgtén

Furthermore, CV measurements demonstrated thaintheduction of various
side chains could not override the electron-deficye of the HATNA core. More
importantly, we also found that the HATNA bay-sutoged with octylthio groups
showed high electron mobility in the bulk of Cghtiase and even in polycrystalline
phase up to Id cn?Vis®. This is the first time to determine valid charcgrier
mobility through time of flight method in such N+t@ining compounds.

In the chapter 5, we proposed a new molecular desig, the windmill-shaped
molecule based on a disc-like truxene core, whiels wxpected to form a densely
packed columnar lattice with a shortened intercolamspace, thereby suppressing
the molecular motions and enhancing charge caraasport in the discotic columnar
mesophases. In addition, mono-side chain is adagtedbay- position to expose the
peripheral phenyl ring, thus leading to possibleargh transport among the

neighboring columns.
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These truxenes showed highly ordered columnar gha#th homeotropic
alignment upon cooling, in which very narrow in@wmnar space of 5 A was
estimated. The intracolumnar distance of 3.8 Aigér than other truxene derivatives
(3.6 A) The resulting columnar structure was qsiteble and so densely packed that
molecular motions in mesophases were thought tmhéned.

These DLC materials also showed fast ambipolaiiezamobility over 0.1 crh
V! st in both columnar and crystalline phases in spite eelatively small core size
of truxene. Even if the intracolumnar distanceasyér than others, densely packed
columns can significantly suppress molecular motihich is advantageous over
conventional DLC molecules substituted with periheide chains, thereby giving

rise to high charge carrier transport.

6-2 General conclusion

Through this study on the synthesis, liquid cryst@y and charge carreri
transport of discogens with bay-located side chaives actually have constructed a
new molecular system which can exhibit columnar apbases with homeotropic
aligment, and also further clarified the relatiopshetween molecular orientation and

charge carrier transport property. The conclussogeinerally summarized:

1) Results from bay-substituted benzoporphyrin v@gives, combined with
previous research on bay-substituted phthalocyanirevealed that the 2D densely
packed columnar lattice (herringbone lattice withoolumns and narrower
intercolumnar distance) contributes to the fastghaarrier transport.

The results of bay-substituted benzoporphyrin admtigdocyanines revealed that
their unique “disordered” columnar mesophases anée qdifferent from the
conventional “disordered” ones. The former actualtpntains herringbone
configuration in the lattice, in which molecule® atensely arranged with tilted angle

to the normal direction, leading to the absenceeadk (t -7 interaction) at wide
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angle region of XRD patterns. Moreover, herringbaoafiguration, coupled with
narrower intercolumnar spacer (6-8 A), can effedtivconfine mobile molecules
within columns and maximize the probability for o hopping, thereby enhancing

charge carrier transport.

2) Columnar mesophases could be established throwggiiporation of alkyl
chains into bay positions of various discogens.viBusly, only peripheral
substituents were widely employed for this purpose.

Incorporation of short side chains into bay posiioof discotic cores can be
extended to other discotic systems, like tetrabpogahyrin, tetraazabenzoporphyrin,
HATNA and truxene. All of these compounds with Hagated substituents are able to
exhibit columnar mesophases. And also, they showerdoisotropic mesophase
transition temperature than peripheral-substitutees. Actually, we construct a new

molecular system for discotic liquid crystal.

3) Bay-substituted discotic liquid crystals exhibibre obvious trend to form
homeotropic columnar mesophases than peripheraktutied ones.

Unlike peripheral-substituted discotic liquid crst which usually show planar
alignment in columnar mesophases, the bay-suleditcéin be easily induced to form
homeotropic alignment. However, we still don’'t urstend well about this
phenomenon. In addition, in such homeotropic colamniattice, it was found that the
intercolumnar distance is quite smaller than thépperal cases, which leads to closer

stacking.

4) High charge carrier mobility over 0.18#'s' can be achieved in
bay-substituted discotic liquid crystals, mainlygomated from their densely packed
2D lattices.

First of all, we established discotic liquid crystasuch as phthalocyanine and
tetrabenzoporphyrin with bay-located dialkyl chainshich exhibited unique

columnar phase showing high mobility over 0.fefs?, as discussed above.
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In contrast to phthalocyanine, tetrabenzoporphyand HATNA, mono
bay-located alkyl chains force truxene to form lhygbrdered hexagonal columnar
mesophase with homeotropic alignment. So, we sptall that the so-called
“disorder” is probably caused by the out-of-plarieylachains in bay positions, in
which strong steric hindrance exists, while theisteffect can be relaxed when only
mono alkyl chain is introduced, thus leading tof@oal configuration.

On the other hand, what’ more important is thae sitlains are located at bay
position to purposefully expose the peripheral phemg, and then narrower the
intercolumnar distance (aroundibto make charge carrier transport across columns
possible, which can help charge carrier to circumv&atic defects along quasi
one-dimensional columns, and also force a facete-ttacking of molecular cores to
maximize intermolecular couplings, thereby enhagaharge carrier transport within
columns. So, combined with the discussion aboveait be concluded that high
charge mobility can be obtained in closer packeddmopar phase, especially when
intercolumnar space is narrow, regardless of thiecatar orientation within columns
(titled or co-facial), which can be explained thtfa slow translational movements of
the discs on similar and slower time scales thamgghcarrier transport.

Above all, the present results give us a new giyatef molecular design to
obtain discotic liquid crystalline, and also prawidn alternative way for establishing
homeotropic columnar mesophases which is the rexpgint for high charge carrier
transport. In particular, this concept pushes waridiscotic liquid crystals into the

edge of applicable organic semiconductors.

6-3 Futureworks

Through this research, we make it quite clear thghh charge carrier mobility
requires less active motioning molecules in columplases. We have found an
effective way, i.e., introduction of side chainsbaty position, to confine molecular

motion.
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In the case of bay-substituted benzoporphyrins tamdene, very high charge
carrier mobility has been achieved over 0.i¢its. When n-type HATNA
derivatives were substituted with bay-located sitains, even if the mobility was
just about 18cm?V's' probably due to molecular misorientation, theseCD
compounds could self-direct form “in-plane” or “eaftplane” molecular columns,
which will be promising for application in OLED ai@Pv.?

Actually, for further investigation, we can contendo explore such discotic
liquid crystals with bay-located side chains, eggbc the type of wind-shaped
molecules. This molecular design concept gives ugw insight for more densely

packed columnar mesophases.
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Figure 6-1 Wind-mill shaped discotic liquid crystdbr further research
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