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Summary

Pentalene as an antiaromatic 4nm-electron system has attracted many
chemists’ attention. Pentalene moiety is embedded into the acene or
thienoacene framework, and the weak intramolecular donor-acceptor
interaction between the antiaromatic pentalene and the annealed aromatic
moieties affords their unique electronic properties. In this thesis, pentalene
chemistry was developed and a series of novel pentalene-embedded acenes
and thienoacenes were designed and synthesized for organic semiconductor
materials.

In Chapter 2, we designed and sythesized two soluble and stable
dianthraceno-pentalenes, which include fused rings up to eight. The average
hole mobility in FET devices is increased from 0.001 to 0.65 cm?V's®
(maximum: 0.86 cm?V*s™) through modifying the substituents. Single crystals
of both molecules were obtained and used to explain their different FET
performances.

In Chapter 3, we incorporated the pentalene unit into the thienoacene
framework to provide the bis(benzo(thieno),)pentalene derivatives (n = 1 - 3).
The obtained highly n-extended polycyclic conjugated systems contain a large
number of fused rings (up to ten). Their structures, optical and electrochemical
properties were studied and their applications in OFETs were also investigated.
They exhibit small energy gap, unique electronic absorption and amphoteric

redox behavior which are also supported by TD-DFT calculations. All

iX



compounds showed good thermal stability and ordered self-assembly in solid
state. The highest hole mobility of 0.036 cm?Vs™ was achieved from solution
processed FET devices.

In Chapter 4, we introduced dicarboximide group into diacene fused
pentalene and obtained the diaceno-pentalene diimide derivatives. Both
compounds displayed good solubility and stability. As expected, we got the
first n-type semicondutor material based on pentalene unit which showed
electron mobility up to 0.06 cm®V's™ by solution processing technique.

In Chapter 5, we designed the Z-shaped pentaleno-diacenes and synthesized
the pentaleno-dianthracene and pentaleno-ditetracene successfully. This is a
new synthetic method to fuse the pentalene ring onto the zig-zag edges of
acenes. The UV-vis absorption spectra showed long wavelength absorption
bands due to intramolecular charge transfer character. They have small band
gaps around 1.0 eV. DFT calculations suggested that the HOMOs of both
molecules are delocalized along the Z-shaped framework while the LUMOs
are mainly localized at the central pentalene unit. The single crystal of
pentaleno-dianthracene was obtained. It has a planar conformation, and
adopted a column-like stacking structure.

In addition, we also investigated the acene contained polymers for organic
semiconductors. In Chapter 6, we introduced the naphthalene imide unit into
the polythiophene backbone to obtain the planar and imide included building

block. Based on the new building block, three alternating conjugated



copolymers were prepared; and achieved stable and high performance p-type
polymeric semiconductors. The physical properties and OFET performances
of these polymers were investigated in details. The highest average hole
mobility up to 0.15 cm? V! s was achieved after optimization by solution
processes. All the polymers showed relatively good environmental stability

after storing in air.

Keywords: pentalene, organic semiconductor, acene, organic field effect

transistors, polymer
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Chapter 1: Introduction

1.1 Acene chemistry

Acenes are a family of linearly fused benzene rings (Chart 1.1), which can
be named based on the number of benzenes, such as: naphthalene, anthracene,
tetracene, pentacene, hexacene, heptacene, octacene, nonacene and so on.
Acenes have the intriguing photophysical and electronic properties have been
widely investigated during the last two decades,' owing to acenes and their
derivatives have been applied as organic semiconducting materials.> Moreover,
many studies results revealed that longer acenes are more valuable because
theoretical calculations have predicted the possible formation of interesting
diradicals and properties such as ferromagnetism and superconductivity with
sufficient length of acenes.® However, as the acene goes longer, the longer
acenes tend to become more and more unstable, which can be explained by
Clar’s aromatic sextet rule®. The stability issue of higher acene becomes so
serious that there are few numbers of longer acene and their derivatives were
synthesized and reported up to now. On the other hand, many chemists are
attracted to this challenge, to get higher and stable acene derivatives. Several
groups (including Wudl,* Anthony,”° Bunz® and Chi’s'®" groups) are driving
the research of acene chemistry and acene based materials for organic
electronics. In the following section, representative acenes and their

significant derivatives are briefly introduced.
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Chart 1.1 General chemical structure of acene.

n-1

Naphthalene (n = 2) and anthracene (n = 3) were suggested to exhibit high
charge carrier mobilities by using the time of flight method; but only
anthracene had field-effect transistor (FET) activity with hole mobility around
0.02 cm?V*s™ at a low temperature.®

Tetracene (1-1 in Chart 1.2, n = 4) exhibits a hole mobility of 0.1
cm?Vis? from deposited film and 2.4 cm?V?*S™ from single crystal.® The
rubrene(1-2 in Chart 1.2), 5,6,11,12-tetra-phenyl-tetracene, showed a very
good performance of a single crystal transistor owning to its two-dimensional
packing. However, the mobility of its thin film was quite low due to the poor
planarity which hindered the formation of a crystalline film.*° To solve the thin
film formation issue of rubrene and tuning the molecular packing mode from
herringbone to a slipped cofacial array, halogenations of tetracene were
utilized to improve hole mobility from 0.1 cm?V?'S™? to 1.6-1.7 cm?V'Stin
thin-film devices (1-3a - 1-3c in Chart 1.2). However, this method can’t be
used in longer acene effectively, because of the solubility problems of higher

acenes.

ot “
CoC0 -
‘= H 13
1-1 12 Br H  13b
cl Cl 13c

Chart 1.2 Tetracene and its peri-substituted derivatives.
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Pentacene 1-4 (Chart 1.3) itself is a good p-type semiconducting material
with a high hole mobility up to 5.0 cm?V*S™ in the form of polycrystalline
film, and even up to 35 cm®v'S? as a single crystal transistor.** Thus,
pentacene has become a star molecule in both acene chemistry research and
new organic electronic devices. A strategy of 6,13-disubstitution by
silylethynyl groups has also been successfully applied to prepare pentacene
derivatives, which was first studied by Anthony.*® This approach overcomes
the following three problems: solubility, herringbone molecular packing and
stability to air and light®. Compounds 1-5a and 1-5b (Chart 1.3) showed high
hole mobilities of 1.8 and 2.5 cm?V'S? respectively, measured from

solution-processed thin films.**

SiR5
S
O
O -
- N fl "
R=jPr R=H 1-5a
SiR; Et Me 1-5b

Chart 1.3 Pentacene and silylethynylated pentacenes.

It is a challenge to synthesize stable longer acenes (n > 5). Since 2005,
several exciting milestones have been achieved (see structures in Charts 1.4
and 1.5). The synthetic routes for longer acene frameworks mainly include
“center to sides” and “sides to center”; and they are stabilized by different
peri-substitutes.

Silylethynylated hexacene 1-6 (n = 6) was first reported by Anthony’s
3



group in 2005.®> The solution of molecule 1-6 decomposed in a few hours

when exposed to air and light but their crystals were quite stable.

Chart 1.4 Peri-substituted hexacene and heptacenes.

Silylethynylated heptacene 1-7 (n = 7) was first reported together with
silylethynylated hexacene 1-6 by Anthony’s group in 2005." Three years later,
Wudl’s group reported a silylethynylated heptacene with additional phenyl
groups at the 5,9,14,18-position (1-8) to afford a higher stability."® Soon after
that, Chi’s group reported a stable heptacene derivative 1-9 with four
electron-withdrawing trifluoromethyl phenyl groups through a different
synthetic route,” which is the most stable peri-substituted heptacene reported
so far. Miller’s group synthesized thioaryl substituted heptacene 1-10'
through thioaryl substituents provide resistant to photooxidation.

Thioaryl substituted nonacene 1-11 (Chart 1.5) was soon developed.'®

4



Although, its life time in solution was only two hours, 1-11 was the first
reported persistent nonacene derivative without single crystal. Anthony’s
group later reported a series of silylethynylation- and fluorination-stabilized
nonacenes 1-12 which were characterized by the single crystal X-ray

diffraction.®

R= 'E'S < > < R = iso-propyl, iso-butyl, or cyclopentyl

1-11 112

Chart 1.5 Peri-substituted nonacenes.

To summarize, the challenging but rewarding acenes chemistry has been
well explored by chemists to stabilize and solubilize these ultra unstable
molecules. The synthetic limit of acenes has reached nonacene. Therefore,
acene analogues which fused some electron deficient five member rings into
acene framework will be another interesting study direction of acene
chemistry, such as indenofluorenes®®, rubicenes®, emeraldicenes?,

Cyclopent[hiJaceanthrylenes®® and dibenzopentalenes®.

1.2 Overview of the development of pentalene
1.2.1 Background

Pentalene as one of the important antiaromatic systems has attracted many

chemists’ attention again during several years.25 The unsubstituted 8x-electron
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antiaromatic pentalene (Chart 1.6) is thermally unstable and dimerizes above
-196 °C. In contrast, its dianion has 10m electrons and has considerable
aromaticity. The stable pentalene dianion was first synthesized in 19622° and
the single crystal structure of its dilithium salt was reported in 1991%.
However, the preparation of pentalene dication has not been reported up to
date. In other words, pentalene unit tends to obtain two electrons become
dianion. Hence, compare with electron rich framework such as acene,
pentalene can be regarded as electron deficient part or electron acceptor. When
the pentalene unit fused with aromatic unit (such as acenes), the weak
intramolecular donor-acceptor interactions between the antiaromatic pentalene
and benzene rings afford corresponding stable dianion and dication species
and stabilize both the pentalene and aromatic unit. Therefore,
dibenzopentalene (DBP) is a fairly stable compound with a planar structure
and 4nm-electron periphery. Since the first diphenyldibenzopentalene
derivative (DBP-Ph) was reported by Brand in 1912,* a number of the
improved synthetic methods for DBP derivatives have been developed. In the
last century, most of organic chemist search the synthetic method of pentalene
core and modify by functional group at 5 and 10 positions. Since 2009, several
tremendous progresses have been made on synthetic methodologies for
accessing dibenzopentalenes. Thus, promoting research on extend the =
system and their application for organic electronics. In the following section,

representative methodologies of pentalene formation and pentalene



derivatives for organic semiconductors are introduced.
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Chart 1.6 Pentalene and dibenzo[a,e]pentalene

1.2.2 Methodologies of pentalene derivatives

The first synthesis of dibenzopentalenes 1-15a - 1-15b was reported by
Brand in 1912%. The key precursor was diphenylsuccindanedione 1-13, which
was synthesized from diphenylsuccinic acid®®. Treatment of 1-13 with
Grignard reagent phenylmagnesium bromide and p-tolylmagnesium bromide
provided the corresponding diols 1-14 (Scheme 1.1). Diols 1-14 were reduced
by formic acid to provide dibenzopentalenes 1-15a and 1-15b. This method

could be applied to introduce other aryl or alkyl groups, such as o-anisyl *,

1
|3

p-anisyl*®, methyl*! and ethyl*! groups.
R OH
RMgBr ' O HCOOH ‘ O
e (5L 9
R OH
1-14a R=Ph 1 15aR Ph
1-14b R=p-toly! 1-15b R=p-toly|

Scheme 1.1 First Studies on the Preparation of Dibenzopentalenes 1-15

The unsubstituted dibenzopentalene 1-18 was first synthesized also from
diphenylsuccindanedione 1-13 in 1952%. Diphenylsuccindanedione 1-13,
reacted with phosphorus pentachloride to afford 1-16%, and then treated with

zinc to provide 1-17°*". Compound 1-17 was treated with bromine and



followed by silver acetate provided the parent dibenzopentalene 1-18 in 59%

yield (Scheme 1.2).

Scheme 1.2 Preparation of the Parent Dibenzopentalene 1-18

Dibromodibenzopentalene 1-20 was prepared by bromination of
tetrahydrodibenzopentalene 1-19 followed by dehydrobromination (Scheme
1.3)*in 1963. The thermolysis of dibenzotricyclic tetrabromide 1-21*° or by
the reaction with sodium iodide also afforded 1-20 (Scheme 1.3)**. Above
several methods for preparation of dibenzopentalene derivatives are early

studies, following decade almost no new methods reported until 1980s.

Br Br
. O 1)NBS BPO ‘ O Nal or A N ij
SHTC
Br Br
120" 1-21

Scheme 1.3 Preparation of the dibromodibenzopentalene 1-20

Thermolysis, such as heating and the flash vacuum pyrolysis (FVP)
technique, is sometimes a very powerful tool for the creation of rigid
n-frameworks through somewhat unexpected and complex reaction pathways.

Bis(pentachlorophenyl)acetylene 1-22 was heated at 350 € for 45 min to
afford main product perchloro-1,2,3-triphenylnaphtalene (42%) with
perchloro-2,3,8-triphenylbenzofulvene 1-23 (31%) and

perchlorodibenzopentalene 1-24 (1%) (Scheme 1.4)*. Prolonged heating for 2



h revealed an increase of the yield of 1-24 (23%) and a decrease of the yields

1-23 (10%); hence, 1-23 was the intermediate of dibenzopentalene formation.

ol CeCls CeClsCl
350 °C cl ‘ CCl ss0c ‘QO o
CeCls—==—C4Cls X Cl
1-22 c Cl CeCls CeCls
123 1-24
23%
o)
Q FVP
OO oh 004 mmHg Ph s
1-26 1-27
125 95%
Me;Si.__OMe
Fvp FVP
1120 °C 550 °C
Ph—=—=—=—Ph 1-18 D —
0.03 mmHg 0.001 mmHg
1-28 19% 48%

Me;Si OMe

o)

0 e

130 O 900 0r 1100°°C 1100 oc O0.0
1~2 mmHg

Q 1-32
131 6 ‘
H
/—\ F
5 9000r 1100°C _ o0 °c OG.O . 148
1~2 mmHg
1-32 1-33

Scheme 1.4 Preparation of the dibenzopentalene derivatives by thermolysis

During the flash vacuum pyrolysis (FVP) studies, several expected or
unexpected products include dibenzopentalene unit were reported. Flash
vacuum pyrolysis of 3-phenylnaphthalene-1,2-dicarboxylix anhydride 1-25,
diphenylbutadiyne 1-28, 9,10-bis[(methoxysilyl)methyl]anthracene 1-29
benzo[b]fluorenone  1-30, 5,12-naphthacene  quinone  1-31 and
Benzo[b]biphenylene 1-32 at high temperature and low pressure gave the

dibenzopentalene derivatives (conditions and some other details are showed in
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Scheme 1.4)*. Thermolysis is indeed efficient method for preparation for
dibenzopentalene, however the reaction is difficult to be repeated for expand
structures or functionalized structures. The special apparatus and strict
conditions also limited the application in synthesis work.

Anionic dibenzocyclooctene derivatives are very important intermediates
during the skeletal rearrangement reactions to provide the corresponding
dibenzopentalenes.

5,6,11,12-Tetrabromodibenzo[a,e]cyclooctatetraene 1-34 was treated with
phenyllithium without electrophiles, 5,10-diphenyldibenzopentalane 1-15a
was obtained (Scheme 1.5)®. However, when the compound 1-34 was treated
with alkyllithiums followed by an addition of phenyllithium and electrophiles

provided dihydrodibenzopentalenes 1-35a - 1-35g.

Ph

. Eets Y

y
Ph

s@e
7 - 1 1: 2:
)A/ky/ Lifh/ R R1 1-35a R ) R‘1 ) R2 - Me
Br Br 2)PhLI UI77 bR=R'"=R“=Bu

134 3 Rx ' O cR=R'=tBu,R2=H
O O dR=tBu,R'= R?=H
eR=Ph,R'= R?=H
f R=Ph,R'= R?=Me
gR=R"'= R?=Ph

R R2?
1-35

Scheme 1.5 Reactions of 5,6,11,12-Tetrabromodibenzo[a,e]cyclooctene 1-34 with
Lithium Reagents.

A similar method starting from dibenzocyclooctadiyne 1-36 was reported®.
Dibenzocyclooctadiyne 1-36 reacted with alkyllithiums to provide the

corresponding anionic intermediates 1-37, which underwent isomerization to

10



anionic dibenzopentalenes 1-38. The reactions were terminated with
electrophiles to afford dibenzopentalenesl-15¢ - 1-15n in very good yields
(61-78%) (Scheme 1.6). When anionic dibenzopentalenes 1-38 was treated
with iodine, iodine atom can be introduced at 10 position. The
iodo-derivatives can be used to introduce an aryl group through Suzuki or
Stille coupling reactions and to provide corresponding aryl derivatives 1-15p -

1-15t (Scheme 1.6).

1) RLi R!
2) R2R3C=0 or R2X
+
O - ‘O ! 0‘90
RZ
1-36 OH 1-15¢c-n
R'= Bu, R?= H, R3= Ph (75%, ¢), p-CI-CgHy4 (73%, d),
R1L| R2R3C O p-NOzCGH4 (76%}, e),
or R2X 2-naphthyl (62%, f), C;H45 (64%, g)

R'= Bu, R?= R® = -(CH,)5- (64%, h)
R'= Et, R?=H, R®= Ph (69%, i)

R1
o ,
R'= Me, R2=H, R® = Ph (72%, j)
. O‘,O R'= Bu,R? = COPh (78%, k)
— s R'= Bu, R? = Me (61%, I)
- 137 1-38 B

R'=Bu, R?= Me3SI( 7%, m)
R'= Me, R% = Me (63%, n)

Ar= Ph (64%
1)BuL| ArB(OH), or ‘ O me ,\(102367_')4 64%, q)
1-36 Ak O‘,O _ArSnBus O Q 2-thienyl ( 3% r
Pd(PPh)3 2-furyl (70%, s)

2-pyridyl (50%, t)

1- 150 1- 15pt

Scheme 1.6 Preparation of Dibenzopentalenes from Dibenzocyclooctadiyne 1-36

Another similar method also starting from dibenzocyclooctadiyne 1-36 was
recently reported*’. Dibenzocyclooctadiyne 1-36 reacted with iodine or iodine
monobromide (IBr) to provide the dihalogo-dibenzopenalene derivatives 1-39
in very good yields (53 and 69%) (Scheme 1.7)*°. Then the 5 and 10 postion
can be used to introduce functionalized groups or aryl groups (1-40a - 1-40h).

Moreover the iodo atom and bromo atom provide the selectivity for coupling

11



reactions; hencel-39b can introduce the various side groups.

O O I2 or IBr
-78 °C

1-36

1-40R" =
R1
R1
R1
R1
R1
R’l
R1

O‘ O or Suzuki reaction

Sonogashira

1-39X—|(a 53%)

Br(b, 69%)
RZ2=R®=R*=H,m=n=1(a)
R2=DMOO,R®*=R*=H,m=n=1 (b)
R2=Ph,N,R®=R*=H,m=n=1(c)
R2=CN,R®*=R*=Et,m=n=1(d)
Ph,N, R2=CN,R3=H,R*=Et,m=n=1(e)
Ph,N, R2=CN,R®=R*=H,m=n=0 (f)
Ph,N, R2=CN,R*=R*=H,m=0,n=1(g) R?
Ph,N,R2=CN,R®*=R4=H,m=1,n=0 (h) 1-40a-h

DMOO: (+)-3,7-dimethyloctyloxy

Scheme 1.7 Preparation of Dibenzopentalenes from Dibenzocyclooctadiyne 1-36.

Another lithium reductive reaction was reported to afford unexpected

dibenzopentalene through anionic dibenzocyclooctene intermediate (proposal

mechanism in Scheme 1.8)*

Phenyl(tri-i-propylsilyl)acetylene 1-41 was

treated with lithium providing dilithium dibenzopentalenide 1-44, which were

treated with iodine to afford the corresponding dibenzopentalene 1-15u in 7%

yield.

. Li
Q%Si’Pr3 _—

1-41
l Li
Qo
-H,
D ———_—
et

1-42

Scheme 1.8  Preparation
Dibenzocyclooctadiene 1-43

of  Dibenzopentalenes  through intermediate

The intramolecular cyclization reactions of o-substituted phenylacetylenes

are of considerable use for the preparation of benzannulated five-membered
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ring compounds*, such as indenes, indoles, benzofurans and benzothiophenes.
A very sophisticated application of this methodology to prepare
dibenzopentalene skeletons was reported by Yamaguchi®®. Reduction of
0,0 -bis(arylcarbonyl)diphenylacetylenes 1-45 with lithium naphthalenide
produced dibenzopentalenes 1-15a, b (8-10% vyields) together with
5,10-dihydroxy-5,10-dihydrodibenzopenatanes 1-46 (29-52% yields) (Scheme
1.9). The authors assumed that the over-reduction of the cyclized intermediate
1-47 with the remaining LiNaph produces 1-15 through the elimination of
Li,O. To confirm this possibility, then they carried out the reaction of the
isolated trans- 1-46b with 4 mol amounts of LiNaph, which indeed gave 1-15b

in 49% yield.

- 2Li,O
(tran, Ar = Ph, 49%)

Ar

A’ OH Ar
1-46a R=p-tolyl
] o) 1-15a, b
1-45 1-46b R=Ph

Scheme 1.9 Reductive Cyclization of 0,0’-Bis(arylcarbonyl)diphenyl-acetylenes 1-45

Comparing with above methodologies of dibenzopentalenes formation
reaction, catalytic reactions usually possess mild conditions and more widely
suitable substrates. Because of these advantages of catalytic reactions,
chemists investigate the several catalysts and different kinds of substrates to

provide the dibenzopentalenes which include symmetric and unsymmetic
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dibenzopentalenes during the last several decades. Almost all the catalytic
reactions are occurred between two triple bonds whether in one molecule or in
different two molecules. In following section, | will introduce the catalyst
present pentalene formation reaction.

In early studies, the key starting compound was
1,2-bis(phenylethynyl)benzene (1-48a), treatment of which with PtCl, in
benzene afforded a Pt-complex of dibenzopentalene which is an unstable
compound that converted to 1-15v during purification in 85% vyield (Scheme
1.10)*. This method was later applied for the preparation of
dibenzopentalenes 1-15w - 1-15z (Scheme 1.10)**. A mixture of H,PtClg-6H,0
and Aliquat 336® (Aliquat = methyltrioctylammonium chloride) was also
used as a catalyst for the preparation of 1-15v with 80% yield*®. When the
reactions were carried out in the presence of dialkyl acetylenedicarboxylates,
the corresponding adducts 1-15aa - 1-15cc were obtained (25-36% vyields)

together with 1-15v (Scheme 1.10)".

H2PtCI6 6H,0,
O Aliquat 336 . o
1-15w R' = Me, R* =
1- 15v
Z 1-15x R'=R3 = HRZ—Me
O 1-15y R'=CI, R2=R3= Me
1-R3 = 2 —
X 1415z R'=R3=H,R? = Cl
O CO,R
o] o] RO,C
1-48a ROG—=——COR 7 H
—_—
H,PtClg-6H,0, ‘ O i
Aliquat 336 Q 1-15aa R = Me
bb R = Et
Ph ccR=Pr

Scheme 1.10 Formation of Dibenzopentalene from 1,2-Bis(phenylethynyl)-benzene
(1-48a) catalyzed by Platinum complex.
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The cyclization reactions of 1,2-bis(phenylethynyl)benzenes to afford
dibenzopentalenes were surprisingly catalyzed by tellurium (Scheme 1.11)*.
Heating of 1-48a with a catalytic amount of tellurium in pentachloroethane
(PCE) under reflux provided dibenzopentalene 1-15dd in 61% vyield through a
halogen transfer reaction (Scheme 1.11). When 1-48a was heated with a
catalytic amount of tellurium in tetrabromoethane at 170 °C, the corresponding
bromodibenzopentalene 1-15ii was obtained in 6% yield (Scheme 1.11)*.
Treatment of 1-48b with a catalytic amount of tellurium in PCE under reflux
produced a 1:1 mixture of 1-15ee and 1-15ff in 79% vyield. Likewise, 1-48c

reacted in PCD to afford an 1:1 mixture of 1-15gg and 1-15hh in 83% yield.

=
O ‘ O 1-15dd R'=R?= H
1= 2 —
R § T CHO A O Q eeR =Me R* =H

ff R'=H, R2—|v|e

O ggR'=ClI, R2=

1= 2 —
1-483 R = H hhR'=H, R CI
1-48b R = Me

1-48c R=ClI

1-48a L’ O‘,O

(CHBryp), / A
1- 15||

Scheme 1.11 Cyclization of 1,2-Bis(phenylethynyl)benzenes (1-48) in the presence
of catalytic amount of Tellurium.

Another  catalytic  synthesis of a  dibenzopentalene  from
2-halophenylacetylene (1-49) was carried out using Pd(PPh3),Cl, and Cul
(Scheme 1.12*. Heating of a mixture of 2-iodophenylacetylene 1-49 with
Pd(PhCN)Cl,, PPhs and Cul in toluene and diisopropylamine at 90 °C

provided dibenzopentalene 1-15jj in 67% yield (Scheme 1.12). The proposed

15



mechanism is the dibenzocyclooctadiyne rearrangement reaction which is
similar with the above anionic dibenzocyclooctadiene rearrangement reactions.
Although this system looks like simpler, no further applications for the

synthesis of dibenzopentalenes have been reported.

TBDMS
TBDMS. TBDMS. - TBDMS TBDMS
;@i Pd(PPhs);Ciz, Cul { O‘QO
iPryNH, toluene O O
N TBDMS
“TBDMS TBDMS TBDMS TBDMS
1-49 1-50 1-15jj

Scheme 1.12 Cyclization of 2-halophenylacetylene through dibenzocyclooctadiyne
intermediate.

Two phenylacetylenes, one of which has a halogen atom and the other of
which has a BuzSn group were coupled in the presence of CsF, P(tBu); and
Pd,(dba)s to give dibenzopentalenes (Scheme 1.13)**°. The coupling reaction
of 1-51a and 1-52a under the 130-140 °C shown in Scheme 1.13 provided
dibenzopentalene 1-15a in 61% yield, however reaction under the 60-70 °C
only to produce the Stille coupling compound which was heated to 140 °C also
did not transform to dibenzopentalenes . A crossover coupling reaction of
1-51b and 1-52a under the 130-140 °C afforded homocoupled products 1-15a
(20% vyield) and 1-15l1 (trace), as well as the crossover coupled product
1-15kk (40% vyield), suggesting that the homocoupling reaction of 1-52a
would proceed. Heating of 1-52a afforded 1-15a in very high yields with 2
equivalents of hydroquinone, Cs,CO3; and CsF in the presence of catalytic
amounts of P(tBu)s; and Pdy(dba)s in 1,4-dioxane at 135 € (Scheme 1.13).

This method could be applied for the preparation of a variety of
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dibenzopentalenes (55-72% vyields) (Scheme 1.13). The proposed mechanism
for the formation of pentalene reveals the palladium cycle and predicts some
important intermediates (Scheme 1.14).

One of the most striking features of this catalytic system is that a
heteroaromatic analogue of a dibenzopentalene was able to be synthesized,
such as dithienopentalenes. Another advantage is that the substrate can be
extended or modified by functionalized group which can be utilized to
synthesize the longer pentalene derivatives for organic semiconductor

materials.

g R
O 1-51a _60-70°C _ 1415aR'=R2=H 0%
|O + - 0,
= 1-52aM’1453R1=R2=H61%
Pd,(dba)s, P(‘Bu)s, @
SnBus Cs,CO3, CsF, ‘ O
1-51a R=H

f 1-15aR'=R? = 9
1-51b R={Bu Hydroquinone aR’=R"=H20%

1-15kk R' = H, R? = 'Bu 40%

1-51b  130-140 °C
+ e

+ 1,4-dioxane, A O 1-52a 11511 R" = R2 = Bu (trace)
Br, @
1-52a Homocoupling —— 1-15a 88%
1-15a,kk,ll
1-52a
2 equiv Hydroquinone,
2 equiv Cs,COg3,
2.2 equiv CsF, R
r’/’::‘ii Br 1.5 mol % Pdg(dba)3, ,:I:’:\\I
i Aﬂ/\ 6 mol % P(‘Bu)s, \Ar .";‘\:1
- N PAr
A . 1,4-dioxane, 135°C
R _ .
1-53 1-54 R = Aryl, Silyl

Ar = aromatic ring

Scheme 1.13 Dibenzopentalene derivatives was synthesized by Pd,(dba),
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Pd(0)

Scheme 1.14 Proposed mechanism for the formation of pentalene by the present of
catalyst Pd,(dba)s,

Almost at the same time another inspired catalytic system, an extremely
simple synthesis of dibenzopentalenes from 2-bromoethynylbenzenes was
reported®*?. Treatment of 2-bromoethynylbenzene 1-60a with an equivalent of
Ni(PPh3),Cl, and 1.5 equivalents of Zn at 80 €€ produced dibenzopentalene
1-15mm in 41% yield (Scheme 1.15)**, Reaction of 1-60a with Ni(cod), and
PPh; at 50 °C afforded Ni complex 1-61, which was transformed into 1-15mm
at 80 € in higher yield which was improved to 83%. This method enabled the
synthesis of a variety of dibenzopentalenes (13-24% vyields) (Scheme 1.15). It
is noted that the electronic nature of substituents on the aromatic rings did not
affect the formation of dibenzopentalenes. So this is an important useful

method to prepare the dibenzopentalenes bearing various functionalities.
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SiMe3

Br Ni(PPh;),Cly, Zn O‘
N toluene, DME, 80 °C ’O
1-60a

AN
SiMey 41% MesSi 1-15mm
1,
%, % o0
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0. <%, . .
24% & %% NiBr(PPh3), /& 83%
Q. S
%
\
X
1-61 SiMes
3
K R! ;
R Z Ni(PPhs),Cl,, Zn O‘ R?
Lanel
R2 Br toluene, DME, 80 °C R
1-60b-g R3
1-15nn R' = R2= H, R® = TMS (35%) 1-15nn-ss
1-1500 R'=R? = OMe, R® = TMS (13%)

1-15pp R'= COOMe, R?=H,R®=TMS  (24%)
1-15qq R' = Me, R? = H, R® = CqH Me (16%)
1-15rr R'=Me, R2=H,R®=C4H,OMe  (13%)
1-15ss R' = Me, R? = H, R® = C4H,COOMe (13%)

Scheme 1.15 Cyclization of 2-bromoethynylbenzenes (1-60) in the presence of one
equivalent amount of Ni(PPhs),Cl, and proposed mechanism for the formation of
pentalene and Synthesis of dibenzopentalenes bearing various functionalities

Gold-catalyzed dibenzopentalene synthesis is another new method for
unsymmetic  dibenzopentalenes which was reported recent years®.
benzene-1,2-diynes were catalyzed by IPrAuNTf, in benzene at 80 °C to
provide the dibenzopentalenes in high yields (54% - 80%) (Scheme 1.16).
However, this method has some limitations. Firstly, the R? group affects the
yield obviously, when the R? group was electron-donating group the
dibenzopentalene yield was improved, in contrast when the R? group was
electron-withdrawing group, such as NO, or Br, the yield decreased to 0%.
Secondly, when the benzene ring which linked with R?group was changed to

some other group the products maybe not the pentalene derivatives.
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RZ
5 mol% IPrAUNTf, R! CO
benzene, B} O’
R1

80 °C, 1-3h
1-15tt-xx

R2

1-15tt R'=H,R?=H (54%)
1-15uu R'=0OMe R?= H (68%)
1-15vwv R'=OCH,0,R?=H  (62%)
1-15ww R' = H, R? = C4H, (60%)
1-15xx R'=H, R?= OMe (80%)

Scheme 1.16 Gold-catalyzed dibenzopentalene synthesis

Recently, another Palladium catalyzed C-H/C-H annulations to synthesize
the dibenzopentalenes were reported. Although the mechanism is similar with
Scheme 1.14, the strategy is different. Heating of dibenzene-acetylene 1-63
afforded 1-15a in 52% yields with one equivalent of AgOTT, and o-chloranil
in the presence of catalytic amounts of PdCl, in DMAc at 60 <€ (Scheme
1.17)*°. The catalytic cycle was investigated by the trapping experiment with
methyl acrylate to afford the compound 1-64 which matched with the
proposed intermediate. The C—H activation of arylacetylenes holds significant
potential to streamline the synthesis of dibenzopentalenes and its derivatives.
Such a direct molecular activation/transformation technology not only
contributes to the realization of economic synthesis, but also unlocks
opportunities for markedly different strategies in synthesis. However the

extending of the dibenzopentalene is limited by this method also.
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O PdCl, O O
AgOTf
& o -chloranil Q
) [
1-63 O
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80 °C, 10h Pd"
Proposed
1-64 (24%) O intermediate

Scheme 1.17 C-H activation route to dibenzopentalenes and trapping experiment
with methyl acrylate.

In this C-H activation method, the authors also investigated the effect
between the yields of the product and electron-donating or -withdrawing
groups at para or meta positions in the starting material. As shown in Chart
1.7, it can be seen that yields are higher when the key ortho-positions match

best with the electrophilic reaction sites (1-15ab > 1-15ac; 1-15ae > 1-15ad).

O CF,
1-63c

mismatch

mi;match

CF3  CFy m OMe OMe OMe OMe

CF3 OMe
QL 2 “Q Ll ) weo
Q J Q J o
5 L L L MeO
g U D00 J O O yove
F3C MeO
Fs  CR, FsC Me  OMe MeO OMe MeO
1-15ab 1-15ac 1- 15ad 1-15ae 1-15af
79% 53% 66% 15%

Chart 1.7 Effects of substituent and substitution pattern.

Very recently, a series of p-extended pentalenes with fused naphthyl-ring
systems in different geometries were reported via a cascade carbopalladation

reaction between alkynes and gem-dibromoolefins™. Heating of
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gem-dibromoolefins 1-65a afforded 1-66b in 68% yields with one equivalent
of znic, two equivalents of K,CO3 and 20 equivalents of alkyne in the
presence of catalytic amounts of Pd(PPh3),Cl; in toluene at 100 €€ (Scheme
1.18). Decreasing the equivalents of diphenylacetylene from 20 to 10, however,
yield of 1-66b also decreased to 48% only, showing the necessity of high

excess of the acetylene reagent under these conditions.

I l Pd(PPhs),Cly,
Zn, K2003
f + R
N Br
ol

1-63a

@ (J
0N 590 CO
() I D D ®

1-66b 1-66¢ 1-66d
68% 52% 39%

W
/

-
[=2]
a
Q

Scheme 1.18 The modol system of carbopalladation reaction between
gem-dibromoolefins and alkynes leading to monoannelated non-symmetric pentalenes
and some products listed.

During the recent years, some interesting methodologies of pentalene
formation reactions without catalyst present were reported. The first one, The
oxidative cyclization by the FeCl;*%. The compounds 1-67 and 1-63g were
subjected to standard Heck reaction conditions to afford indene derivative
1-68 in 53% yield. Then oxidative cyclization of 1-68 occurred in the presence
52a

of FeCl; to provide dibenzopentalene 1-15ag in 38% vyield (Scheme 1.19)

Another same method case was reported by Levi and Tilley,**® however the
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structures were confirmed without single crystals.

MeQO Br
1-67
MeO

Pd(OAc),, Ph3P, 'PryNEt
R —
+

e
FeCl;, DCM, 18h
_

DMF, 135 °C, 15h 38%

53% MeO

1-63g

Scheme 1.19 Preparation of dibenzopentalenes through oxidative cyclization by
FeC|3.

Another, treatment 1,2-bis(phenylethynyl)-tetrafluorobenzene (1-48d) with
one equivalent of B(CgFs)z in dichloromethane (-20 °C — RT, 2days) gave
compound 1-15ah as a red solid in 58% vyield (Scheme 1.20)>. The reactions
of the bis(phenylethynyl)benzene derivatives 1-48e, f with B(CgFs); under
similar reaction conditions had a slightly more complex outcome which

included 1-15ai, aj and 1-15ak, al (Scheme 1.20).

)
_ BCFsls O’OO

DCM rt
F 1-15ah 58%

9 )

R , e
_ B(CeFsls _ O OO = Q
R x DCM rt CeFs
1-48e R=H 11Sa| R=H 23% 1-15akR=H 26%
1-48f R =CHj 1-15aj R = CH; 43% 1-15al R = CH3 25%

Scheme 1.20 Formation of the unsymmetric dibenzopentalene derivative by B(CgFs)s.

1.2.3 Pentalene derivatives for organic electronics
Some fields lie dormant, sometimes for decades, and then is taken up again
with new attention — usually because new preparative routes have been

discoverd and previous difficultly attainable compounds have become normal
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starting materials. As the development of the methodologies of
dibenzopentalene derivatives, several mild and widely suitable methods were
applied to synthesize the extend or heteroaromatic ring contained
diarylpenalene derivatives. Obviously, during the last century the chemists
have mostly focused on the methodology of pentalene formation reaction.
However, from the viewpoint of materials science, the potential of the
pentalene included systems was just explored very recently.”® The weak
intramolecular donor-acceptor interaction between the antiaromatic pentalene
and the annealed aromatic moieties afford their unique electronic properties.
Further chemical modifications of the aromatic units-fused pentalenes would
provide new materials with tunable properties and electronic applications. In
2010, Kawase and Takamiya’s groups first reported the extended pentalene
derivative, dinaphthopentalene (DNP, Chart 1.8), which was used as organic
electronic material firstly with a field effect hole mobility (ux,) of 0.001
cm?V?'s? for vapour deposited thin films.>* In 2013, Takimiya’s group
reported the pentalene-based conjugated polymers (PDTDBP2T and
iPDTDBP2T, Chart 1.8), which showed u, higher than 0.1 cm?v s> In
addition, Kawase and Zhu’s groups also reported several aromatic unit-fused
pentalenes (e.g., b-/c-DTP and IB1 in Chart 1.8) as potential electronic

materials but no device data were reported.>®
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Chart 1.8 Molecular structures of di-aromatic rings fused pentalene derivatives

1.3 Highlights of contributions from this thesis

Recent years have witnessed increased interest in the design and synthesis
of cyclic m-conjugated systems incorporated with an antiaromatic unit.
Pentalene as an antiaromatic 4nzn-electron system has attracted many chemists’
attention. Further chemical modifications of the aromatic units-fused
pentalenes would provide new materials with tunable properties and electronic
applications. Consequently, pentalene moiety is embedded into the acene or
thienoacene framework, the weak intramolecular donor-acceptor interaction
between the antiaromatic pentalene and the annealed aromatic moieties afford
their unique electronic properties. In this thesis, a series of
pentalene-embedded acenes and thienoacenes such as dianthracenopenalenes,
bis(benzo(thieno),)pentalenes (n=1-3), bis(dicarboximide-aceno)pentalenes
and di-aceno-fused-penalenes (as Z shape) have been prepared. Their physical
properties and applications in organic field effect transistors have been

investigated.
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In Chapter 2, we designed and sythesized two solube and stable
dianthracenopentalene. In these molecules number of fused rings is up to eight.
The average hole mobility is increased from 0.001 to 0.65 cm?V's?
(maximum: 0.86 cm?V*s™) through the substituents modification. As we know,
when the thiophene rings are incorporated into the acene framework, and the
obtained thienoacenes usually have excellent performance in organic field
effect transistors (OFETs). In Chapter 3, the bis(benzo(thieno),)pentalene
derivatives (n = 1 - 3) have been designed and synthesized. The obtained
highly n-extended polycyclic conjugated systems contain a large number of
fused rings (up to ten). In Chapter 4, we tried to introduce dicarboximide
group into acene fused pentalene and obtain the diaceno-pentalene diimide
derivatives. As expected, we got the first n-type organic semicondutor based
on pentalene unit. In Chapter 5 we designed and synthesized the
penaleno-diacenes. In these molecules different fuse position leads to different
molecule orbital distribution and different intramolecular charge transfer
model. This thesis mainly illustrates various novel acene fused pentalene
derivatives and investigates the properties and device performances of these
new materials.

In addition, we also investigated the acene contained polymers for organic
semiconductors. In Chapter 6, we introduced the naphthalene imide unit into
the polythiophene backbone to achieve stable and high performance p-type

polymeric semiconductors. Our strategy is to introduce a new thiophene-fused
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naphthalimide unit to the thiophene-based conjugated polymers. Based on this
building block, three alternating conjugated copolymers such as P1 - P3 were
prepared via a Stille coupling polymerization reaction. The optical,
electrochemical properties, thermal behavior, and OFET performances of these

polymers were investigated in details.
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Chapter 2: Large m-Extended Dianthraceno-
pentalenes: Synthesis, Characterization, and

Applications in Organic Field-Effect Transistors

2.1 Introduction

Linear =-extended acene derivatives such as pentacene have been
demonstrated to be very good charge transporting materials. Higher mobilities
are expected for the even higher order acenes (e.g., hexacene and heptacene),
but their intrinsic high reactivity limited their synthesis and material
applications." Pentalene, as a 4nm-electron system, provides corresponding
stable dianion and dication species leading to highly amphoteric redox
properties. Consequently, pentalene moiety is incorporated into the acene
framework, and the acene fused pentalenes are obtained. The weak
intramolecular donor-acceptor interaction between the antiaromatic pentalene
and the annealed aromatic moieties afford their unique electronic properties.
Recently, tremendous progress has been made on synthesis methodologies for
acessing pentalene derivatives, thus promoting rearch on their application for

43 Further chemical modifications of the aromatic

organic electronics.
units-fused pentalenes would provide new materials with tunable properties
and electronic applications.

We are particularly interested in incorpating pentalene moiety into the

longer acenes in hope of solving the stabilty issue of high acenes. In this

chapter, we synthesized two pentalene-centered, eight ring fused system with
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phenyl substituents named DAP1 and DAP2 (Scheme 2.1). Intersetingly,
DAP2 shows more stable, closer packing mode and much higher hole charge

mobility than DAP1.

2.2 Results and discussion
2.2.1 Synthesis

The synthesis of compounds DAP1 and DAP2 is shown in Scheme 2.1. The
2,3-dibromoanthracene ~ 2-1*  1-ethynyl-4-nonylbenzene® and
1,3-diphenylisobenzofuran 2-3° were prepared by following literature
procedures. The Sonogashira coupling reaction between 2-1 and
1-ethynyl-4-nonylbenzene  provided the  2-bromo-3-((4-nonylphenyl)-
ethynyl)anthracene 2-2 in 35% yield. Pd,(dba); catalyzed dimerization of 2-2
afforded the 7,16-bis(4-nonylphenyl)-[1,2-b:4,5-b"Jdianthracenopentalene
DAP1 in 16% vyield. Diels-Alder addition reaction between
1,3-diphenylisobenzofuran 2-3 and dibromobenzyne which obtained via
1,2,4,5-tetrabromobenzene  treated with  butyl lithium gave the
2,3-dibromo-9,10-diphenyl-9,10-dihydro-9,10- epoxyanthracene 2-4 in 60%
yield. Then dehydration by Znic and Titanium tetrachloride produced the
2,3-dibromo-9,10-diphenylanthracene 2-5 in 80% yield. Similar Sonogashira
coupling reaction between 2-5 and 1-ethynyl-4-nonylbenzene formed
compound 2-6 in 36% vyield. It is followed by Pd,(dba); catalyzed
dimerization reaction procedures to give target  molecule

7,16-bis(4-nonylphenyl)-5,9,14,18-tetraphenyl-[1,2-b:4,5-b"]-dianthracenopent
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alene DAP2 in 15% yield. Similar structures without the alkyl chains showed
poor solubility which limited the OFET device test by solution processing and
other characterizations. Consequently, we introduced the dialkyl chain to
increase the solubility of target molecules. We characterized the molecular

structures by NMR, HRMS and X-ray crystallographic analysis.

—_—
Br 35%
21
0O C ® o oy
P
Br ¢ Br 4 Z
Or = ORI - OO, =
= 60% Br 80% Br 36% Br
O O Q= O
CoH

Scheme 2.1 Synthetic route of dianthracenopentalene DAP1 and DAP2. Reagents
and conditions: (a) 1-ethynyl-4-nonylbenzene Pd(PPhs),Cl,, Cul, EtsN/THF, 75 °C,
overnight; (b) Pd,(dba);, P(2-furyl)s, Cs,COs, CsF, hydroquinone, 1,4-dioxane, 135°C,
36h; (c) 1) 1,2,4,5-tetrabromobenzene, nBuL.i, toluene, -50 °C, 2) RT, overnight; (d) 1)
0-70 °C, Zn, TiCl,, THF, reflux 5min, 2) 0-70 °C, reflux overnight.

2.2.2 Photophysical properties

The dianthracenopentalene derivatives DAP1 and DAP2 have good
solubility in common organic solvents. The electronic absorption spectra of

DAP1 and DAP2 were measured in chloroform solution (Figure 2.1). The
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absorption maxima for DAP1 and DAP2 in solutions are located at 369 and
379 nm, respectively. A longer-wavelength shoulder with maxima at 556 and
579 nm was observed for DAP1 and DAP2, respectively. The compounds
DAP1 and DAP2 showed obvious fluorescence (Amax = 578 and 598 nm for
DAPL1 and DAP?2 respectively, Figure 2.1) in solution with small Stokes shifts
(549-685 cm™). In thin films, the absorption spectra showed obvious red-shift
by 20 and 15 nm for DAP1 and DAP2 respectiely, indicating significant
intermolecular interactions between the molecules. The fluorescence of thin
film can't be observed. The optical HOMO-LUMO gaps can be extracted from
onset of absorption edges. They are about 2.14 and 2.05 eV for compounds

DAP1 and DAP2, respectively.

1.24 —— DAP1, abs. 112
' —— DAP2, abs. |

1.0- — DAPL, film {1.0
- DAP2, film | 3
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Figure 2.1 (a) UV-vis absorption spectra of DAP1 and DAP2 in chloroform (10° M) ,
fluorescence spectra of DAP1 and DAP2 in chloroform (10° M) and UV-vis
absorption spectra of DAP1 and DAP2 in spin-coated thin films
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2.2.3 Electrochemical properties
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Figure 2.2 Cyclic voltammograms (CV) and differential pulse voltammetry (DPV)
of compounds DAP1 and DAP2 in dry dichloromethane with 0.1 M BusNPF as the
supporting electrolyte, AgCI/Ag as reference electrode, Au as working electrode, Pt
wire as counter electrode, and a scan rate at 50 mV s

Cyclic voltommetry (CV) and differential pulse voltammetry (DPV) were
used to study the electrochemical properties of compounds DAP1 and DAP2
(Figure 2.2). The potential was externally calibrated against the
ferrocene/ferrocenium couple. Four irreversible oxidation waves with
half-wave potential E;,* at 0.33, 0.52, 0.74 and 0.82 V and two reversible
reduction waves with half-wave potential Ey,™ at -1.94 and -2.24 V were
observed for DAP1. Compound DAP2 showed two reversible oxidation waves
with E1™ at 0.32 and 0.72 V, and two reversible reduction waves with Ey,"™
at -1.87 and -2.20 V. The HOMO/LUMO energy levels are determined to be
-5.08/-2.98 and -5.09/-3.00 for DAPl1 and DAP2, respectively. The
corresponding electrochemical energy gaps EgEC are then estimated to be 2.10

eV and 2.09 eV for DAP1 and DAP2. The energy gaps are also in agreement
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with the optical energy gaps from the UV-vis absorption spectrum.

The HOMO and LUMO energy levels of DAP1 and DAP2 are almost
similar, which also correspond with the TD-DFT calculation results. The
calculated HOMO and LUMO orbital profiles of DAP1 and DAP2 are also
similar. Therefore, the additional four phenyl substituents in DAP2 have no
big effect on the HOMO and LUMO energy levels. However, the phenyl
groups block the active positions and stabilize the cation of
dianthracenopentalene unit which is benefit for hole transfer in OFETS.

Table 2.1 Summary of electrochemical data of compounds DAP1 and DAP2

0X red EC Opt
E E HOMO LUMO E E
172 12 [ V] [eV] ¢} g
€
) W) [eV] [eV]
0.33; 0.52;
DAP1 ' ' -2.24; -1.94 -5. -2. 2.1 2.14
0.74; 0.82 o >.08 %8 0
DAP2 0.32; 0.72 -2.20; -1.87 -5.09 -3.00 2.09 2.05

2.2.4 DFT calculations

(a) (b) (c) (d)

Figure 2.3 TD-DFT(RB3LYP/6-31G*) molecular orbitals of (@) LUMO and (b)
HOMO of DAP1, (c) LUMO and (d) HOMO of DAP2.

Density functional theory (DFT, B3LYP/6-31G*) calculations were
conducted to better understand the electronic and optical properties of
dianthracenopentalene derivatives. The calculated frontier molecular orbital

profiles are shown in Figure 2.3. It was found that the HOMOs of two

40



molecules are delocalized along the dianthracenopentalene framework while
the LUMOs are mainly localized at the central pentalene unit. Time-dependent
(TD) DFT calculations predicted that both compounds should show two major
absorption bands. The observed strongest absorption band is mainly
contributed from the HOMO-2—LUMO+1 transitions (363.6 nm, f = 1.2983
for DAPL1; 371.5 nm, f = 1.1488 for DAP2). The shoulder band around
460-620 nm can be correlated to the HOMO—LUMO transitions (547.3 nm, f
= 0.5057 for DAP1; 557.3 nm, f = 0.5459 for DAP2).
2.2.5 Crystallographic analysis

Single crystals of DAP1 and DAP2 suitable for X-ray crystallographic
analysis were obtained by slow diffusion of methanol or acetonitrile into a
chloroform solution. (CCDC 1008483 for DAP1 and CCDC 1008484 for
DAP2) The molecular structures and the packing motif for DAP1 and DAP2
are shown in Figure 2.4 and Figure 2.5, respectively. Both compounds have a
planar n-skeleton. The two phenyl substituents have a torsion angle of ca. 42°
and 45° to the plane of pentalene for DAP1 and DAP2, respectively, which are

both smaller than that for dinaphthopentalene (55°)?.
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Figure 2.4 (a) Molecular structure of DAP1; (b) DAP1 packing along the a-axis; (c)
DAP1 packing from side view.

(@)

Figure 2.5 (a) Molecular structure of DAP2; (b) DAP2 packing along the a-axis; (c)
DAP2 packing along the b-axis; (d) close contacts between the molecules.
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The 3D packing of DAP1 and DAP2 both can be figured out in a triclinic unit
cell (space group P-1). There are no obvious m-m interactions between the
dianthracenopentalene units in DAP1 and DAP2. However, the [C-H...x]
interactions (range from 1.835 A to 2.626 A) and [r...n] interactions (range
from 2.602 A to 2.995 A) build a slipped parallel stacking arrangement in the
crystal DAP1 (blue dash line in Figure 2.6 a). In contrast, in DAP2, two
molecules form dimer via close contacts of [C-H...n] interactions (range from
2776 A to 2836 A) between the phenyl substituents and
dianthracenopentalene units (blue dash line in Figure 2.6 b,c). Moreover, there
are also close contacts of [C-H...n] interaction (both 2.899 A) and [n...7]
interaction (both 3.347 A) between the phenyl substituents of neighbour
dimmers. All the different kinds of close contact interactions help the
molecules to closely pack into an ordered layer-like structure (red dash line in
Figure 2.6 b,c). Compare the two crystals, we can find that the DAP2 adoping
a more tight stacking mode which is benefit for charge transport property.
Selected bond lengths of DAP1 and DAP2 are shown in Figure 2.7. In both
cases, large bond alternation in the pentalene skeleton as well as in the

benzene rings was observed.
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(b)

(©

Figure 2.6 (a) Close contacts between the DAP1 molecules; (b) and (c) close contacts
between the DAP2 molecules.

Figure 2.7 Selected bond lengths of DAP1 and DAP2 (based on X-ray
crystallographic structures).
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2.2.6 Thin-film field effect transistors
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Figure 2.8 Thermogravimetric analysis (TGA) curves of compounds DAP1 (a) and
DAP2 (c), and differential scanning calorimetry (DSC) curves of compounds
DAP1 (b) and DAP2 (d) in N, at a heating rate of 10 °C min™.

Compounds DAP1 and DAP2 showed good thermal stability with
decomposition temperatures (T4, corresponding to a 5% weight loss in
thermogravimetric analysis (TGA) curves) at 395 and 441 °C, respectively
(Figure 2.8 a,c). The melting temperatures of DAP1 and DAP2 were observed
at 259 °C and 324 °C, respectively, from differential scanning calorimetry
(DSC) curves (Figure 2.8 b,d).

Organic field effect transistors (OFETs) of DAP1 and DAP2 were
fabricated on n*-Si/SiO, substrates using a bottom-gate top-contact device
structure. The SiO, dielectric was treated with octadecyltrichlorosilane (ODTS)

or hexamethyldisilazane (HMDS), and the thin film was spin-coated from
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CHCI; solution onto the substrates, then thermal annealed at selective
temperatures for 20 min. Finally, Au source/drain electrodes (80 nm) were
patterned onto the organic layer through a shadow mask to afford the devices.
All devices were characterized in N, atmosphere. The typical transfer and

output curves measured in N are shown in Figure 2.9.
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Figure 2.9 Transfer and output characteristics of DAP1 (a, b) and DAP2 (c, d)
devices with ODTS treatment.

All devices based on DAP1 and DAP2 exhibited p-type behavior and
exhibited well defined characteristics. The transfer curve revealed an average
mobility of 0.001 cm?V's, threshold voltage of 0 V, and current on/off ratio
of 10* for DAP1 (Table 2.2). However, for DAP2, the average charge carrier
mobility is around 0.65 cm®V's™, and the maximum mobility could reach up
to 0.86 cm?V s (threshold voltage is 2 V, on/off ratio is 10°) (Table 2. 2). As

far as we know, this value should be among the highest values for solution
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processed pentalene based derivatives. The ultra high mobility of DAP2
compared to DAPL1 could be well explained by the single crystal packing. The
DAP2 adopted a preferable 2-D packing structure with close short contact.
However, DAP1 only exhibited 1-D packing along the a-axis.

Table 2.2 The device characteristics of thin film DAP1 and DAP2.

Surface Annealing

Compound treatment  Temp [C] plem®V7's?] Vr[V] Onl/off
DAP1 HMDS As-spun 6.2x10" 0 1.6x10*
HMDS 120 2.8x10™ -2 3.5x10*

HMDS 150 6.4107 0 1.4x10*

HMDS 180 2.0x107° -5 1.7>10*

ODTS As-spun 0.001 0 1.5%10*

ODTS 120 7.4x10™ 0 1.1<10*

ODTS 150 1.8x10™ 0 1.7>10*

DAP2 HMDS As-spun 2.4x10" 5 4.2X10°
HMDS 150 0.012 -13 1.1x10°

ODTS As-spun 0.027 -10 8.3x10°

ODTS 120 0.45 2 7.8x10°

ODTS 150 0.65(0.86) 2 2.2x10°

ODTS 180 0.36 0 3.6x10"

Thin film morphology and solid state microstructure were characterized by
tapping-mode atomic force microscopy and 2D X-ray diffraction. The thin
film exhibited large needle-like crystals for DAP1 (Figure 2.10) and plate-like
crystals for DAP2 (Figure 2.11). These morphologies are correlated with the
single crystal packing motif. The XRD measurements of the thin films on

ODTS treated substrates exhibited the primary peak at 20 = 4.4° and 4.9°,
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which corresponds to a d-spacing of 19.97 A and 18.02 A for DAP1 and

DAP?2, respectively (Figure 2.12).

e ¢ § A ) {
50um 0.0 50um 0.0 50um 0.0 5.0um

Figure 2.10 The AFM images of the thin film DAP1 spin coated from CHCI; solution
onto ODTS (a: before annealing; b: annealing at 150 °C) and HMDS (c: before
annealing; d: annealing at 150 °C) treated substrates. (e-h) are the corresponding
phase images.

5.0um 0.
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Figure 2.11 The AFM images of thin film DAP2 spin coated from CHCI; solution on
the ODTS-treated substrates annealing at 120 °C (a), 150 °C (b), and 180 °C (c), and
on the HMDS -treated substrates annealing at 150 °C (d). (e-h) are the corresponding
phase images.
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Figure 2.12 XRD patterns of DAP1 (a) and DAP2 (b) thin films on ODTS-modified
substrates.

A lamellar packing structure was deduced from the diffraction peaks. The
more dense layer-like packing structure of DAP2 in the thin films allows

effective charge transport between the source and drain electrodes.

2.3 Summary

In summary, two dianthracenopentalene derivatives DAP1 and DAP2 were
synthesized, which present longest acene fused penalene derivates reported so
far. The DAP2 with six attached phenyl rings adopts a more closed packing
structure than DAP1 due to many close contacts existing between molecules.
As a result, the average hole charge mobility of DAP2 up to 0.65 cm?V's™
(maximum: 0.86 cm®V"'s™) has been achieved by simple solution processing.
The finding is very important to design other high performance organic
semiconductors for OFETs. More effort will be carried out for the
optimization of the FET devices test in future. The synthesis of ambipolar and
even n-type pentalene derivatives for organic semiconductor materials will be

also conducted.
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2.4 Experiment section
2.4.1 General characterization method

'H and **C NMR spectra were recorded using Advance 500 MHz Bruker
spectrometer in CDClI3 with tetramethylsilane (TMS) as the internal standard.
The chemical shift was recorded in ppm and the following abbreviations were
used to explain the multiplicities: s = singlet, d = doublet, t= triplet, m =
multiplet, br = broad. Column chromatography was performed on silica gel 60
(Merck 40-60 nm, 230-400 mesh). EI mass spectra were recorded on Agilent
5975C DIP/MS mass spectrometer. UV-vis absorption and fluorescence
spectra were recorded on a Shimadzu UV-1700 spectrophotometer and a
RF-5301 fluorometer, respectively. Cyclic voltammetry and differential pulse
voltammetry measurements were performed in HPLC grade DCM on a CHI
620C electrochemical analyzer with a three-electrode cell, using 0.1 M
BusNPFg as supporting electrolyte, AgCI/Ag as reference electrode, gold disk
as working electrode, Pt wire as counter electrode, and scan rate at 50 mV s™.
The potential was externally calibrated against the ferrocene/ferrocenium
couple. Thermogravimetric analysis (TGA) was carried out on a TA
instrument 2960 at a heating rate of 10 € min™ under nitrogen flow.
Differential scanning calorimetry (DSC) was performed on a TA instrument
2920 at a heating/cooling rate of 10 € min™® under nitrogen flow.
Tapping-mode Atomic Force Microscopy (TM-AFM) was performed on a

Nanoscope V microscope (Veeco Inc.). X-ray diffraction (XRD) patterns of
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the thin film were measured on a Bruker-AXS D8 DISCOVER with GADDS
X-ray diffractometer. Copper Ka line was used as a radiation source with A =
1.5418 A
2.4.2 Synthesis

All reagents were purchased from commercial sources without further
purification. Anhydrous dichloromethane (DCM) was distilled from CaH,.
1,4-dioxane, Toluene and THF were distilled from sodium-benzophenone
immediately prior to use. 2,3-dibromoanthracene 2-1,
1,3-diphenylisobenzofuran 2-3 and 1-ethynyl-4-nonylbenzene were prepared
by following literature procedures.
Compound 2-2 2-bromo-3-((4-nonylphenyl)ethynyl)anthracene
A mixture of compound 2-1 (1.80 g, 5.4 mmol ), 1-ethynyl-4-nonylbenzene
(1.29 g, 5.6 mmol), Cul ( 31 mg, 3%) and catalyst Pd(PPh3).Cl, (190 mg, 5%)
in anhydrous THF (15 mL) and EtsN (15 mL) was degassed by three
freeze-pupm-thaw cycles. The mixture was stirred at 75 °C under argon for
overnight. The mixture was extracted with EtOAc (50 mL >2). The combined
organic phase was washed with 10% m/m aqueous HCI solution (50 mL )
and brine (50 mL x1). The organic phase was dried over anhydrous Na,SO,4
and organic solvent was removed under reduced pressure. The crude product
was purified by column chromatography (DCM/Hexane = 1:10) to afford
compound 2-2 (0.90 g) in 35% vyield. *H NMR (500 MHz, CDCls, ppm): & =

8.36 (s, 1H), 8.30 (s, 1H), 8.28 (s, 1H), 8.25 (s, 1H), 8.02-7.97 (m, 2H), 7.56
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(d, J =8.0 Hz, 2H), 7.51-7.48 (m, 2H), 7.20 (d, J =8.0 Hz, 2H), 2.64 (t, J =7.75
Hz, 2H), 1.65-1.60 (m, 2H), 1.39-1.20 (m, 12H), 0.89 (t, J = 6.75 Hz, 3H) ;
3C NMR (125 MHz, CDCls, ppm): & = 143.95, 133.18, 132.50, 132.15,
131.65, 131.23, 130.94, 129.74, 128.55, 128.35, 128.17, 126.39, 126.34,
126.05, 125.30, 122.28, 121.34, 120.13, 94.29, 88.06, 35.99, 31.89, 31.27,
29.54, 29.50, 29.32, 29.26, 22.67, 14.11. HRMS (EI): calcd for Cs;HzBr (M7),
482.1609; found, 482.1607 (error: -0.40 ppm).

Compound DAP1

A reaction flask was charged with monomer 2-2 (0.270g 0.56mmol),
hydroquinone (0.125 g, 1.12 mmol), Cs,CO3; (0.370 g, 1.12 mmol), CsF
(0.187 g, 1.23 mmol), P(2-furyl); (30 mg, 0.13 mmol), and Pd,(dba)z (30 mg,
0.033 mmol) and then purged with argon. Anhydrous 1,4-dioxane (15 mL)
was injected into the reaction mixture and deoxygenated three
freeze-pump-thaw cycles. The suspension was immediately heated t0135°C.
After heating for 24 h the reaction mixture was diluted with CHCI;3 (25 mL),
filtered through celite, and then concentrated to yield raw solid. After
purification via column chromatography (silica gel, DCM/Hexane=1 : 4), the
product 2-3 was dissolved in CHCIj3, precipitated in methanol: acetone = 3:2
and filtered. This procedure was repeated for 3 times to give the purer product
DPA1 (37 mg) in 16% yield for characterization. *H NMR (500 MHz, CDCls,
ppm): & = 8.16 (d, J = 6.5 Hz, 4H), 8.11 (s, 2H), 7.89-7.84 (m, 4H), 7.85 (s,
2H), 7.83 (s, 2H), 7.75 (s, 2H), 7.47 (d, J = 7.5 Hz, 4H), 7.41-7.37 (m, 4H),
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2.81 (t, J = 8.0 Hz, 4H), 1.85-1.75 (m, 4H), 1.52-1.30 (m, 24H), 0.92 (t, J =
6.75 Hz, 6H); *C NMR (125 MHz, CDCls, ppm): & = 147.21, 144.70, 143.62,
136.11, 132.27, 131.98, 131.95, 131.72, 131.54, 131.30, 128.90, 128.89,
128.14, 128.11, 127.55, 127.15, 125.63, 125.43, 121.72, 120.45, 36.12, 31.97,
31.49, 29.67, 29.63, 29.60, 29.42, 22.73, 14.16. HRMS (EI): calcd for Cg,Hs2
(M™), 806.4852; found, 806.4852 (error: 0.11 ppm).

Compound 2-4 2,3-dibromo-9,10-diphenyl-9,10-dihydro-9,10-
epoxyanthracene

A solution of compound 2-3 (11.10 g, 388 mmol) and
1,2,4,5-tetrabromobenzene (16.60 g, 42.0 mmol) in toluene (120 mL) was
cooled to -50 °C, then n-butyl lithium (1.6 M, 27 mL) was added dropwise.
After addition, the mixture was warmed to room temperature naturally and
stirred for overnight. The mixture was extracted with chloroform (80 mL >2).
The combined organic phase was washed with brine (60 mL >2). The organic
phase was dried over anhydrous Na,SO, and organic solvent was removed
under reduced pressure. The crude product was purified by column
chromatography (CH,Cl,/Hexane = 1:4) to afford compound 2-4 (12.05 g) in
58% vyield. 'H NMR (500 MHz, CDCls, ppm): & = 7.88 (d, J = 7.5 Hz, 4H),
7.62 (t, 3= 7.75 Hz, 4H), 7.56 (s, 2H), 7.52 (t, J = 7.25 Hz, 2H), 7.41-7.37 (m,
2H), 7.11-7.07 (m, 2H); *C NMR (125 MHz, CDCls, ppm): & = 151.61,
149.19, 133.95, 128.97, 128.65, 126.49, 126.36, 125.63, 121.77, 120.67, 90.22.
HRMS (EI): calcd for CygH16BroO (M™), 503.9547; found, 503.9535 (error:
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-2.48 ppm).

Compound 2-5 2,3-dibromo-9,10-diphenylanthracene

To an ice cold suspension of Zn dust (0.57 g, 8.8 mmol) in THF (10 mL) was
carefully added TiCl, (1.2 mL, 11.0 mmol) under argon, and the reaction
mixture was heated to reflux for 5 minutes. Then the mixture was cooled to 0
°C and a solution of compound 2-4 (1.02 g, 2 mmol) in THF (10 mL) was
added dropwise. After addition, the mixture was reflux overnight. Cooled
down the reaction to room temperature and poured into cold 10% m/m
aqueous HCI solution (40 mL). The mixture was extracted with chloroform
(60 mL >). The combined organic phase was washed with brine (50 mL >2).
The organic phase was dried over anhydrous Na,SO,4 and organic solvent was
removed under reduced pressure. The crude product was purified by column
chromatography (CH,Cl,/Hexane = 1:2) to afford compound 2-5 (0.80 g) in
80% yield. 'H NMR (500 MHz, CDCls, ppm): 7.99 (s, 2H), § = 7.68-7.56 (m,
8H), 7.46-7.43 (m, 4H), 7.38-7.34 (m, 2H); ©*C NMR (125 MHz, CDCls,
ppm): & = 137.81, 136.66, 131.24, 131.15, 130.59, 129.30, 128.68, 128.00,
127.06, 125.91, 121.67. HRMS (EI): calcd for CsHicBr, (M), 485.9619;
found, 485.9595 (error: -4.84 ppm).

Compound 2-6 2-bromo-3-((4-nonylphenyl)ethynyl)-9,10-diphenyl-
anthracene

A mixture of compound 2-5 (1.95 g, 4.0 mmol ), 1-ethynyl-4-nonylbenzene
(1.10 g, 4.8 mmol), Cul ( 38 mg, 3%) and catalyst Pd(PPhs),Cl, (140 mg, 5%)
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in anhydrous THF (20 mL) and EtsN (10 mL) was degassed by three
freeze-pupm-thaw cycles. The mixture was stirred at 75 °C under argon for
overnight. The mixture was extracted with Chloroform (60 mL >2). The
combined organic phase was washed with 10% m/m aqueous HCI solution (50
mL >2) and brine (50 mL x1). The organic phase was dried over anhydrous
Na,SO, and organic solvent was removed under reduced pressure. The crude
product was purified by column chromatography (DCM/Hexane = 1:10) to
afford compound 2-6 (0.92 g) in 36% yield. *H NMR (500 MHz, CDCls, ppm):
8 =7.97 (s, 1H), 7.94 (s, 1H), 7.69-7.57 (m, 8H), 7.50-7.45 (m, 6H), 7.37-7.33
(m, 2H), 7.15 (d, J = 8.0 Hz, 2H), 2.61 (t, J = 7.75 Hz, 2H), 1.75-1.65 (m, 2H),
1.35-1.20 (m, 12H), 0.89 (t, J = 6.75 Hz, 3H); **C NMR (125 MHz, CDCl,
ppm): & = 143.86, 138.08, 138.01, 137.43, 136.36, 132.06, 131.58, 131.28,
131.19, 130.91, 130.48, 129.78, 129.60, 128.64, 128.62, 128.45, 128.18,
127.89, 127.85, 127.18, 127.04, 125.93, 125.64, 121.90, 121.65, 120.02, 94.30,
88.37, 35.94, 31.87, 31.22, 29.52, 29.47, 29.29, 29.21, 22.66, 14.10. HRMS
(EI: calcd for C43H3gBr (M), 634.2235; found, 634.2233 (error: -0.27 ppm).
Compound DAP2

A reaction flask was charged with monomer 2-6 (0.53g 0.83mmol),
hydroquinone (0.185 g, 1.68 mmol), Cs,CO3; (0.547 g, 1.68 mmol), CsF
(0.277 g, 1.82 mmol), P(2-furyl); (38 mg, 0.16 mmol), and Pd,(dba); (38 mg,
0.04 mmol) and then purged with argon. Anhydrous 1,4-dioxane (18 mL) was
injected into the reaction mixture and deoxygenated three freeze-pump-thaw
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cycles. The suspension was immediately heated t0135°C. After heating for 24
h the reaction mixture was diluted with CHClI3 (25 mL), filtered through celite,
and then concentrated to yield raw solid. After purification via column
chromatography (silica gel, DCM/Hexane = 1:4), the product was dissolved in
CHCI3, precipitated in methanol/acetone = 3:2 and filtered. This procedure
was repeated for 3 times to give the purer product DAP2 (70 mg) in 15% yield
for characterization. 'H NMR (500 MHz, CDCls, ppm): & = 8.00 (s,
2H),7.65-7.58 (m, 6H), 7.58-7.51 (m, 12H), 7.50-7.44 (m, 6H), 7.42 (d, J =
7.5 Hz, 8H), 7.28-7.24 (m, 4H), 6.97 (d, J = 8.0 Hz, 4H), 2.66 (t, J = 8.0 Hz,
4H), 1.75-1.65 (m, 4H), 1.50-1.20 (m, 24H), 0.96 (t, J = 7.0 Hz, 6H); **C
NMR (125 MHz, CDCls, ppm): & = 146.03, 144.83, 142.94, 138.99, 138.82,
138.33, 137.93, 135.97, 131.28, 131.16, 131.07, 131.05, 130.63, 130.45,
130.00, 129.44, 128.37, 128.28, 127.38, 127.22, 127.11, 127.06, 125.29,
125.08, 120.77, 119.56, 36.02, 32.00, 31.49, 29.72, 29.61, 29.47, 22.75, 14.16.
HR-APCI: calcd for CgsHze (M+H"), 1111.6182; found, 1111.6176 (error:

-0.54 ppm).
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Chapter 3: Thienoacene-fused Pentalenes: Syntheses,
Structures, Physical Properties and Applications for

Organic Field Effect Transistors

3.1 Introduction

In Chapter 1, we have shown that pentalene as one of the important
antiaromatic systems has attracted many chemists’ attention. Incorporating
antiaromatic pentalene into cyclic n-conjugated systems will make materials
with many novel properties. Thiophene rings are incorporated into the acene
framework, and the obtained thienoacenes have showed excellent performance
in organic field effect transistors (OFETSs) as demonstrated by Takamiya et

al.!

Incorporation of the pentalene substructure into the thienoacene
framework will be interesting because the anti-aromatic nature of pentalene
unit can tune the electronic properties of thienoacenes and at the same time,
the donor-acceptor interaction between the thienoacenes and the pentalene can
help to stabilize the system. Moreover, the possible sulfur-sulfur and
sulfur-hydrogen interactions observed in the thienoacenes could enhance the
intermolecular interactions in solid state, which is desirable for OFET
applications.

In this chapter, the thienoacenes fused pentalene derivatives 3-1 - 3-3 were
designed and synthesized (Figure 3.1). The obtained highly =n-extended

polycyclic conjugated systems contain a large number of fused rings (up to ten

in 3-3) and were expected to also benefit for intermolecular stacking.
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Synthesis of these compounds is challenging and alkyl phenyl substituents are
necessary to stabilize and solubilize the target compounds. Their ground-state
geometric and electronic structures, optical properties, and electrochemical
properties were studied in details both by experiments and theory. Their

applications for OFETs were also investigated.

Figure 3.1 Thienoacene-fused pentalene derivatives 3-1 - 3-3

3.2 Results and discussion
3.2.1 Synthesis

Compounds 3-1 - 3-3 were synthesized from the simplest starting material,
e.g. benzo[b]thiophene (Scheme 3.1). Bromination of benzo[b]thiophene and
subsequent iodination of the as-formed 3-bromo-benzo[b]thiopehene? gave the
2-iodo-3-bromo-benzo[b]thiophene 3-4.> The Sonogashira coupling reaction

between 3-4 and  1l-ethynyl-4-nonylbenzene  *

provided  the
3-bromo-2-((4-nonylphenyl)ethynyl) benzo[b]thiophene 3-5 in 80% vyield.
Ni(PPh3),Cl,  catalyzed dimerization of 3-5 afforded the
bis(benzo[b]thieno)pentalene 3-1 in 15% vyield. The synthesis of the target
compound 3-2 began with 2-bromo-benzo[b]thieno[2,3-d]thiophene 3-6 which

was obtained from the 3-bromo-benzo[b]thiophene according to the literature.’
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Lithiation of 3-6 by lithium diisopropylamide (LDA) followed by addition of
iodine gave the 3-bromo-2-iodo-benzo[b]thiophene 3-7 in 75% vyield via a
“halogen dance” reaction. Sonogashira coupling reaction between 3-7 and
1-ethynyl-4-nonylbenzene gave the 3-bromo-2-((4-nonylphenyl)ethynyl)
benzol[b]thieno[2,3-d]thiophene (3-8) in 84% yield. Similar Ni(PPh3),Cl,
catalyzed dimerization of 3-8 afforded the bis(benzo(thieno),)pentalene 3-2 in
18% vyield. The synthesis of target compound 3-3 was based on the known
2-bromo-benzo[d,d’Jthieno[3,2-b:4,5-b"]dithiophene  3-9.° Halogen dance
reaction of compound 3-9 gave the
3-bromo-benzo[d,d"]thieno[3,2-b;4,5-b]dithiophene 3-10 in 90% vyield.
lodization of 3-10 with N-iodosuccinimide (NIS) in acetic acid/chloroform
gave compound 3-11 in 85% vyield, and subsequent Sonogashira coupling
reaction with 1-ethynyl-4-(pentadecan-7-yl)benzene (3-13) gave the
3-bromo-2-((4-(pentadecan-7-yl)phenyl)ethynyl)-benzo[d,d"]thieno[3,2-b;4,5-
b'ldithiophene 3-12 in 85% vyield. Dimerization of 3-12 catalyzed by
Ni(PPh3),Cl, afforded the bis(benzo(thieno)s)pentalene 3-3 in 15% vyield. In
this case, the long branched alkyl chain (2-hexyldecyl) has to be used as the
analogues with shorter chains such as nonyl substituents have shown very

poor solubility.

61



S 3-7 Br
S
N\ —d> —»
85%
S
S 3- 10 3- 11
CeH13

3.12 15%

CgH

Br CeH1z_CgH17 6773 CsH17

g h CeHy7
= . - - L CeH13
é 70% —
Br HO
Br 3-15 3-16
3-14 40% from 3-14

Scheme 3.1. Synthetic route to 3-1 - 3-3. Reagents and conditions: (a)
1-ethynyl-4-nonylbenzene, Pd(PPhs),Cl,, Cul, Et;N/THF, RT, overnight; (b)
Ni(PPhs),Cl,, Zn, toluene, reflux, 24h; (c) 1) LDA, -78 °C, 16h, 2) I,, overnight; (d)
LDA, -78 °C, 16h, H,0; (e) NIS, AcOH, CHCIs, RT, 24h; (f) 3-13 Pd(PPh;),Cl,, Cul,
Et;N/THF, RT, overnight; (g) Pd(dppf)Cl,.CH,Cl,, THF, 60 °C, overnight; (h)
2-methylbut-3-yn-2-ol, Pd(PPh;),Cl,, Cul, EtsN/THF, 75 °C; (i) KOH, toluene, reflux,
3h.

In course of the synthetic work, we faced several problems and need
address these challenges. The halogen dance reaction, such as from 3-6 to 3-7,
need long reaction time (> 24 h) and rigid conditions, i.e., anhydrous
environment and long-time cryogenic temperature. So, at first, we tried to
avoid using the halogen dance reaction and introduced the phenyl acetylene
group firstly by Sonogashira coupling reaction between the 3-6 and
1-ethynyl-4-nonylbenzene. However, the subsequent lithiation by LDA
followed by quenching with CBr4 only gave the target compound 3-8 in very
low vyield (5-10%) and all starting material decomposed. Thus halogen dance
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reaction was used although it is time-consuming and requires rigid conditions.
From 3-9 to 3-11, we also tried halogen dance reaction and iodination reaction
in one pot, but the reaction stopped at compound 3-10. Subsequent iodination
reaction was optimized by changing the solvent system from chloroform to
acetic acid/chloroform mixture. Compound 1-ethynyl-4-nonylbenzene was
prepared according to the reported method by reaction of nonylmagnisum
bromide with 4-bromobenzaldehyde followed by dehydroxylation.* However,
similar method was not applicable to the synthesis of 3-13 as the yield of the
first step (reaction of Grignard reagent with aldehyde) was less than 5%. So
compound 3-13 was prepared by an alternative way (Scheme 3.1). Kumada
coupling of 1,4-dibromobenzene (3-14) with 2-hexyldecylmagnisium bromide
followed by Sonogashira coupling with 2-methylbut-3-yn-2-ol in one pot
gave the 4-(4-(2-hexyldecyl)phenyl)-2-methylbut-3-yn-2-ol 3-16 in 40% yield.
Then deprotection reaction of 3-16 under basic condition afforded the
intermediate alkyne 3-13 in 70% yield.
3.2.2 Photophysical properties

The electronic absorption spectra of 3-1 - 3-3 were measured in
chloroform solution (Figure 3.2 and Table 3.1). The absorption maxima for
3-1 - 3-3 in solutions are located at 352, 395 and 422 nm, respectively.
With extension of chain length, this absorption band shows obvious
red-shift by 43 and 27 nm. A longer-wavelength shoulder with maxima at

495, 512 and 492 nm was observed for 3-1, 3-2 and 3-3, respectively. In
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addition, a very weak and broad band was clearly observed in the
600-1100 nm region for 3-1- 3-3 when absorption spectrum was measured
at high concentrations (110 M, the insert in Figure 3.2), which could be
originated from a low-energy forbidden electronic transition. No

fluorescence was observed in the detectable region for all compounds.

1.0x10° 1 g;
. —33
8.0x10" 4
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Figure 3.2 UV-vis absorption spectra of 3-1, 3-2 and 3-3 in chloroform (10®° M);
Insert are the magnified absorption spectra at 600-1100 nm.

3.2.3 Electrochemical properties

Cyclic voltommetry (CV) and differential pulse voltammetry (DPV) were
used to study the electrochemical properties of compounds 3-1 - 3-3 (Figure
3.3, Table 3.1). The potential was externally calibrated against the
ferrocene/ferrocenium couple. Two quasi-reversible oxidation waves with

X

half-wave potential E;,”™ at 0.18 and 0.94 V and two quasi-reversible
reduction waves with half-wave potential Ey,™ at -1.32 and -2.06 V were

observed for 3-1. Compound 3-2 showed three irreversible oxidation waves

with E1,% at 0.09, 0.40 and 0.78 V, and two quasi-reversible reduction waves
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with Ey,™ at -1.28 and -1.95 V. Compound 3-3 exhibited four oxidation
waves with E;»* at -0.13, 0.07, 0.20 and 0.68 V, and two reduction waves
with E1,™ at -1.26 and -1.88 V. The HOMO and LUMO energy levels were
calculated using the following equations: HOMO = - [Ex,>™ + 4.8] eV,
LUMO = - [Ere®™™® + 4.8] eV, where Eq, ™ and E ™™ are the onset of the
first oxidation and reduction wave, respectively. The HOMO/LUMO energy
levels are determined to be -4.93/-3.59, -4.79/-3.62 and -4.61/-3.64 eV for 3-1,
3-2 and 3-3, respectively. The corresponding electrochemical energy gaps EgEC
(LUMO-HOMO) are then estimated to be 1.38 eV, 1.15 eV and 0.99 eV for
3-1- 3-3. The observed small energy gaps indicated an obvious intramolecular
donor-acceptor interaction.

Table 3.1 Summary of optical properties and electrochemical data of compounds 3-1,
3-2 and 3-3.

Im(@bs) ™, E, > Ey® HOMO LUMO E,©
mmy D40 V) V) eVl V] [ev]
M™em™]

-1.32,

3-1 352, 495 5.05 0.18, 0.94 506 -4.93 -3.59 1.38
-1.28,

3-2 395,512 8.20 0.09, 0.40, 0.78 195 -4.79 -3.62 1.15
-0.13, 0.07, -1.26,

3-3 422,492 9.50 -4.61 -3.64 0.99
0.20, 0.68 -1.88
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Figure 3.3 (a) Cyclic voltammograms (CV) and (b) Differential pulse voltammetry
(DPV) of compounds 3-1 - 3-3 in dry dichloromethane with 0.1 M BuyNPFg as the
supporting electrolyte, AgCI/Ag as reference electrode, Au as working electrode, Pt
wire as counter electrode, and a scan rate at 50 mV s

3.2.4 DFT calculations

Density functional theory (DFT, B3LYP/6-31G**) calculations were
conducted to better understand the electronic and optical properties of these
thienoacene-fused pentalene derivatives. The calculated frontier molecular
orbital profiles and energy diagrams are shown in Figure 3.4. It was found that
the HOMOs of three molecules are delocalized along the
bis(thienoaceno)-pentalene framework while the LUMOs are mainly localized
at the central pentalene unit. Time-dependent (TD) DFT calculations predicted
that all three compounds should show two major absorption bands. The
observed strongest absorption band is mainly attributable to the
HOMO—LUMO+1 transitions (352.5 nm, f = 0.7911 for 3-1; 389.0 nm, f =
1.4591 for 3-2; 424.3 nm, f = 2.0262 for 3-3 based on DFT calculations). The

shoulder band around 500-570 nm can be correlated to the HOMO-1—-LUMO
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transitions (509.2 nm, f = 0.2319 for 3-1; 536.5 nm, f = 0.2373 for 3-2; 536.1
nm, f = 0.1559 for 3-3 based on DFT calculations). The transition of
HOMO—LUMO however is symmetry forbidden, which can be correlated to
the very weak absorption band in the near infrared region (1089.5, 1078 and

1153.5 nm for 3-1 - 3-3, respectively, based on DFT calculations).

(a) 341 3-2 3-3
— -0.75

LUMO+1 — -1.15 — 140

LUMO —_— -2.67 —_ 276 — 283
I1.94 I1.87 11.76

HOMO —_— -4.61 — 463 —_ 459

HOMO-1 —— 545 — -5.41 —— -5.51

(b)

LUMO

HOMO

TN
—

3-1 3-2 3-3

Figure 3.4 (a) Energy diagrams of 3-1 - 3-3 (eV); (b) LUMO and HOMO profiles of
3-1-3-3.

The calculated energy diagrams reveal that with extension of the
n-conjugation length from 3-1 - 3-3, there are slight changes for the HOMO,
HOMO-1 and LUMO energy levels, but obvious decrease for the LUMO+1

energy (from -0.75 eV to -1.15 eV and to -1.40 eV), which can well explain
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the observed large red-shift of the strongest absorption band and small shift of
the shoulder band. The calculated energy gaps slightly decrease with the
increase of molecular size, and the trend is in consistence with the determined
electrochemical energy gaps.
3.2.5 Crystallographic analysis

Single crystals of 3-1 and 3-2 suitable for X-ray crystallographic analysis
were obtained by slow diffusion of methanol or acetonitrile into a chloroform
solution.” The molecular structures and the packing motif for 3-1 and 3-2 are
shown in Figure 3.5 and Figure 3.6, respectively. Both compounds have a
planar n-skeleton. The two phenyl substituents have a torsion angle of ca. 37°
and 27° to the plane of pentalene for 3-1 and 3-2, respectively, which are both
much smaller than that for dinaphthopentalene (55°)® due to smaller steric
hindrance after incorporation of thiophene rings. DFT calculations predicted
that compound 3-3 has a similar geometry. The 3D packing of 3-1 and 3-2
both can be figured out in a monoclinic unit cell (space group P2(1)/n). There
is no obvious n-7 interactions between the bis(benzothieno)pentalene units in
3-1. However, close contacts of [C-H...n] interaction (2.862 A) between the
outermost benzene rings of the fused pentalene and the phenyl substituents of
the neighbouring molecules exist which help the molecules to closely pack
into an ordered layer-like structure (Figure 3.5). In 3-2, continuous 7-7
interactions (-7 distance ca. 3.60 A) between the fused pentalene units drive

the molecules to pack into a columnar structure along the b axis (Figure 3.6).
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In addition, in the ac plane, additional sulphur-hydrogen bonding (distances:
2.981 A and 2.941 A) between the fused pentalene units can be found, which

further enhance the ordered molecular packing.

(a)

Figure 3.5 (a) ORTEP drawing of 3-1; (b) packing along the a-axis; (c) packing along
the b-axis.

Selected bond lengths of 3-1 - 3-2 and the calculated bond lengths of 3-3 are
shown in Figure 3.7. In all cases, large bond alternation in the pentalene
skeleton as well as in the outmost benzene rings was observed, as a result of
counterbalance between aromatic stabilization of the thienoacene units and
destabilization of the pentalene moiety. Nucleus independent chemical shift
(NICS) calculations were conducted to understand the aromaticity of each ring
(Figure 3.7).° It was found that all rings showed small negative NICS(1),,
values with a small aromatic character, again, due to an intramolecular

aromatic/antiaromatic interactions.
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Figure 3.6 (a) ORTEP drawing of 3-2; (b) packing along the a-axis; (c) packing along
the b-axis.

Figure 3.7 Selected bond lengths of 3-1, 3-2 (based on X-ray crystallographic
structures) and 3-3 (based on DFT calculations), and the calculated NICS(1),, values
(in ppm, red numbers in the rings).

3.2.6 Thin-film field effect transistors

Compounds 3-1 - 3-3 showed good thermal stability with decomposition

temperatures (Ty, corresponding to a 5% weight loss in thermogravimetric
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analysis (TGA) curves) at 375, 380, and 384 °C, respectively (Figure 3.8).
They melt at 178 °C, 233 °C and 217 °C, respectively, from a crystalline phase
to isotropic liquid phase based on polarizing optical microscopic
measurements. The ordered packing structures of these compounds in solid
state provoke us to study their charge transporting properties by field effect

transistors.
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Figure 3.8.Thermogravimetric analysis (TGA) of Compound 3-1 (a), 3-2 (b) and 3-3
(c) in N, at a heating rate of 10 °C min™

The thin-film transistors were fabricated in a bottom-gate, top-contact
configuration. Thin films of semiconducting materials were deposited by spin
coating the CHCIj3 solution onto n+-Si wafer with 200 nm of thermally grown
SiO, as the dielectric layer. The SiO, substrate was modified by either
octadecyltrichlorosilane  (ODTS) or hexamethyldisilazane (HMDS).

Compound 3-1 showed strong tendency to aggregate to form small single
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crystals on the substrates, and the spin coated device cannot be performed.
Therefore, we fabricated the thin film using a slightly modified method
reported previously by covering the solution with another ODTS treated
substrate to suppress the crystal formation.® Uniform thin films of compounds
3-2 - 3-3 were successfully formed by spin coating. Then the thin films were
annealed at selected temperatures to enhance the crystallinity. The devices
were completed by patterning the Au source/drain electrodes using a shadow
mask. The OFET device data for the thin films of 3-1 - 3-3 on different
substrates measured under nitrogen are summarized in Table 3.2. All the
compounds only showed p-type FET behaviour, maybe due to the LUMO
orbital (base on TD-DFT calculation) mainly localized on the central
pentalene core. The typical transfer and output curves for the 3-1 - 3-3 based
OFETs on ODTS modified substrates measured in nitrogen are shown in
Figure 3.9. The FET mobility was calculated using the following equation in
the saturation regime: 1o=W/(2L)Ciu(Vs-V1)%, where Ip is the drain current,
is the field-effect mobility, C; is the capacitance per unit area of the gate
dielectric layer (SiO,, 200 nm, C; = 17 nF cm™), and Vg and Vr are gate
voltage and threshold voltage, respectively. W and L are channel width and
length, respectively. For compound 3-1, hole mobility of 0.012 cm*V's™ was
achieved on ODTS modified substrate, the threshold voltage is around -12 -
-15 V, and the current on/off ratio is 10° - 10°. Increasing the conjugation
length, compound 3-2 showed much improved hole mobility compared to 3-1,
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with hole mobility of 0.036 cm®V's™ and on/off ratio of 10*-10°. However,

when increasing the conjugation length to 3-3, the hole mobility decreased to

1.0 <10 cm?V*s™ for the as-spun thin film.
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Figure 3.9 Transfer (up) and output (down) characteristics of 3-1 (a, d), 3-2 (b, e),
and 3-3 (c, f) devices with ODTS modification.

Table 3.2 OFET characteristics of 3-1 - 3-3 based devices fabricated on Si/SiO,
substrates with different surface treatments and different annealing temperatures.

Surface Annealing Temperature 7 Vr On/off
treatment [°C] [cm?V7is']  [V]
3-1 ODTS As-prepared 0.012-0.016 -1243  10°
3-2 HMDS As-spun 5.6x<10° 432 5.8x10°
120 8.6x10™ 34 1.7x10°
150 4.3%10° 242 1.4x10°
ODTS As-spun 4.6x107 043  1.2x10°
120 1.0x10 62  8.2x10°*
150 3.6x10" 543  1.2x10
3-3 HMDS As-spun 4.0<10° 033  1.8x10°
120 6.5%107 02  3.2x10°
150 1.3x10" 243 6.8x10°
ODTS As-spun 9.4x10™* 32 3.3x10°
120 1.0x10° 143 4.2x10°
150 1.2x10™ 044  2.2x10°
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In order to understand the performance difference of 3-1 - 3-3, their thin
films were investigated by atomic force microscope (AFM) and X-ray
diffraction (XRD). As shown in Figure 3.10, thin film of 3-1 showed
continuous and smooth films with a surface roughness of 1.2 nm, which is
different from the spin coated thin film shown in Figure 3.11. This crystalline
continuous thin film ensures a good charge transport property. Thin films of
3-2 on HMDS or ODTS modified substrates showed small crystal grains for
the as-spun thin film (Figure 3.12). Upon thermal annealing, the crystal grain
size was increased to around 1um in size. Generally, the thin films on HMDS
modified substrates exhibited smaller crystal size compared to ODTS treated
substrates, which is accordance with the device performance. Compared to
thin film 3-2, thin film of 3-3 showed amorphous morphology on HMDS or
ODTS modified substrates after spin coating, and upon thermal ammealing,
and plate-like crystals with crystal size over several microns was achieved
(Figures 3.10 and 3.13). This is the reason why its charge carrier mobility is

enhance after thermal annealing.
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75.0 nm 29.7 nm

Figure 3.10 AFM images (5um x 5um) of thin-films of 3-1 (a, d), 3-2 (b, €) and 3-3
(c, f) on the ODTS treated substrates. The thin films of 3-2 and 3-3 were annealed at
120 °C.

0.0 10.0 um 00 10.0 um

Figure 3.11 The optical microscopy images (a-b) and AFM images (c-d) of the thin
film 3-1 spin coated from CHCI; solution onto ODTS treated substrates.
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Figure 3.12 AFM images (up: height images; down: amplitude images) (Sum X Spm)
of compound 3-2 based thin-films on the HMDS-treated substrates: (a) without
annealing, (b) with annealing at 120 °C, and on the OTS-treated substrates: (c)
without annealing, (d) with annealing at 120 °C.

0.0 50umQ.0 5.0um0.0 50um 0.0

Figure 3.13. AFM images (up: height images; down: amplitude images) (Spm x Spm)
of compound 3-3 based thin-films on the HMDS-treated substrates: (a) without
annealing, (b) with annealing at 120 °C, and on the OTS-treated substrates: (c)
without annealing, (d) with annealing at 120 °C.

XRD diffraction patterns of the thin films showed that all compounds
formed crystalline thin films and the intensity of the diffraction peaks was

critically related to thermal annealing (Figure 3.14). Especially for thin film of
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3-3, XRD spectrum did not show any peaks for the as-spun thin film, which
indicates an amorphous nature of the thin film. However, upon thermal
annealing at 120 °C, the XRD showed a strong diffraction peak due to the
improved crystallinity, which is consistent with the AFM result. All
compounds have a lamellar packing structure on the substrate, with a digo
spacing of 19.35 A for 3-1, 18.02 A for 3-2 and 24.02 A for 3-3. Compound
3-2 is correlated the distance between molecular d-spacing value than 3-1,
indicating that it has a more dense packing. Compound 3-3 has the largest
d-spacing value branched alkyl chains. This is the reason why 3-2 exhibited

the highest pp,, while 3-3 showed lowest p, among these molecules.

4.0
(a) 25 (b)

3.0
3 2.5
2.0

1.5+

Intensity (a.u.)
Intensity (a.u.)

1.0+

0.5

T T T T T 0.0 T T T T T
5 10 15 20 25 30 5 10 15 20 25 30
2-Theta (degree) 2Theta (degree)

20
18 (c)
16
14
12

Intensity (a.u.)

o N A O ©
L

:JL

5 1'0 1'5 iD 2'5 30
2Theta (degree)

Figure 3.14 XRD patterns of thin films of 3-1 (a), 3-2 (b) and 3-3 (c) on ODTS
modified Si/SiO, substrates. The thin films of 3-2 and 3-3 were annealed at 120 °C.
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3.3 Summary

In summary, through appropriate design and optimization of the synthetic
route, three thienoacene-fused pentalene derivatives with different molecular
sizes were synthesized. Their structures, optical properties and electrochemical
properties were studied and their applications in OFETs were also investigated.
These compounds show unique ground-state geometric and electronic
structures due to the intramolecular aromatic/antiaromatic interactions as
revealed by X-ray crystallographic analysis. As results, they exhibit small
energy gap, unique electronic absorption spectrum and amphoteric redox
behavior, which are also supported by DFT calculations. All compounds
showed good thermal stability and ordered self-assembly in solid state. The
highest hole charge mobility of 0.016, 0.036 and 0.001 cm?V's™ was achieved
under optimised conditions for the thin films of 3-1, 3-2 and 3-3, respectively,

which stands at the higher end of pentalene-based semiconductors.

3.4 Experiment section
3.4.1 General characterization method

'H and **C NMR spectra were recorded using Advance 500 MHz Bruker
spectrometer in CDClI3 with tetramethylsilane (TMS) as the internal standard.
The chemical shift was recorded in ppm and the following abbreviations were
used to explain the multiplicities: s = singlet, d = doublet, t= triplet, m =
multiplet, br = broad. Column chromatography was performed on silica gel 60

(Merck 40-60 nm, 230-400 mesh). High resolution (HR) EI mass spectra were
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recorded on Agilent 5975C DIP/MS mass spectrometer. HR ACPI mass
spectra were recorded on a MicrOTOF-QII instrument. MALDI-TOF mass
spectra were recorded on a Bruker Autoflex instrument. UV-vis absorption and
fluorescence spectra were recorded on a Shimadzu UV-1700
spectrophotometer and a RF-5301 fluorometer, respectively. Cyclic
voltammetry and differential pulse voltammetry measurements were
performed in HPLC grade chlorobenzene on a CHI 620C electrochemical
analyzer with a three-electrode cell, using 0.1 M BusNPFg as supporting
electrolyte, AgCI/Ag as reference electrode, gold disk as working electrode, Pt
wire as counter electrode, and scan rate at 50 mV s™. The potential was
externally calibrated against the ferrocene/ferrocenium couple. TGA
measurements were carried out on a TA instrument 2960 at a heating rate of 10
€ min? under nitrogen flow. Tapping-mode AFM measurements were
performed on a Nanoscope V microscope (Veeco Inc.). XRD patterns of the
thin film were measured on a Bruker-AXS D8 DISCOVER with GADDS
X-ray diffractometer. Copper Ka line was used as a radiation source with 1 =

1.5418 A.
3.4.2 Synthesis

All reagents were purchased from commercial sources without further
purification. Anhydrous dichloromethane (DCM), N, N-dimethylformaldehyde
(DMF) was distilled from CaH,. Toluene and THF were distilled from

sodium-benzophenone immediately prior to use.
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Compound 3-5 3-Bromo-2-((4-nonylphenyl)ethynyl)benzo[b]thiophene

A mixture of compound 3-4 (1.50 g, 4.4 mmol), 1-ethynyl-4-nonylbenzene
(.21 g, 5.3 mmol), Cul (25 mg, 3%) and Pd(PPhs),Cl, (155 mg, 5%) in
anhydrous THF (12 mL) and EtsN (12 mL) was degassed by three
freeze-pump-thaw cycles. The mixture was stirred at room temperature under
argon for overnight. The mixture was extracted with EtOAc (30 mL >2). The
combined organic phase was washed with brine (50 mL >2) and 10% m/m
aqueous HCI solution (50 mL x1). The organic phase was dried over
anhydrous Na,SO, and the organic solvent was removed under reduced
pressure. The crude product was purified by column chromatography
(EtOAc/hexane = 1:30) to afford compound 3-5 (1.50 g) in 80% vyield. *H
NMR (500 MHz, CDCls, ppm): & = 7.79 (d, J = 8.0 Hz, 1H), 7.75 (d, J =7.5
Hz, 1H), 7.52 (d, J = 8.0 Hz, 2H), 7.48-7.41 (m, 2H), 7.20 (d, J = 8.0 Hz, 2H),
2.63 (t, J = 7.75 Hz, 2H), 1.70-1.60 (m, 2H), 1.40-1.25 (m, 12H), 0.89 (t, J =
6.5 Hz, 3H). 3C NMR (125 MHz, CDCls, ppm): & = 144.50, 138.17, 137.49,
131.68, 128.59, 126.38, 125.44, 123.58, 122.22, 120.66, 119.38, 113.35, 99.53,
81.06, 36.00, 31.88, 31.20, 29.53, 29.47, 29.30, 29.23, 22.66, 14.10. HR MS
(EI): calcd for CysHy7BrS (M*), 438.1017; found, 438.1004 (error: -3.06 ppm).
Compound 3-1

A suspension of compound 3-6 (1.33 g, 3.0 mmol), Zn powder (0.30 g, 4.5
mmol) and NiCl,(PPhg) (1.97 g, 3 mmol) in anhydrous toluene (12 mL) was
heated at reflux for 24 hours under argon. After the reaction mixture cooling to

80



room temperature, the reaction mixture was filtered through celite pad and
then evaporated under reduced pressure. The crude product was purified by
column chromatography (hexane and hexane/CH,Cl, = 10:3) to afford
compound 3-1 (0.16 g) in 15% yield."H NMR (500 MHz, CDCls, ppm): 0 =
7.54 (d, J = 7.5 Hz, 4H), 7.47 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 6H),
7.09 (t, J = 7.5 Hz, 2H), 6.99 (t, J = 7.5 Hz, 2H), 2.70 (t, J = 8.0 Hz, 4H),
1.75-1.65 (m, 4H), 1.45-1.25 (m, 24H), 0.90 (t, J = 6.75 Hz, 6H). *C NMR
(125 MHz, CDCls, ppm): & = 145.64, 145.37, 143.87, 143.52, 142.28, 141.18,
133.66, 130.60, 128.59, 127.79, 125.18, 123.63, 122.52, 121.30, 36.14, 31.91,
31.24, 29.56, 29.52, 29.45, 29.33, 22.69, 14.11. HR MS (El): calcd for
CsoHs4S, (M), 718.3667; found, 718.3652 (error: -1.25 ppm).

Compound 3-7 3-Bromo-2-iodobenzo[b]thieno[2,3-d]thiophene

The 2 M LDA solution (4.4 mL, 8.8 mmol) was slowly added into the solution
of compound 3-6 (2.15 g, 8 mmol) in anhydrous THF (25 mL) at -78 °C. The
reaction mixture was stirred for 16 hours at this temperature. Then I, (4.1 g, 16
mmol) was added to the reaction mixture at -78 °C. The mixture was slowly
warmed to room temperature and stirred overnight. 3 mL of water was added
to quench the reaction and 30 mL of saturated Na,S,03 solution was added to
quench the excess l,. The mixture was extracted with chloroform (50 mL >2).
The combined organic phase was washed with brine (50 mL >2), dried over
anhydrous Na,SO, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (CH,Cl,/hexane = 1:5)
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to afford compound 3-7 (2.37 g) in 75% vyield. *"H NMR (500 MHz, CDCls,
ppm): & =7.86 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.45-7.37 (m, 2H).
3C NMR (125 MHz, CDCls, ppm): & = 141.45, 138.37, 137.88, 132.71,
125.29, 125.09, 124.04, 121.17, 113.25, 78.04. HR MS (EI): calcd for
C1oH4BrlIS, (M), 395.7962; found, 395.7949 (error: -3.29 ppm).

Compound 3-8 3-Bromo-2-((4-nonylphenyl)ethynyl)benzo[b]thieno-
[2,3-d]thiophene

A mixture of compound 3-7 (2.66 g, 6.7 mmol ), 1-ethynyl-4-nonylbenzene
(1.69 g, 7.4 mmol), Cul (38 mg, 3%) and Pd(PPhs).Cl, (236 mg, 5%) in
anhydrous THF (15 mL) and Et3N (30 mL) was degassed by three
freeze-pump-thaw cycles. The mixture was stirred at room temperature under
argon for overnight. The mixture was extracted with EtOAc (50 mL >2). The
combined organic phase was washed with brine (50 mL >2) and 10% m/m
aqueous HCI solution (50 mL x1). The organic phase was dried over
anhydrous Na,SO, and the solvent was then removed under reduced pressure.
The crude product was purified by column chromatography (EtOAc/hexane =
1:30) to afford compound 3-8 (2.80 g) in 84% vyield. '"H NMR (500 MHz,
CDCls, ppm): 6 = 7.88 (d, J = 8.0 Hz, 1H), 7.81 (d, J = 7.0 Hz, 1H), 7.51 (d, J
= 8.0 Hz, 2H), 7.47-7.37 (m, 2H), 7.20 (d, J = 8.0 Hz, 2H), 2.63 (t, J = 7.5 Hz,
2H), 1.65-1.58 (m, 2H), 1.35-1.20 (m, 12H), 0.88 (t, J = 7 Hz, 3H). **C NMR
(125 MHz, CDCls, ppm): 5 = 144.39, 142.25, 139.04, 133.04, 132.85, 131.56,
128.59, 125.39, 125.11, 124.02, 122.37, 121.21, 119.43, 108.96, 98.93, 81.22,
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35.99, 31.88, 31.20, 29.69, 29.53, 29.48, 29.30, 29.24, 22.66, 14.10. HR MS
(EI): calcd for Cy;H»7BrS, (M), 494.0738; found, 494.0751 (error: 2.70 ppm).
Compound 3-2

A suspension of compound 3-8 (2.00 g, 4.0 mmol), Zn powder (0.48 g, 7.3
mmol) and NiCl,(PPhs3) (2.69 g, 4.1 mmol) in anhydrous toluene (40 mL) was
heated at reflux for 24 hours under argon. After the reaction mixture cooling to
room temperature, the reaction mixture was filtered through celite pad and
then evaporated under reduced pressure. The crude product was purified by
column chromatography (hexane and hexane/CH,Cl, = 10:3) to afford
compound 3-2 (0.30 g) in 18% yield. *H NMR (500 MHz, CDCls, ppm): & =
7.63 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz, 4H), 7.51 (d, J = 8.0 Hz, 2H),
7.30 (d, J = 8.0 Hz, 4H), 7.26 (t, J = 7.5 Hz, 2H), 7.17 (t, J = 7.5 Hz, 2H), 2.69
(t, J = 8.0 Hz, 4H), 1.75-1.68 (m, 4H), 1.41-1.21 (m, 24H), 0.92 (t, J = 7.0 Hz,
6H). °C NMR (125 MHz, CDCls, ppm): 5 = 145.51, 144.41, 141.71, 141.22,
141.16, 140.06, 136.33, 132.96, 132.82, 130.37, 128.98, 127.48, 124.83,
123.92, 123.46, 119.59, 36.21, 31.96, 31.11, 29.60, 29.55, 29.51, 29.35, 22.69,
14.01. MALDI-TOF MS (HR): calcd for CssHs4Ss (M™), 830.3108; found,
830.3073 (error: -2.09 ppm).

Compound 3-10 3-Bromo-benzo[d,d’|thieno[3,2-b;4,5-b’|dithiophene

The 2 M LDA solution (3.4 mL, 6.8 mmol) was slowly added into the solution
of compound 3-9 (2.01 g, 6.2 mmol) in anhydrous THF (80 mL) at -78 °C. The
reaction mixture was stirred for 16 hours at this temperature. Then 3 mL of
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water was added to quench the reaction at -78 °C. After the mixture warmed to
room temperature, the mixture was extracted with chloroform (80 mL >2). The
combined organic phase was washed with brine (60 mL >2), dried over
anhydrous Na,SO,4 and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (CH,Cl,/hexane = 1:5)
to afford compound 3-10 (1.81 g) in 90% vyield. *H NMR (500 MHz, CDCls,
ppm): & =7.88 (d, J = 8 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.45 (t, J = 7.25 Hz,
1H), 7.38 (t, J = 7.5 Hz, 1H), 7.31 (s, 1H). Compared to compound 9, the
characteristic *H NMR peak shifts from & = 7.34 to & = 7.31. *C NMR (125
MHz, CDCl;, ppm): 6 = 142.52, 141.46, 136.79, 133.29, 131.15, 129.99,
125.14, 124.98, 123.98, 123.45, 120.87, 103.70. HR MS (EI): calcd for
C1oH4BrlIS, (M), 323.8737; found, 323.8728 (error: -2.78 ppm).

Compound 3-11 3-Bromo-2-iodo-benzo|d,d’|thieno[3,2-b;4,5-b’]-
dithiophene

After compound 3-10 (2.04 g, 6.3 mmol) was dissolved into 60 mL of CHCls,
60 mL of acetic acid was added to the solution. Then N-iodosuccinimide (NIS)
(2.85 g, 12.6 mmol) was added at 0 °C. The mixture was warmed to room
temperature and stirred overnight under argon. The mixture was extracted with
chloroform (100 mL >2). The combined organic phase was washed with brine
(80 mL >R), dried over anhydrous Na,SO, and the solvent was removed under
reduced pressure. The crude product was purified by column chromatography
(CH,Cly/hexane = 1:3) to afford compound 3-11 (2.41 g) in 85% vyield. *H
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NMR (500 MHz, CDCls, ppm): & = 7.87 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 7.5
Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H). *C NMR (125
MHz, CDCl3, ppm): & = 141.44, 141.30, 136.33, 134.92, 133.00, 129.83,
125.26, 125.24, 123.99, 120.99, 113.40. HR MS (EI): calcd for C1oH4BriS;
(M™), 449.7703; found, 449.7702 (error: -0.21 ppm).

Compound 3-12 3-Bromo-2-((4-(pentadecan-7-yl)phenyl)ethynyl)-
benzo[d,d']thieno[3,2-b;4,5-b’]dithiophene

A mixture of compound 3-11 (.20 g, 2.7 mmol ),
1-ethynyl-4-(pentadecan-7-yl)benzene 3-13 (0.96 g, 2.9 mmol), Cul (15 mg,
3%) and Pd(PPh3),Cl, (50 mg, 5%) in anhydrous THF (30 mL) and Et3N (15
mL) was degassed by three freeze-pump-thaw cycles. The mixture was stirred
at room temperature under argon for overnight. The mixture was extracted
with EtOAc (60 mL >2). The combined organic phase was washed with brine
(50 mL >) and 10% m/m aqueous HCI solution (50 mL 1), was dried over
anhydrous Na,SO,4 and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (EtOAc/hexane = 1:30)
to afford compound 3-12 (1.47 g) in 85% vyield. *H NMR (500 MHz, CDCls,
ppm): & = 7.89 (d, J = 7.5 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 8.0
Hz, 2H), 7.46 (t, J = 7.75 Hz, 1H), 7.42-7.38 (m, 1H), 7.16 (d, J = 8.5 Hz, 2H),
2.55 (d, J = 7.0 Hz, 2H), 1.65-1.58 (m, 1H), 1.30-1.15 (m, 24H), 0.92-0.85 (m,
6H).2*C NMR (125 MHz, CDCls, ppm): & = 143.52, 141.99, 141.66, 137.52,
133.11, 131.42, 130.03, 129.98, 129.37, 125.25, 124.02, 121.49, 121.00,
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119.32, 109.15, 99.17, 81.20, 40.67, 39.66, 33.20, 33.17, 31.90, 31.88, 29.96,
29.65, 29.60, 29.32, 26.55, 22.68, 14.11, 14.09. HR MS (El): calcd for
CssH41BrS; (M), 648.1554; found, 648.1550 (error: -0.63 ppm).

Compound 3-3

A suspension of compound 3-12 (0.98 g, 1.5 mmol), Zn powder (0.18 g, 2.7
mmol) and NiCl,(PPhs) (1.03 g, 1.6 mmol) in anhydrous toluene (15 mL) was
heated at reflux for 24 hours under argon. After the reaction mixture cooling to
room temperature, the reaction mixture was filtered through celite pad and
then evaporated under reduced pressure. The crude product was purified by
column chromatography (hexane and hexane/CH,CIl, = 10:3) to afford
compound 3-3 (0.13 g) in 15% yield. *H NMR (500 MHz, CDCls, ppm): & =
7.50 (d, J = 8.0 Hz, 2H), 7.47-7.42 (m, 6H), 7.17-7.11 (m, 6H), 7.00 (t, J =
7.25 Hz, 2H), 2.60 (d, J = 7.0 Hz, 4H), 1.80-1.70 (m, 2H), 1.50-1.22 (m, 48H),
0.95-0.80 (m, 12H); **C NMR (125 MHz, CDCls, ppm): & = 144.77, 144.01,
141.90, 140.91, 139.76, 138.93, 135.85, 134.92, 133.00, 132.86, 130.14,
129.67, 129.50, 127.45, 124.44, 123.60, 123.18, 119.63, 40.90, 39.68, 33.43,
33.37, 31.98, 31.96, 30.14, 29.78, 29.73, 29.44, 26.68, 26.58, 22.78, 22.74,
14.22, 14.15. HR-APCI: calcd for C7,HgsSs (M+HY), 1139.4819; found,
1139.4814 (error: -0.44 ppm).

Compound 3-16 4-(4-(2-Hexyldecyl)phenyl)-2-methylbut-3-yn-2-ol

The Grignard reagent (2-hexyldecyl)magnesium bromide (25 mL, 1 M, 25
mmol) was dropwise to the mixture of 1,4-dibromobenzene 3-14 (5.00 g, 21
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mmol) and catalyst Pd(dppf)Cl, CH,CI, (0.69 g, 4%) in 50 mL of anhydrous
THF at 0 °C. Then the mixture was heated to reflux and stirred under argon at
this temperature for overnight. After the reaction mixture was cooled down,
2-methylbut-3-yn-2-ol (5.30g, 63 mmol), Pd(PPhs).Cl, (0.59 g, 4%), Cul (80
mg, 2%) and anhydrous EtsN (25 mL) were added into the mixture. After
de-oxygen by vacuum, the mixture was heated to 70 °C and stirred under
argon at this temperature for overnight. After cooling down to room
temperature, the mixture was extracted with EtOAc (80 mL >2). The
combined organic phase was washed with brine (60 mL >2) and 10% m/m
aqueous HCI solution (60 mL x1), dried over anhydrous Na,SO, and the
solvent was removed under reduced pressure. The crude product was purified
by column chromatography (EtOAc/Hexane = 1:10) to afford compound 3-16
(3.2 g) in 40% vyield. *H NMR (500 MHz, CDCls, ppm): & = 7.32 (d, J = 8.0
Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 2.50 (d, J = 7.0 Hz, 2H), 2.06 (s, 1H),
1.70-1.60 (m, 7H), 1.30-1.10 (m, 24H), 0.90-0.82 (m, 6H). *C NMR (125
MHz, CDCl3, ppm): 6 = 142.44, 131.37, 129.12, 119.71, 93.11, 82.31, 65.63,
40.48, 39.61, 33.14, 33.11, 31.88, 31.86, 31.53, 29.94, 29.63, 29.57, 29.30,
26.51, 22.66, 22.65, 14.10, 14.07. HR MS (EI): calcd for Cy7HiO (MY,
384.3392; found, 384.3375 (error: -4.42 ppm).

Compound 3-13 1-Ethynyl-4-(2-hexyldecyl)benzene

A suspension of compound 3-16 (3.00 g, 7.8 mmol) and KOH powder (0.80 g,
14.3 mmol) in anhydrous toluene (15 mL) was heated at reflux for 3 hours
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under argon. After the reaction was cooled down to room temperature, the
mixture was extracted with EtOAc (50 mL >2). The combined organic phase
was washed with brine (50 mL >2), dried over anhydrous Na,SO, and the
solvent was removed. The crude product was purified by column
chromatography (Hexane) to afford compound 3-13 (1.80 g) in 70% yield. 'H
NMR (500 MHz, CDCls, ppm): & = 7.40 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 8.0
Hz, 2H), 3.03 (s, 1H), 2.52 (d, J = 7.0 Hz, 2H), 1.66-1.58 (m, 1H), 1.35-1.20
(m, 24H), 0.95-0.85 (m, 6H). *C NMR (125 MHz, CDCls, ppm): & = 143.05,
131.87, 129.17, 119.11, 83.93, 76.42, 40.53, 39.59, 33.14, 33.11, 31.89, 31.86,
29.95, 29.63, 29.58, 29.31, 26.52, 26.51, 22.67, 14.10, 14.08. HR MS (El):

calced for CosHzg (MY), 326.2974; found, 326.2969 (error: -1.51 ppm).

Reference

[1] (@) Takimiya, K.; Ebata, H.; Sakamoto, K.; Izawa, T.; Otsubo, T.; Kunugi,
Y. J. Am. Chem. Soc. 2006, 128, 12604; (b) Yamamoto, T.; Takimiya, K. J.
Am. Chem. Soc. 2007, 129, 2224; (c) Zschieschang, U.; Ante, F;
Yamamoto, T.; Takimiya, K.; Kuwabara, H.; lkeda, M.; Sekitani, T.;
Someya, T.; Kern, K.; Klauk, H. Adv. Mater. 2010, 22, 982; (d) Niimi, K_;
Shinamura, S.; Osaka, I.; Miyazaki, E.; Takimiya, K. J. Am. Chem. Soc.
2011, 133, 8732; (e) Sokolov, A. N.; Atahan-Evrenk, S.; Mondal, R.;
Akkerman, H. B.; Séchez-Carrera, R. S.; Granados-Focil, S.; Schrier, J.;

Mannsfeld, S. C. B.; Zoombelt, A. P.; Bao, Z.; Aspuru-Guzik, A. Nat.
88



Commun. 2011, 2, 437; (f) McCarthy, M. A.; Liu, B.; Donoghue, E. P.;
Kravchenko, I.; Kim, D. Y.; So, F.; Rinzler, A. G. Science 2011, 332, 570;
(9) Zschieschang, U.; Kang, M. J.; Takimiya, K.; Sekitani, T.; Someya, T.;
Canzler, T. W.; Werner, A.; Blochwitz-Nimothd, J.; Klauk, H. J. Mater.
Chem. 2012, 22, 4273; (h) Xie, W.; Willa, K.; Wu, Y.; H&asermann, R.;
Takimiya, K.; Batlogg, B.; Frisbie, C. D. Adv. Mater. 2013, 25, 3478; (i)
Mori, T.; Nishimura, T.; Yamamoto, T.; Doi, l.; Miyazaki, E.; Osaka, I.;
Takimiya, K. J. Am. Chem. Soc. 2013, 135, 13900.

[2] (a) Yamamoto, T.; Ogawa, S.; Sato, R. Tetrahedron Lett. 2004, 45, 7943; (b)
Chabert, J. F. D.; Joucla, L.; David, E.; Lemaire, M. Tetrahedron 2004, 60,
3221.

[3] Kienle, M.; Unsinn, A.; Knochel, P. Angew. Chem. Int. Ed. 2010, 49, 4751.

[4] (a) Ongayi, O.; Vicente, M. G. H.; Ghosh, B.; Fronczek, F. R.; Smith, K. M.
Tetrahedron 2010, 66, 63; (b) Sista, P.; Nguyen, H.; Murphy, J. W.; Hao, J.;
Dei, D. K.; Palaniappan, K.; Servello, J.; Kularatne, R. S.; Gnade, B. E.;
Xue, B.; Dastoor, P. C.; Biewer, M. C.; Stefan, M. C. Macromolecules
2010, 43, 8063; (c) Takeuchi, J. A.; Li, L.; Im, W. B. Patent 2012,
W02012142288.

[5] (@ Bjak, M.; Grivas, S. J. Heterocyclic Chem. 2006, 43, 101; (b)
Lyaskovskyy, V.; Fréhlich, R.; Wirthwein, E.-U. Synthesis 2007, 14, 2135;
(c) Tian, H.; Han, Y.; Bao, C.; Yan, D.; Geng, Y.; Wang, F. Chem. Commun.
2012, 48, 3557.

89



[6] (@) Schnirch, M.; Spina, M.; Khan, A. F.; Mihovilovic, M. D.; Stanetty, P.
Chem. Soc. Rev. 2007, 36, 1046; (b) Souza, M. V. N. d. Curr. Org. Chem.
2007, 11, 637.

[7] (a) Crystallographic data for 3-1: CsoHs4S2. My,: 719.05; Monoclinic; space
group P2(1)/c; a = 8.4962(8) A, b = 10.0547(6) A, ¢ = 23.1703(17) A a =
90°, B = 98.262(7)°, y = 90°% V = 1958.8(3) A% Z = 2; peaica = 1.219 Mg/m?;
R; =0.1915, R, = 0.3919 (I > 20(1)); Ry = 0.3724, wR, = 0.4773 (all
data); b) Crystallographic data for 3-2: Cs4Hs4S4. My,: 831.21; Monoclinic;
space group P2(1)/n; a = 15.3716(3) A, b = 7.3070(2) A, ¢ = 39.5565(7) A,
a=90°% B =92.696(2)°, y = 90°% V = 4438.08(17) A%, Z = 4; peaic = 1.244
Mg/m®; Ry = 0.0985, WR, = 0.1933 (I > 25(1)); Ry = 0.2498, WR, = 0.2397
(all data). CCDC 1003816 (3-1) and CCDC 1003817 (3-2) contain the
supplementary crystallographic data.

[8] Kawase, T.; Fujiwara, T.; Kitamura, C.; Konishi, A.; Hirao, Y.; Matsumoto,
K.; Kurata, H.; Kubo, T.; Shinamura, S.; Mori, H.; Miyazaki, E.; Takimiya,
K. Angew. Chem. Int. Ed. 2010, 49, 7728.

[9] Fallah-Bagher-Shaidaei, H.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.;
Schleyer, P. v. R. Org. Lett. 2006, 8, 863.

[10] Chang, J.; Shao, J.; Zhang, J.; Wu, J.; Chi, C. RSC Adv. 2013, 3, 6775.

90



Chapter 4: Synthesis of Diacenopentalene Diimides for

n-Channel Organic Field Effect Transistors

4.1 Introduction

In Chapter 1, we have known that several pentalene derivatives have been
reported. However, all those materials show p-type FET behavior. Up to now,
n-type or ambipolar pentalene derivatives haven’t been seen in reported
literatures. Dicarboximide group possess highly-electron deficient property
and hence it has been widely used to design n-type or ambipolar
semiconductor materials such as naphthalene diimides®, perylene diimides?
and pentacene diimides®.

In this chapter, we introduce electron-withdrawing imide groups into
pentalene derivatives successfully, N-alkylated dibenzopentalene diimide
(DBPDI) and N-alkylated dinaphthopentalene diimide (DNPDI) as shown in
Scheme 4.1 were designed as n-type semiconductors for OFETs. The physical

properties and OFET device performance were studied.

4.2 Results and discussion
4.2.1 Synthesis

The synthetic routes of compounds DBPDI and DNPDI are shown in
Scheme 4.1. Initially, the raw material o-xylene was selectively brominated at

4 and 5 position by bromine to give 4,5-dibromo-o-xylene. Then two methyl
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groups of this compound were oxidized by potassium permanganate to give
dibromophthalic acid 4-1.* Subsequently, the activated aryl chloride was
formed by treating 4-1 with thionyl chloride, and then attacked by alkylated
amine to provide key precursor 4-2 in 37% vyield. In the following step,
compound 4-2 reacted with phenyl acetylene through Sonogashira
cross-coupling reaction to give unilateral intermediate 4-3 in 34% vyield.
Eventually, the target molecule DBPDI was synthesized through palladium

catalyzed pentalene formation reaction in 10% vyield.

O =—Ph
BrDiCOOH 1) SOCl,, DcM  Br PdCly(PPh),, Cul
T N—CeHiy ————————»
2) CgHy3NHy, e
Br COOH AcOH, refulx 12h  Br BtaN, THF, 75°C
41 37% 42 O 34%
O Pd,(dba)s, P(2-furyl)s
N O Cs,CO3, CsF,
Hydroquinone CeH13—N
N-CeHig ——————
Br 1,4-dioxane, 135°C
4-3 o] 10%
CgH7
N (0] =—Ph
O (0]
Br CHBr, UM Br PACIy(PPhs),, Cul
[ N_C3H17 _—
Br CHBr, Nal, DMF Br EtsN, THF, 75°C
4-4 88% 46 O 43%
O o Pdy(dba)z, P(2-furyl),, Q
s Cs,CO3, CsF,
Hydroquinone  CgHq;—N
N-CgHyy ——— >
Br 1,4-dioxane, 135°C fo}
a7 o 24%

Scheme 4.1 Synthetic routes of DBPDI and DNPDI.

DNPDI was prepared by starting from 1,2-dibromo-4,5-bis(dibromomethyl)-
benzene 4-4° and 1-octyl-1H-pyrrole-2,5-dione 4-5°. Compounds 4-4 and 4-5
underwent Diels-Alder addition reaction to obtain precursor 4-6 in 88% vyield.

It was followed by Sonogashira cross-coupling reaction between 4-6 and
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phenylacetylene to give 4-7 in 43% vyield, and then dimerization of 4-7 by

using palladium catalyst produced DNPDI in 24% vyield.

4.2.2 Photophysical properties

1.0 4 2096nm — DBPDI
328nm —— DNPDI

0.8 — 362nm

0.6 —

Abs.

0.4 784nm

485nm 518nm

0.2 —

0.0 —

300 400 500 600 700

Wavelength(nm)

Figure 4.1 UV-vis absorption spectra of DBPDI and DNPDI in chloroform (107
M).

The UV-vis absorption spectra of DBPDI and DNPDI were measured in
chloroform solution. The spectra are shown in Figure 4.1 and the relevant
data are summarized in Table 4.1. Broad absorption bands located in the
visible region were observed for the solutions of them. The maximum
absorption wavelengths of DBPDI and DNPDI in chloroform solutions
are located at 296 and 328 nm. The molar absorption coefficient is 93500
and 88600 M™ cm™ respectively. The optical energy band gap (E,°*") of
2.42 and 2.25 eV can be calculated based on the lowest energy of

absorption edge in solution (Table 4.1). Compared to DBPDI, the
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absorption maximum of DNPDI in solution is red-shifted 32 nm. This may
be due to its more planar conformation and longer efficient m-conjugation
length.

Table 4.1 Summary of photophysical properties and electrochemical data of DBPDI
and DNPDI

Amax(@0S)[NM]  10Gemasx  E1™  Ep®™  HOMO LUMO  E

insolution  [M'cm™] (V) V) [eV] [eV] [eV]?
-1.46;

DBPDI 296 4.97 1.36 1 11’ -5.84 -3.76 2.42
-1.71,

DNPDI 328 4.95 1.03 147 -5.72 -3.45 2.25

4.2.3 Electrochemical properties

@ —— DBPDI (b) —— DBPDI
—— DNPDI —— DNPDI
1.36V
2\ S -1.46Vv -1.11V
= <
pog E
c —
o c
S 9:’ 1.03V
(@) S| -1.47V
o 1.71v
— 7T T T T ~ T T T T T "1
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Potential (V) vs. Fc/Fc* Potential (V) vs. Fc/Fc”

Figure 4.2 (a) Cyclic voltammograms (CV) and (b) Differential pulse voltammetry
(DPV) of DBPDI and DNPDI in chlorobenzene with 0.1 M Bu4NPFs as the

supporting electrolyte, AgCI/Ag as reference electrode, Au as working electrode, Pt
wire as counter electrode, and a scan rate at 50 mV s™.

Cyclic voltommetry (CV) and differential pulse voltammetry (DPV) were
used to study the electrochemical properties of target molecules DBPDI and
DNPDI (Figure 4.2, Table 4.1). The potential was externally calibrated against
the ferrocene/ferrocenium couple. The target molecule DBPDI show one

reversible oxidation with half-wave potent E;,” of 1.36 V and two reversible
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reduction wave with half-wave potential E;,"" at -1.46 and -1.11 V. While one
reversible oxidation waves with E;,™ at 1.03V, and two reversible reduction
waves with Ey,™ at -1.71 and -1.47 V were observed for molecule DNPDI.
The HOMO and LUMO energy levels were calculated using the following
equations: HOMO = - [Eq™ + 4.8] eV, LUMO = - [Ee™™ + 4.8] eV where
Eo™ and E.*™" are the onset of the first oxidation and reduction wave,
respectively. The HOMO/LUMO energy levels are calculated to be -5.84/-3.76,
and -5.72/-3.45 eV for DBPDI and DNPDI, respectively. The corresponding
electrochemical energy gaps EgEC (LUMO-HOMO) are estimated to be 2.08
and 2.27 for DBPDI and DNPDI, which are close to the optical band gaps
Eq*.
4.2.4 Thermal properties

The thermal stability is one of the key requirements for the practical
applications of organic electronic materials. Compounds DBPDI and DNPDI
showed good thermal stability with decomposition temperatures (Tg,
corresponding to a 5% weight loss in thermogravimetric analysis (TGA)
curves) at 419 and 460 °C, respectively (Figure 4.3 a,c). The melting points of
DBPDI and DNPDI were observed at 337 °C and 369 °C, respectively, from

differential scanning calorimetry (DSC) curves (Figure 4.3 b,d).
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Figure 4.3 Thermogravimetric analysis (TGA) of compounds DBPDI (a) and
DNPDI (c); Differential scanning calorimetry (DSC) of compounds DBPDI (b)
and DNPDI (d) in N, at a heating rate of 10 °C min™

4.2.5 Thin-film field effect transistors

To probe the charge transport properties of compounds DBPDI and DNPDI,
we have fabricated the field effect transistors (FETs) for both compounds
DBPDI and DNPDI by solution processing method. The bottom-gate
top-contact FETs were fabricated on p+-Si/SiO, substrates by spin coating 1wt%
chloroform  (CHCI3) solutions onto octyltrichlorosilane (OTS) or
hexamethyldisilazane (HMDS) treated substrates. The thin films were then
annealed at selected temperatures for 20 min in N. Au source/drain electrodes
(80 nm) were patterned on the organic layer through a shadow mask to afford
the devices. The typical transfer and output curves measured in N, are shown
in Figure 4.4. The OFET device data for the thin films of DBPDI and DNPDI

on different substrates measured under nitrogen are summarized in Table 4.2.
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Figure 4.4 Output and transfer characteristics of the thin films DBPDI (a, b) and
DNPDI (c, d) spin coated on OTS modified substrates.

Table 4.2 OFET characteristics of DBPDI and DNPDI based devices fabricated on
Si/SiO, substrates with different surface treatments and different annealing
temperatures.

tfe‘;fnﬁt A”T”ee;gng plem?VsY] E\’/] On/off

DBPDI HMDS XA 0.003 2-4  9.6x10°
HMDS A120 0.0046 2-4  7.8X10°

OTS-C8 XA 0.05 7-10  2.6x10°

OTS-C8 A120 0.06 58 2.9x10°

DNPDI HMDS XA 4.7x10° 28-30  3.2x10°
HMDS A120 8.6x10°(0.011) 24-26  2.0x10°

HMDS A160 6.8x<10° 23-25  2.1x10°

OTS-C8 XA 0.025 16-18  1.7x10°

OTS-C8 A120 0.034 15-17  1.1<10°

Both compounds showed n-type FET behavior. For compound DBPDI, the

devices revealed an average electron mobility of 0.0046 cm?V*s™ (lon/loss =
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10°%) and 0.06 cm®V*s™ (lon/lofr = 10°) for HMDS and OTS treated substrates,
respectively. The device based on DNPDI displayed an average saturation
mobility of 0.011 cm?Vs™ (Ion/lofr = 10°%) and 0.034 cm?Vs™ (lon/los = 10°)
for HMDS and OTS treated substrates, respectively. As far as we know, this

series compounds should be first kinds of n-type pentalene based derivatives.

00um 00 ' 10.0um 0,0 —: 50 tn 0.0 ; 5.0 um
Figure 4.5 The AFM images of the thin film spin coated from CHCI; solution onto

OTS: DIDBP (a: before annealing; b: annealing at 120 °C) and DIDNP (c: before
annealing; d: annealing at 120 °C); (e-h) are the corresponding phase images.
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Figure 4.6 XRD patterns of DIDBP (a) and DIDNP (b) thin films on OTS-modified
substrates.

Thin film morphology and solid state microstructure were characterized by
tapping-mode atomic force microscopy and 2D X-ray diffraction. The thin

film exhibited plate-like crystals for DIDBP and large needle-like crystals for
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DIDNP (Figure 4.5). The XRD measurements of the thin films on OTS treated
substrates exhibited the primary peak at 20 = 5.8° and 4.5 which corresponds
to a d-spacing of 15.2 A and 19.6 A for DIDBP and DIDNP, respectively
(Figure 4.6). A lamellar packing structure was deduced from the diffraction
peaks. The more dense layer-like packing structure of DIDBP in the thin films

allows effective charge transport between the source and drain electrodes.

4.3 Summary

In this chapter, two new N, N’-dihexyl-dibenzopentalene dicarboximide
(DBPDI) and N, N’-dioctyl-dibenzopentalene dicarboximide (DNPDI) have
been successfully synthesized as new m-conjugated organic semiconducting
materials for organic field effect transistors (OFETSs). Both of them are soluble
in organic solvent and show good thermal stability. The thin film transistor test
indicated that the molecules DBPDI and DNPDI are both n-type
semiconductors. The DBPDI displayed the average electron mobility up to
0.06 cm?V's™ and loy/losr ratio of 1.0<10° without optimization, which is the
first n-type organic semiconductor based on pentalene unit. More effort will be

carried out for the optimization of the OFET devices in future.

4.4 Experiment section
4.4.1 General characterization method

All reagents were purchased from commercial sources and used without

further purification. *H and *C NMR spectra were recorded using an Advance
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500 MHz Bruker spectrometer in CDCl3 with tetramethylsilane (TMS) as the
internal standard. The chemical shift was recorded in ppm and the following
abbreviations are used to explain the multiplicities: s = singlet, d = doublet, t =
triplet, m = multiplet, br = broad. Column chromatography was performed on
silica gel 60 (Merck 40-60 nm, 230-400 mesh). EI mass spectra were
recorded on an Agilent 5975 C DIP/MS mass spectrometer. UV-vis absorption
was recorded on a Shimadzu UV-1700 spectrophotometer. Cyclic voltammetry
and differential pulse voltammetry measurements were performed in HPLC
grade chlorobenzene on a CHI 620C electrochemical analyzer with a
three-electrode cell, using 0.1 M BusNPFs as the supporting electrolyte,
AgCI/Ag as the reference electrode, a gold disk as the working electrode, Pt
wire as the counter electrode, and at a scan rate of 50 mV s™*. The potential
was externally calibrated against the ferrocene/ferrocenium couple.
Differential scanning calorimetry (DSC) was performed on a TA instrument
2920 at a heating/cooling rate of 10°C min™ under nitrogen flow. Anhydrous
dichloromethane (DCM) and N,N-dimethylformaldehyde (DMF) were
distilled from CaH,. Anhydrous acetic acid was distilled form acetic anhydride.
THF were distilled from sodium benzophenone immediately prior to use.
4.4.2 Synthesis

All reagents were purchased from commercial sources without further
purification. Anhydrous dichloromethane (DCM), N, N-dimethylformaldehyde

(DMF) was distilled from CaH,. Toluene and THF were distilled from
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sodium-benzophenone immediately prior to use.

Compound 4-2 5,6-dibromo-2-hexylisoindoline-1,3-dione

A mixture of 4-1 (4.0 g, 12.35 mmol) and thionyl chloride (6 mL) in 30 mL
dry dichloromethane was stirred overnight at reflux temperature under argon
atmosphere. After removing excessive thionyl chloride and solvent, the
yellowish solid was directly dissolved in 30 mL dry acetic acid and engaged in
next reaction. The hexyl amine (1.3 g, 13.58 mmol) was slowly added and the
mixture was heated to 135°C overnight under argon. The mixture was cooled
to room temperature and extracted with EtAc (50 mL >2). The combined
organic phase was washed with brine (100 mL >) and saturated NaHCO3
(100 mL) and dried over anhydrous Na,SO,. The organic solvent was removed
under reduced pressure and the residue was purified by column
chromatography (silica gel, DCM/Hexane= 1:5) to afford compound 4-2 (1.75
g) in 37% vyield. 'HNMR (500MZ, CDCls, ppm) & = 8.07 (s, 2H), 3.66 (t, J =
7.0 Hz, 2H), 1.33-1.25 (m, 8H), 0.87 (t, J = 7.0 Hz, 3H).*C NMR (CDCls,
125 MHz): 6 = 166.47, 131.87, 131.23, 128.33, 38.52, 31.28, 28.37, 26.46,
22.47, 13.95. HR MS (EI): calcd for Ci4H15BroNO, (M"), 386.9470; found,
386.9458 (error: -3.10 ppm).

Compound 4-3 5-bromo-2-hexyl-6-(phenylethynyl)isoindoline-1,3-dione

A suspension of Pd(PPh3),Cl, (135 mg, 5 mol%), Cul (36 mg, 5 mol%) and
4-2 (1.50 g, 3.88 mmol) were purged with argon. Dissolving the mixture with
20 mL of tetrahydrofuran (THF) and 20 mL of triethylamine (Et3N), the
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phenyl acetylene (0.435 g, 4.26 mmol) was slowly added to solution then the
mixture was stirred at 75°C overnight. After cooling down to room
temperature, the mixture was poured into EtOAc (100 mL) and washed with
10% hydrochloride solution (60 mL > 2). The organic layer was dried on
Na,SO, and concentrated under vacuum. Finally, the residue was purified by
column chromatography (silica gel, DCM/Hexane = 1:10) to give compound
4-3 (530 mg) in 34% yield. *HNMR (500MZ, CDCls, ppm) & = 8.07 (s, 1H),
7.97 (s, 1H), 7.62-7.60 (m, 2H), 7.45-7.38 (m, 3H), 3.67 (t, J = 7.0 Hz, 2H),
1.34-1.29 (m, 8H), 0.88 (t, J = 7.0 Hz, 3H). *C NMR (CDCls, 125 MHz): § =
167.15, 166.69, 131.96, 131.63, 131.29, 131.07, 130.82, 129.57, 128.56,
127.34, 127.26, 121.92, 98.70, 87.20, 38.45, 31.31, 28.44, 26.49, 22.49, 13.97.
HR MS (EI): calcd for CxHy0BrNO, (M), 409.0677; found, 409.0669 (error:
-1.96 ppm).

Compound DBPDI

A reaction flask was charged with hydroquinone (0.113 g, 1.20 mmol),
Cs,C0O3 (0.334 g, 1.02 mmol), CsF (0.171 g, 1.13 mmol), P(2-furyl); (15 mg,
0.08 mmol), and Pdy(dba); (15 mg, 0.02 mmol) and purged with argon. A
solution of 4-3 (0.200 g, 0.50 mmol) in 1,4-dioxane (15 mL) was injected into
the catalyst mixture with a syringe. The suspension was immediately heated to
135°C. After heating for 24 h the reaction mixture was diluted with CHCI; (25
mL), filtered through celite, and then concentrated to yield raw solid. After
purification via column chromatography (silica gel, DCM/Hexane = 1:4), the
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product was dissolved in CHCI3, precipitated in methanol/acetone = 3:2 and
filtered. This procedure was repeated for 3 times to give the purer product
DBPDI (12 mg) in 10% vyield for characterization. 'HNMR (500MZ, CDCls,
ppm) & = 7.64-7.57 (m, 10H), 7.56 (s, 2H), 7.49 (s, 2H), 3.61 (t, J = 7.0 Hz,
4H), 1.29-1.25 (m, 16H), 0.86 (t, J = 7.0 Hz, 6H). *C NMR (CDCls, 125
MHz): 6 = 168.17, 168.05, 154.70, 143.98, 143.44, 140.43, 132.51, 132.45,
131.77, 130.42, 129.47, 128.31, 117.70, 116.41, 38.11, 31.34, 28.50, 26.46,
22.48, 13.98. HR MS (EI): calcd for CsHiN,0, (M¥), 660.2988; found,
660.2994 (error: 0.91 ppm).

Compound 4-6 6,7-dibromo-2-octyl-1H-benzo|[f]isoindole-1,3(2H)-dione
Nal (1.55 g, 10.5 mmol) was added with stirring to a solution of 4-4 (1.20 g,
2.1 mmol) and N-octylmaleimide 4-5 (0.50 g, 239 mmol) in
N,N-dimethylacetamide (20 mL). The mixture was heated at 80°C for 12h.
The product was collected from the dark solution by filtration, and washed
with water and boiling dioxane to provide compound 4-6 (0.85 g) in 88%yield.
'HNMR (500MZ, CDCls, ppm) & = 8.33 (s, 2H), 8.20 (s, 2H), 3.74 (t, J = 7.0
Hz, 2H), 1.72-1.69 (m, 2H), 1.37-1.25 (m, 10H), 0.87 (t, J = 7.0 Hz, 3H). *C
NMR (CDCls, 125 MHz): 6=167.37, 134.79, 134.18, 129.12, 126.15, 123.27,
38.55, 31.75, 29.13, 28.48, 26.90, 22.60, 14.04. HR MS (EI): calcd for
C20H21BraNO, (M™), 464.9939; found, 464.9951 (error: 2.58 ppm).

Compound 4-7 6-bromo-2-octyl-7-(phenylethynyl)-1H-benzo[f]isoindole-
1,3(2H)-dione
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A suspension of Pd(PPhs),Cl, (65 mg, 5 mol%), Cul (15 mg, 5 mol%) and 4-6
(850 mg , 1.8 mmol) were purged with argon. Dissolving the mixture with 15
mL tetrahydrofuran (THF) and 15 mL triethylamine (Et3N), the phenyl
acetylene (180 mg, 1.8 mmol) was slowly added to solution then the mixture
was stirred at 75°C overnight. After cooling down to room temperature, the
mixture was poured into EtOAc (100 mL) and extracted with diluted
hydrochloride (60 mL >3). The organic layer was dried on Na,SO, and
concentrated under vacuum. Finally, the residue was purified by column
chromatography (silica gel, DCM/Hexane = 1:10) to give compound 4-7 (380
mg) in 43% yield. *HNMR (500MZ, CDCls, ppm) & = 8.31 (s, 1H), 8.25 (s,
1H), 8.23 (s, 1H), 8.20 (s, 1H), 7.65-7.63 (m, 2H), 7.42-7.40 (m, 3H), 3.74 (t,
J = 7.0 Hz, 2H), 1.72-1.68 (m, 2H), 1.35-1.26 (m, 10H), 0.88 (t, J = 7.0 Hz,
3H). °C NMR (CDCls, 125 MHz): & = 167.58, 167.49, 135.25, 134.28,
133.78, 133.12, 131.88, 129.24, 129.22, 128.82, 128.52, 126.37, 125.95,
123.94, 123.19, 122.30, 96.38, 87.42, 38.49, 31.75, 29.14, 28.50, 26.91, 22.60,
14.05. HR MS (EI): calcd for CogH26BrNO, (M™), 487.1147; found, 487.1136
(error: -2.26 ppm).

Compound DNPDI

A reaction flask was charged with hydroquinone (0.172 g, 1.83 mmol),
Cs,CO3 (0.508 g, 1.55 mmol), CsF (0.260 g, 1.72 mmol), P(2-furyl)s (23 mg,
0.12 mmol), and Pd,(dba); (23 mg, 0.026 mmol) and purged with argon. A
solution of 4-7 (0.372 g, 0.76 mmol) in 1,4-dioxane (20 mL) was injected into
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the catalyst mixture with a syringe. The suspension was immediately heated to
135°C. After heating for 24 h the reaction mixture was diluted with toluene (50
mL), filtered through celite, and then concentrated under the vacuum to yield
raw solid. After purification via column chromatography (silica gel,
DCM/Hexane = 1:4), the product was dissolved in CHCIs, precipitated in
methanol/acetone = 3:2 and filtered. This procedure was repeated for 3 times
to give the purer product DNPDI (75 mg) in 24% yield for characterization.
HNMR (500MZ, CDCls, ppm) 8=8.07 (s, 2H), 8.03 (s, 2H), 7.95 (s, 2H), 7.82
(d, J = 7.0 Hz, 4H), 7.72 (s, 2H), 7.69 (t, J = 7.0 Hz, 4H), 7.63 (t, J = 7.0 Hz,
2H), 3.70 (t, J = 7.0 Hz, 4H), 1.73-1.68 (m, 4H), 1.48-1.25 (m, 20H), 0.89 (t, J
= 7.0 Hz, 6H). *C NMR (CDCl;, 125 MHz): & = 167.85, 150.29, 144.83,
139.78, 136.67, 136.01, 134.77, 133.19, 129.80, 129.34, 129.03, 128.72,
124.86, 124.70, 123.45, 123.33, 38.41, 31.80, 29.17, 29.15, 28.58, 27.00,
22.59, 13.93. HR MS (EI): calcd for CsgHs:NoO, (M), 816.3927; found,

816.3908 (error: -2.33 ppm).
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Chapter 5. Soluble and Stable Z-Shaped

Pentaleno-diacenes

5.1 Introduction

In Chapter 1, we have known that chemists have developed several useful
methodologies for pentalene ring formation, and several uncomplicated
pentalene derivatives have been reported for organic electronic materials. In
chapters 2 - 4, we have also synthesized some p-type and n-type pentalene
containing molecules for OFET applications. In above three chapters, all the
target molecules are linear structures, e.g. pentalene ring internally fused with
one end of acenes or thienoacenes. Dibenzopentalenes, as a series of classical
internally fused systems, show promise for functionalization and posses good
stability and relatively low band gaps due to weak intramolecular charge
transfer character.” However, previous studies of the electron acceptor
behavior of cyclopenta-fused polycyclic aromatic hydrocarbons (CP-PAHS)
have shown that externally fused CP-PAHSs (five membered rings fused on
zig-zag edges of PAH) are often more capable electron acceptors than their
internally fused counterparts®, such as rubicenes and indenofluorenes.
Therefore, it is great interest for us to prepare pentaleno-diacenes with
pentalene unit fused on the zig-zag edges of acenes, which may show lower
band gap due to the enhanced intramolecular charge transfer character. Up to
now, the synthetic method for pentalene ring which is externally fused acenes

has not been reported. In this chapter, we designed suitable dibenzopentalenes
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as the starting materials to build up the expected pentaleno-diacenes. Their

synthesis, characterization and properties have been studied.

5.2 Results and discussion
5.2.1 Synthesis

The synthesis of pentaleno-dianthracene derivatives 5-1 is outlined in
Scheme 5.1. The methyl 2-((2-bromophenyl)ethynyl)benzoate 5-7,° methyl
3-(((trifluoromethyl)sulfonyl)oxy)-2-naphthoate 5-13* and
2,3-dibromo-9,10-dihydro-9,10-epoxyanthracene 5-22°> were prepared by
reported literature procedures. The Sonogashira coupling reaction between
compound 5-4 and 2-methylbut-3-yn-2-ol provided the compound 5-5 in 66%
yield. It is followed by deprotrction with KOH to give compound 5-6 in 65%
yield. The Sonogashira reaction between compound 5-6 and methyl
2-iodobenzoate gave the monomer 5-7 in 95% yield. Then Pd,(dba); catalyzed
dimerization reaction of 5-7 provided the dibenzopentalene 5-8 in 8% yield.
The di-ester 5-8 was hydrolyzed by LiOH to form diacid 5-9 in 90% vyield.
Thionyl chloride was used to treat 5-9 to give acyl chloride, it followed by
intramolecular Friedel-Crafts reaction to obtain the di-ketone 5-10 in 30%
yield. Lithium reagent of triisopropylsilyl acetylene was used to attack the
di-ketone 5-10 to provide the di-ol, which was treated with SnCl; to obtain the

target molecule 5-1 in 38% vyield.
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Scheme 5.1 Synthetic route of pentaleno-dianthracene 5-1

The synthesis of pentaleno-ditetracene derivatives 5-2 is outlined in Scheme
5.2. Esterification of compound 5-11 and subsequent introduction the
trifluoromethanesulfonate (OTf) group provided the compound 5-13 in total
72% yield. The Sonogashira reaction between compound 5-6 and compound
5-13 gave the 5-14 in 95% vyield. Then similar Pdy(dba); catalyzed
dimerization reaction was conducted to form the dibenzopentalene 5-15 in 15%
yield. It was followed by similar hydrolysis by LiOH and intramolecular
Friedel-Crafts reaction to give di-ketone 5-17 in 95% and 30% vyield,
respectively. Lithium reagent was used to attack the di-ketone 5-17 to provide
the di-ol, which was treated with SnCl, to obtain the target molecule 5-2a in

20% vyield and 5-2b in 60% vyield. Compound 5-2a has poor solubility in
109



common organic solvents, so ethynyl triisobutylsilane was introduced to
improve the solubility of pentaleno-ditetracene. In the following part, the
characterization and physical property studies will be mainly focused on

compound 5-2b.
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Scheme 5.2 Synthetic route of pentaleno-ditetracene 5-2

The synthesis of pentaleno-dipentacene derivatives 5-3 is outlined in
Scheme 5.3. 1-methoxy-1,3-dihydroisobenzofuran 5-21 was prepared from
compound 5-18 by esterification, followed by aldolization, reduction by
LiAIH, and rearrangement reactions in 77% total yield. It was then treated
with n-butyl lithium to give the isobenzofuran, which underwent Diels-Alder
addition  with  the in-situ  generated  dibromobenzyne  from
1,2,4,5-tetrabromobenzene to give the compound 5-22 in 25% vyield. The

Sonogashira reaction between compound 5-22 and triisopropylsilyl acetylene
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gave the compound 5-23 in 40% vyield. Treatment of 5-23 with zinc and
titanium tetrachloride produced compound 5-24 in 70% yield. Subsequent
reaction with n-butyl lithium and quenched with ethyl cyanoformate gave the
compound 5-25 in 65% vyield. Removed of triisopropylsilyl (TIPS) group in
5-25 was conducted by using tetra-n-butylammonium fluoride (TBAF) to give
5-26 in 85% yield. The Sonogashira reaction between compound 5-26 and
2-bromo-iodobenzene formed 5-27 in 85% yield. Similar Pd,(dba); catalyzed
dimerization of 5-27 was done to provide the dibenzopentalene 5-28 in 10%
yield. It was followed hydrolysis with NaOH and intramolecular
Friedel-Crafts reaction to give di-ketone 5-30 in 90% and 80% vyield,
respectively. Subsequent reaction between 5-30 and lithium reagent and
Grignard reagent did not produce the expected di-ol, but some complicated
products. The reaction conditions and synthetic routes need to be modified,

and the synthesis of pentaleno-dipentacene is still underway in our lab.
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Scheme 5.3 Synthetic route of pentaleno-dipentacene 5-3

5.2.2 Photophysical properties

The UV-vis absorption spectra of 5-1 and 5-2b were measured in
chloroform solution (Figure 5.1). The absorption maxima for 5-1 and 5-2 in
solutions are located at 252 and 285 nm, respectively. With extension of
acene length, this absorption band shows obvious red-shift by 32 nm. A
longer-wavelength shoulder with maxima at 567 and 665 nm was observed
for 5-1 and 5-2b, respectively. In addition, a broad band in range of
600-850 nm for 5-1 and 700-1050 nm for 5-2 was seen clearly, which is
due to intramolecular charge transfer character. The wavelength of

absorption maximum is red shift about 200nm. The optic energy band gaps
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derived from the onset of absorption edge are 1.09 and 0.94 eV for
compound 5-1 and 5-2b, respectively. No fluorescence was observed in the

detectable region for all compounds.
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Figure 5.1 UV-vis absorption spectra of 5-1 and 5-2b in chloroform (10 M)

5.2.3 Electrochemical properties

Cyclic voltommetry (CV) and differential pulse voltammetry (DPV) were
used to study the electrochemical properties of compounds 5-1 - 5-2b (Figure
5.2, Table 5.1). The potential was externally calibrated against the
ferrocene/ferrocenium couple. Three quasi-reversible oxidation waves with
half-wave potential E;,™ at 0.22, 0.44 and 1.00 V and two reversible
reduction waves with half-wave potential Ey,™ at -1.27 and -1.78 V were
observed for 5-1. Compound 5-2b showed three quasi-reversible oxidation
waves with E;,™ at 0.01, 0.29 and 0.67 V, and two reversible reduction waves
with E1,™ at -1.13 and -1.61 V. The HOMO and LUMO energy levels were

calculated using the following equations: HOMO = - [Ex,”™ + 4.8] eV,
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LUMO = - [Ere®™™® + 4.8] eV, where Eq,™ and E¢™™ are the onset of the
first oxidation and reduction wave, respectively. The HOMO/LUMO energy
levels are determined to be -4.95/-3.62 and -4.69/-3.75 eV for 5-land 5-2,
respectively. The corresponding electrochemical energy gaps EgEC
(LUMO-HOMO) are then estimated to be 1.33 eV and 0.94 eV for 5-1and 5-2.

They are consistent with their optical energy band gaps.
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Figure 5.2 (a) Cyclic voltammograms (CV) and (b) differential pulse voltammetry
(DPV) of compounds 5-1 and 5-2b in dry dichloromethane with 0.1 M BusNPF4 as
the supporting electrolyte, AgCI/Ag as reference electrode, Au as working electrode,
Pt wire as counter electrode, and a scan rate at 50 mV s*

Table 5.1 Summary of electrochemical data of compounds 5-1 and 5-2b

[o)'¢ red EC Opt

E HOMO LUMO E E

1/2 1/2 9 g9

) ) BV VT e ey

5-1 0.22,0.44,1.00 -1.27,-1.78 -4.95 -3.62 1.33 1.09
5-2b  0.01,0.29,0.67 -1.13,-1.61 -4.69 -3.75 0.94 0.94

5.2.4 DFT calculations

Density functional theory (DFT, B3LYP/6-31G*) calculations were
conducted to better understand the electronic and optical properties of these
Z-shaped pentaleno-diacenes. The calculated frontier molecular orbital

profiles are shown in Figure 5.3.
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Figure 5.3 LUMO and HOMO profiles of 5-1- 5-3.

It was found that the HOMOs of both molecules are delocalized along the Z
type framework while the LUMOs are mainly localized at the central
pentalene unit. Time-dependent (TD) DFT calculations predicted that both two
compounds should show three major absorption bands. The observed strongest
absorption band is mainly contributed by HOMO—LUMO+5 transition of 5-1
(282.0 nm, f = 0.3952) and HOMO—LUMO+6 transition of 5-2 ( 309.7 nm, f
= 0.3563). Their shoulder band around 500-600 nm for 5-1 and 600-700 nm
for 5-2 can be correlated to the HOMO-1—-LUMO transition (567.8 nm, f =
0.4741 for 5-1 based on DFT calculations) and HOMO-2—LUMO transition
(1655.7 nm, f = 0.2354 for 5-2 based on DFT calculations), respectively. Their
longest broad band can be correlated to the transition of HOMO—LUMO
(816.5 nm, f = 0.2354 for 5-1; 1009.7 nm, f = 0.3197 for 5-2 based on DFT
calculations).
5.2.5 Crystallographic analysis

Single crystals of 5-1 and 5-2b suitable for X-ray crystallographic analysis

were obtained by slow diffusion of methanol or acetonitrile into a THF
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solution.® (CCDC 1055934 for 5-1 and CCDC 1055935 for 5-2b) The
molecular structures and the packing motif for 5-1 is shown in Figure 5.4. The
3D packing of 5-1 can be figured out in a monoclinic unit cell (space group
P-1). There is no obvious 7m-n interactions between the pentaleno-dianthracene
units. 5-1 adopts a column-like stacking structure (Figure 5.4 (b)), and in each
column the molecules are packed in an alternating orthogonal arrangement.
The molecular structures and the packing motif for 5-2b is shown in Figure
5.5. The 3D packing of 5-2b can be figured out in a triclinic unit cell (space
group P-1). Compound 5-2b exhibits very unique 1D slip-stack (D-A) column

formation.

Figure 5.4 (a) ORTEP drawing of 5-1; (b) packing along the a-axis; (c) packing
column side view.

116



Figure 5.5 (a) ORTEP drawing of 5-2b; (b) packing along the a-axis; (c) packing
column side view
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5.3 Summary and outlook
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Scheme 5.4 Proposal synthetic route of pentaleno-dipentacene 5-3

In this chapter, we designed and synthesized the pentaleno-dianthracene 5-1
and pentaleno-ditetracene 5-2 successfully. The UV-vis absorption spectra
showed long wavelength absorption bands due to intramolecular charge
transfer character. They have small band gaps around 1.0 eV. TD-DFT
calculations suggested that the HOMOs of both molecules are delocalized
along the Z-shaped framework while the LUMOs are mainly localized at the
central pentalene unit. The single crystal of 5-1 was obtained. It has a planar

conformation, and adopted a column-like stacking structure.

118



The Synthetic route for pentaleno-dipentacene will be modified. As shown
in Scheme 5.4, the oxygen atoms will be removed after preparation of
diketone 5-36. Compound 5-36 can be considered as a modified 5-10, which
can react with lithium reagent or Grignard reagent to form diol 5-37. As a
result, the reaction from 5-36 to 5-37 may be successful. In the final step, the
oxygen atoms will be removed by using zinc and TiCl,to get target products.
The physical properties and applications of these pentaleno-diacenes will be

studied in the near future.

5.4 Experiment section
5.4.1 General characterization method

'H and **C NMR spectra were recorded using Advance 500 MHz Bruker
spectrometer in CDClI3 with tetramethylsilane (TMS) as the internal standard.
The chemical shift was recorded in ppm and the following abbreviations were
used to explain the multiplicities: s = singlet, d = doublet, t = triplet, m =
multiplet, br = broad. Column chromatography was performed on silica gel 60
(Merck 40-60 nm, 230-400 mesh). EI mass spectra were recorded on Agilent
5975C DIP/MS mass spectrometer. UV-vis absorption and fluorescence
spectra were recorded on a Shimadzu UV-1700 spectrophotometer and a
RF-5301 fluorometer, respectively. Cyclic voltammetry and differential pulse
voltammetry measurements were performed in HPLC grade chlorobenzene on
a CHI 620C electrochemical analyzer with a three-electrode cell, using 0.1 M

BusNPF; as supporting electrolyte, AgCI/Ag as reference electrode, gold disk
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as working electrode, Pt wire as counter electrode, and scan rate at 50 mV s™.
The potential was externally calibrated against the ferrocene/ferrocenium
couple. Thermogravimetric analysis (TGA) was carried out on a TA
instrument 2960 at a heating rate of 10 € min™ under nitrogen flow.
Differential scanning calorimetry (DSC) was performed on a TA instrument
2920 at a heating/cooling rate of 10 © min™ under nitrogen flow. GPC were
performed on a Waters 410 differential refractometer with two columns
connected in series with a THF (the mobile phase) flowing rate of 0.3 mL
min™*. Tapping-mode Atomic Force Microscopy (TM-AFM) was performed on
a Nanoscope V microscope (Veeco Inc.). X-ray diffraction (XRD) patterns of
the thin film were measured on a Bruker-AXS D8 DISCOVER with GADDS
X-ray diffractometer. Copper Ka line was used as a radiation source with A =

1.5418 A
5.4.2 Synthesis

All reagents were purchased from commercial sources without further
purification. Anhydrous dichloromethane (DCM), N, N-dimethylformaldehyde
(DMF) was distilled from CaH,. Toluene and THF were distilled from
sodium-benzophenone  immediately prior to use. The methyl
2-((2-bromophenyl)ethynyl)benzoate  5-7°, methyl  3-((2-bromophenyl)-
ethynyl)-2-naphthoate ~ 5-14* and  2,3-dibromo-9,10-dihydro-9,10-

epoxyanthracene 5-22° were prepared by following literature procedures.
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Compound 5-5 4-(2-bromophenyl)-2-methylbut-3-yn-2-ol

A mixture of compound 5-4 (20.0 g, 85.5 mmol ), 2-methylbut-3-yn-2-ol
(10.79 g, 128.3 mmol), Cul ( 0.244 g, 1.5%) and catalyst Pd(PPh3),Cl, (0.912
mg, 1.5%) in anhydrous THF (50 mL) and EtsN (50 mL) was degassed by
three freeze-pupm-thaw cycles. The mixture was stirred at 75 °C under argon
for overnight. The mixture was extracted with EtOAc (100 mL ). The
combined organic phase was washed with 10% m/m aqueous HCI solution (80
mL >2) and brine (80 mL x1). The organic phase was dried over anhydrous
Na,SO, and organic solvent was removed under reduced pressure. The crude
product was purified by column chromatography (EtAc /Hexane = 10:1) to
afford compound 5-5 (13.60 g) in 66% yield. *"H NMR (500 MHz, CDCls,
ppm): & = 7.57 (dd, J = 1.25, 8.2 Hz, 1H), 7.44 (dd, J = 1.25, 7.55 Hz, 1H),
7.24 (m, 1H), 7.15 (m, 1H), 2.17 (s, 1H), 1.65 (s, 6H); *C NMR (125 MHz,
CDCl3, ppm): 6 =133.19, 132.34, 129.42, 126.94, 125.71, 124.78, 98.42, 80.89,
65.74, 31.29. MS (EI): calcd for C1;H1.BrO (M™), 238.00; found, 238.2.
Compound 5-6 1-bromo-2-ethynylbenzene

Compound 5-5 (13.6 g, 56.8 mmol) was taken in dry toluene (100 mL) under
argon atmosphere. Powdered potassium hydroxide (5.8 g, 103.4 mmol) was
added to the reaction mixture. The reaction mixture was refluxed for 12 h
under argon. The reaction mixture was cooled to room temperature and
filtered off the solid residue. The filtrate was evaporated and residue purified
over flash column chromatography (Hexane) to afford compound 5-6 (6.69 g)
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in 65% yield. *H NMR (500 MHz, CDCls, ppm): § = 7.59 (d, J = 8.15 Hz, 1H),
7.53 (dd, J =1.9, 7.6 Hz, 1H), 7.27 (t, J = 7.25 Hz, 1H), 7.21 (m, 1H), 3.38 (s,
1H); **C NMR (125 MHz, CDCls, ppm): & =134.10, 132.46, 129.99, 127.01,
125.57, 124.29, 81.89, 81.78. MS (EI): calcd for CgHsBr (M™), 179.96; found,
180.10.

Compound 5-7 methyl 2-((2-bromophenyl)ethynyl)benzoate

A mixture of compound 5-6 (4.36 g, 24 mmol ), methyl 2-iodobenzoate (6.2 g,
24 mmol), Cul ( 0.137 g, 3%) and catalyst Pd(PPhs),Cl, (0.674 g, 4%) in
anhydrous THF (40 mL) and Et3N (20 mL) was degassed by three
freeze-pupm-thaw cycles. The mixture was stirred at 75 °C under argon for
overnight. The mixture was extracted with EtOAc (60 mL >2). The combined
organic phase was washed with 10% m/m aqueous HCI solution (50 mL >2)
and brine (50 mL x1). The organic phase was dried over anhydrous Na,SO,4
and organic solvent was removed under reduced pressure. The crude product
was purified by column chromatography (EtAc/Hexane = 1:10) to afford
compound 5-7 (7.08 g) in 95% yield. *"H NMR (500 MHz, CDCls, ppm): & =
7.55 (dd, J = 1.25, 7.55 Hz, 1H), 7.73 (m, 1H), 7.62 (m, 1H), 7.52 (m, 1H),
7.41 (m, 1H), 7.31 (m, 1H), 7.20 (m, 1H), 3.97 (s, 3H); *C NMR (125 MHz,
CDCl3, ppm): 8 =166.68, 134.35, 133.67, 132.45, 131.83, 131,71, 130.48,
129.63, 128.29, 127.05, 125.51, 125.49, 123.30, 92.73, 92.58, 52.31. MS (El):
calcd for C16H1:BrO, (M™), 313.99; found, 313.80.

Compound 5-8 dimethyl 2,2'-(indeno[2,1-a]indene-5,10-diyl)dibenzoate
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A reaction flask was charged with monomer 5-7(7.30 g 23 mmol),
hydroquinone (5.09 g, 46 mmol), Cs,CO3 (15.05 g, 46 mmol), CsF (7.72 g, 51
mmol), P(2-furyl); (0.64 g, 2.8 mmol), and Pd,(dba); (0.63 g, 0.7 mmol) and
then purged with argon. Anhydrous 1,4-dioxane (100 mL) was injected into
the reaction mixture and deoxygenated three freeze-pump-thaw cycles. The
suspension was immediately heated to135°C. After heating for 24 h the
reaction mixture was diluted with CHCI3 (25 mL), filtered through celite, and
then concentrated to yield raw solid. After purification via column
chromatography (silica gel, DCM/Hexane = 1:4), the product was dissolved in
CHCIs, precipitated in methanol and filtered to give the purer product 5-8 (435
mg) in 8% yield for characterization. 'H NMR (500 MHz, CDCls, ppm): & =
8.07 (d, J = 7.6 Hz, 2H), 7.67-7,59 (m, 4H), 7.55-7.50 (m, 2H), 6.85-6.79 (m,
4H), 6.79-6.73 (m, 2H), 6.61-6.56 (m, 2H), 3.68 (s, 3H), 3.66 (s, 3H) ; **C
NMR (125 MHz, CDCls, ppm): 6 = 167.92, 167.75, 150.63, 150.58, 143.35,
140.23, 140.12, 134.66, 134.50, 134.15, 132.23, 132.18, 130.85, 130.82,
130.77, 130.62, 130.44, 130.05, 128.55, 128.53, 127.83, 127.80, 126.98,
126.91, 121.86, 121.83, 121.34, 121.29, 52.31, 52.20. HRMS (El): calcd for
C32H2,04 (M), 470.1518; found, 470.1519 (error: 0.23 ppm).

Compound 5-9 2,2'-(indeno[2,1-a]indene-5,10-diyl)dibenzoic acid

A suspension of compound 5-8 (1.18 g, 2.5 mmol) and LiOH (1.20 g, 50
mmol) in dioxane (30 mL) and water (33 mL) was heated to reflux for
overnight under argon. After mixture cooled to room temperature and the
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reaction mixture was poured into water. The concentration HCI was added into
the water mixture and the di-acid compound 5-9 precipitated out. Then filtered
and washed the solid by water and dichloromethane to obtain the compound
5-9 (0.99 g) in 90% yield. The compound 5-9 can’t dissolve into common
organic solvent so we did the following step directly without NMR
characterization. HRMS (MALDI-TOF): calcd for C3Hig04 (M™), 442.1205;
found, 442.1192 (error: -2.94 ppm).

Compound 5-10 aceanthryleno[2,1-a]aceanthrylene-5,13-dione

To a suspension of acid 5-9 (1.51 g, 4.7 mmol) in anhydrous dichloromethane
(35 mL) was added the thionyl chloride (2 mL, 19.8 mmol). The mixture was
heated to 60 °C for overnight under argon, and then cooled to room
temperature. The solvent and excess thionyl chloride was removed in vacuum.
The anhydrous dichloromethane (20 mL) and AICI; (30 mL) were added in ice
bath and the mixture was warmed to room temperature naturally. After stirring
for overnight under argon, the 10% m/m aqueous HCI solution (20 mL) was
added to quench the reaction. Then the solid was filtered and washed by the
solvents (10% m/m HCI, methanol, acetone, dichloromethane, THF) to give
the di-ketone compound 5-10 (0.42 g) in 30% yield. The compound 5-9 can’t
dissolve into common organic solvent so we did the following step directly
without NMR characterization. HRMS (EI): calcd for CsoH140, (M7),
406.0994; found, 406.0975 (error: -4.68 ppm).

Compound 5-1 5,13-bis((triisopropylsilyl)ethynyl)aceanthryleno-
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[2,1-a]aceanthrylene

To a dried 50 ml round bottle flask was added Triisopropylsilyl acetylene (370
mg, 2 mmol) and anhydrous THF (20 mL).Then butyl lithium (1.6 M, mL)
was added dropwise via syringe in ice bath. The mixture was stirred for 2
hours at room temperature. Then 50 mg (0.05 mmol) of the di-ketone 5-10
was added to the solution and the mixture was stirrred for 12 hours at room
temperature in the dark. The reaction was quenched by H,O (1 ml) and then
the SnCl; (g) was added. The reaction mixture was stirred at room temperature
for 12 hours under argon. The mixture was extracted with dichloromethane
(60 mL >2). The combined organic phase was washed with 10% m/m aqueous
HCI solution (50 mL >2) and brine (50 mL x1). The organic phase was dried
over anhydrous Na,SO, and organic solvent was removed under reduced
pressure. The crude product was purified by column chromatography
(DCM/Hexane = 4:1) to afford compound 5-1 (0.92 g) in 38% yield. 'H NMR
(500 MHz, CDCls, ppm): 6 = 8.54 (d, J = 7.75 Hz, 2H), 8.11 (d, J = 8.5 Hz,
2H), 8.04 (d, J = 7.5 Hz, 2H), 7.70 (d, J = 6.5 Hz, 2H), 7.46 (m, 4H), 7.35 (t, J
= 7.5 Hz), 1.65-1.55 (br, 42H); 3C NMR (125 MHz, CDCls, ppm): 5 = 143.45,
135.13, 133.57, 131.84, 130.69, 128.85, 128.45, 127.78, 127.67, 127.36,
127.03, 126.87, 126.11, 125.92, 119.77, 104.70, 104.00, 19.00, 11.65. HRMS

(APCI): calcd for CsyHs;Sio (M+H™), 737.3993; found, 737.4009 (error: 2.17

ppm).
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Compound 5-12 methyl 3-hydroxy-2-naphthoate

To a solution of compound 11 (18.80g, 100 mmol) in methanol (100 mL) was
added con. H,SO,4 (2 mL). After reflux overnight, the reaction mixture cooled
to room temperature. The mixture was extracted with EtOAc (80 mL >2). The
combined organic phase was washed brine (60 mL >2). The organic phase was
dried over anhydrous Na,SO, and organic solvent was removed under reduced
pressure. The crude product was purified by column chromatography
(EtAc/Hexane = 10:1) to afford compound 5-12 (16.18 g) in 80% yield. 'H
NMR (500 MHz, CDCls, ppm): & = 10.43 (s, 1H), 8.49 (s, 1H), 7.80 (d, J =
8.15 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.52-7.46 (m, 1H), 7.34-7.28 (m, 2H),
4.03 (s, 3H); *C NMR (125 MHz, CDCls, ppm): & = 170.28, 156.28, 137.91,
132.43, 129.20, 127.03, 126.30, 123.93, 114.18, 111.67, 52.55. MS (EI): calcd
for C12H1003 (M™), 202.06 found, 202.20.

Compound 5-13 methyl 3-(((trifluoromethyl)sulfonyl)oxy)-2-naphthoate

To a solution of compound 5-12 (15.46 g, 76.6 mmol) in 150 mL of dry
dichloromethane was cooled to 0 °C. Dry pyridine (12.7 mL) and
trifluoromethanesulfonic anhydride (15.5 mL, 92.2 mmol) were then added
sequentially to the stirred solution. After the addition, the reaction mixture was
warmed up to room temperature and stirred for 5 h until the phenol was fully
consumed (monitored by TLC). The mixture was extracted with EtOAc (80
mL >2). The combined organic phase was washed brine (60 mL >2). The
organic phase was dried over anhydrous Na,SO, and organic solvent was
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removed under reduced pressure. The crude product was purified by column
chromatography (EtAc/Hexane = 10:1) to afford compound 5-13 (23.03 g) in
90% vyield. *H NMR (500 MHz, CDCls, ppm): & = 8.66 (s, 1H), 7.99 (d, J =
8.2 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.75 (s, 1H), 7.69 (t, J = 7.55 Hz, 1H),
7.64 (t, J = 7.6 Hz, 1H), 4.02 (s, 3H); *C NMR (125 MHz, CDClg, ppm): & =
164.41, 144.77, 134.98, 134.86, 131.39, 129.78, 129.13, 128.09, 127.73,
121.99, 121.04, 52.70. MS (EI): calcd for Ci3HgF30sS (M™), 334.01 found,
334.10.

Compound 5-14 methyl 3-((2-bromophenyl)ethynyl)-2-naphthoate

A mixture of compound 5-6 (3.98 g, 22 mmol ), compound 5-13 (6.69 g, 20
mmol), Cul ( 0.114 g, 3%) and catalyst Pd(PPh3),Cl, (0.561 g, 4%) in
anhydrous THF (40 mL) and DMF (40 mL) was degassed by three
freeze-pupm-thaw cycles. The mixture was stirred at room temperature under
argon for overnight. The mixture was extracted with EtOAc (60 mL >2). The
combined organic phase was washed with brine (50 mL >2) and 10% m/m
aqueous HCI solution (50 mL x1). The organic phase was dried over
anhydrous Na,SO,4 and organic solvent was removed under reduced pressure.
The crude product was purified by column chromatography (EtAc/Hexane =
1:10) to afford compound 5-14 (7.08 g) in 95% yield. '"H NMR (500 MHz,
CDCls, ppm): 8 = 8.54 (s, 1H), 8.23 (s, 1H), 7.68-7.53 (m, 4H), 7.32 (td, J =
1.0, 7.5 Hz, 1H), 7.20 (td, J = 1.5, 7.5 Hz, 1H), 4.02 (s, 3H); *C NMR (125
MHz, CDCls;, ppm): 6 = 166.77, 134.65, 134.26, 133.66, 132.44, 131.98,
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131.83, 129.48, 128.97, 128.77, 128.43, 127.61, 127.48, 127.05, 125.70,
125.42, 119.05, 93.01, 91.61, 52.40. HRMS (EI): calcd for CxH13BrO; (MY,
364.0099; found, 364.0099 (error: -0.01 ppm).

Compound 5-15 dimethyl 3,3'-(indeno[2,1-a]indene-5,10-diyl)-
bis(2-naphthoate)

A reaction flask was charged with monomer 5-14 (3.65 g 10 mmol),
hydroquinone (2.26 g, 20 mmol), Cs,CO;3 (6.68 g, 20 mmol), CsF (3.42 g, 22
mmol), P(2-furyl); (0.18 g, 0.8 mmol), and Pd,(dba); (0.25 g, 0.3 mmol) and
then purged with argon. Anhydrous 1,4-dioxane (50 mL) was injected into the
reaction mixture and deoxygenated three freeze-pump-thaw cycles. The
suspension was immediately heated to135°C. After heating for 24 h the
reaction mixture was diluted with CHCI3 (20 mL), filtered through celite, and
then concentrated to yield raw solid. After purification via column
chromatography (silica gel, DCM/Hexane = 1:4), the product was dissolved in
CHCIs, precipitated in methanol and filtered to give the purer product 5-15
(460 mg) in 15% yield for characterization. *H NMR (500 MHz, CDCls, ppm):
& =8.65 (s, 2H), 8.17 (s, 1H), 8.12 (s, 1H), 8.03 (d, J = 8.0 Hz, 2H), 7.93 (dd,
J = 3.0, 8.0 Hz, 2H), 7.69-7,60 (m, 4H), 6.90 (dd, J = 3.0, 7.5 Hz, 2H),
6.84-6.79 (m, 2H), 6.84-6.79 (m, 2H),6.78-6.73 (m, 2H), 6.68-6.63 (m, 2H),
3.78 (s, 3H), 3.73 (s, 3H) ; *C NMR (125 MHz, CDCl,, ppm): & = 167.94,
167.74, 151.02, 150.93, 143.45, 143.39, 140.36, 140.28, 134.79, 134.73,
134.42, 134.38, 132.32, 132.30, 132.25, 132.19, 130.76, 130.65, 129.95,
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129.57, 129.02, 128.99, 128.64, 128.62, 128.53, 128.29, 127.92, 127.90,
127.79, 127.74,127.34, 127.00, 126.92, 121.83, 121.79, 121.41, 121.36, 52.46,
52.33. HRMS (EI): calcd for CaH,,04 (MY), 470.1518; found, 470.1536 (error:
0.85 ppm).

Compound 5-16 3,3'-(indeno[2,1-a]indene-5,10-diyl)bis(2-naphthoic acid)
A suspension of compound 5-15 (1.21 g, 2.1 mmol) and LiOH (1.0 g, 42
mmol) in dioxane (30 mL) and water (33 mL) was heated to reflux for
overnight under argon. After mixture cooled to room temperature and the
reaction mixture was poured into water. The concentration HCI was added into
the water mixture and the di-acid compound 5-16 precipitated out. Then
filtered and washed the solid by water and dichloromethane to obtain the
compound 5-16 (1.04 g) in 90% vyield. The compound 5-16 can’t dissolve into
common organic solvent so we did the following step directly without NMR
characterization. HRMS (MALDI-TOF): calcd for CsgH»,04 (M"), 542.1518;
found, 542.1495 (error: -4.24 ppm).

Compound 5-17 pentaleno[1,2,3-de:4,5,6-d'e']ditetracene-1,11-dione

To a suspension of acid 5-16 (0.27 g, 0.5 mmol) in anhydrous
dichloromethane (20 mL) was added the thionyl chloride (1.5 mL). The
mixture was heated to 60 °C for overnight under argon, and then cooled to
room temperature. The solvent and excess thionyl chloride was removed in
vacuum. The anhydrous dichloromethane (20 mL) and AICl3 (0.28 g, 2 mmol)
were added in ice bath and the mixture was warmed to room temperature
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naturally. After stirring for overnight under argon, the 10% m/m aqueous HCI
solution (20 mL) was added to quench the reaction. Then the solid was filtered
and washed by the solvents (10% m/m HCI, methanol, acetone,
dichloromethane, THF) to give the di-ketone compound 5-17 (0.10 g) in 40%
yield. The compound 17 can’t dissolve into common organic solvent so we did
the following step directly without NMR characterization. HRMS
(MALDI-TOF): calcd for CagH10, (M*), 506.1307; found, 506.1287 (error:
-3.98 ppm).

Compound 5-2a 1,11-bis((triisopropylsilyl)ethynyl)pentaleno-
[1,2,3-de:4,5,6-d’e']ditetracene

To a dried 50 ml round bottle flask was added triisopropylsilyl acetylene (760
mg, 4 mmol) and anhydrous THF (30 mL).Then butyl lithium (1.6 M, 2.2 mL)
was added dropwise via syringe in ice bath. The mixture was stirred for 2
hours at room temperature. Then 150 mg (0.3 mmol) of the di-ketone 5-17
was added to the solution and the mixture was stirrred for 12 hours at room
temperature in the dark. The reaction was quenched by H,O (1 ml) and then
the SnCl; (g) was added. The reaction mixture was stirred at room temperature
for 12 hours under argon. The mixture was extracted with dichloromethane
(60 mL >2). The combined organic phase was washed with10% m/m aqueous
HCI solution (50 mL >2) and brine (50 mL x1). The organic phase was dried
over anhydrous Na,SO, and organic solvent was removed under reduced
pressure. The crude product was purified by column chromatography
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(DCM/Hexane = 4:1) to afford compound 5-2a (50 mg) in 20% yield. *H
NMR (500 MHz, Dg-THF, ppm): & = 9.55 (s, 2H), 9.48 (s, 2H), 8.88 (d, J =
6.5 Hz, 2H), 8.62 (d, J = 8.5 Hz, 2H), 8.41 (d, J = 8.5 Hz, 2H), 8.14 (d, J = 8.5
Hz, 2H), 7.98 (t, J = 7.75 Hz, 2H), 7.70 (t, J = 7.25 Hz, 2H), 7.65 (t, J = 7.5
Hz, 2H), 1.62-1.58 (m, 42H). HRMS (MALDI-TOF): calcd for Cs,HseSi> (M),
736.3921; found, 736.3897 (error: -3.26 ppm).

Compound 5-2b 1,11-bis((triisopropylsilyl)ethynyl)pentaleno-
[1,2,3-de:4,5,6-d’e']ditetracene

To a dried 50 ml round bottle flask was added ethynyl triisobutylsilane (250
mg, 1.1 mmol) and anhydrous THF (20 mL).Then butyl lithium (1.6 M, 0.6
mL) was added dropwise via syringe in ice bath. The mixture was stirred for 2
hours at room temperature. Then 40 mg (0.8 mmol) of the di-ketone 5-17 was
added to the solution and the mixture was stirrred for 12 hours at room
temperature in the dark. The reaction was quenched by H,O (1 ml) and then
the SnCl; (g) was added. The reaction mixture was stirred at room temperature
for 12 hours under argon. The mixture was extracted with dichloromethane
(60 mL >2). The combined organic phase was washed with 10% m/m aqueous
HCI solution (50 mL >2) and brine (50 mL x1). The organic phase was dried
over anhydrous Na,SO, and organic solvent was removed under reduced
pressure. The crude product was purified by column chromatography
(DCM/Hexane = 4:1) to afford compound 5-2b (45 mg) in 60% yield. *H
NMR (500 MHz, Dg-THF, ppm): 5 = 9.25 (s, 2H), 8.81 (s, 2H), 8.38 (d, J =
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8.5 Hz, 2H), 8.22 (br, 2H), 7.99 (d, J = 7.5 Hz, 2H), 7.91 (d, J = 8.0 Hz, 2H),
7.66 (t, J = 7.25 Hz, 2H), 7.56-7.48 (m, 4H), 2.50-2.44 (m, 6H), 1.47-1.44 (br,
36H), 1.28-1.23 (br, 12H). HRMS (MALDI-TOF);: calcd for CegH72Si, (M),
920.5173; found, 920.5186 (error: 1.41 ppm).

Compound 5-19 methyl 2-(dimethoxymethyl)benzoate

To a suspension of 2-carboxybenzaldehyde (15.5 g, 100 mmol), trimethyl
orthoformate (51 mL, 470 mmol) and Dowex 50W-X8 resin (7.7 g) in dry
methanol (150 mL). The reaction mixture was refluxed with stirring for 15 h
under argon. The mixture was cooled and filtered and the solvent removed on
a rotary evaporator. The residue, an oil, was purified by flash column
chromatography (EtAc/Hexane = 1:5) to afford compound 5-19 (20.6 g) in 95%
yield. *H NMR (500 MHz, CDCls, ppm): & = 7.78 (dd, J = 1.3, 8.2 Hz, 1H),
7.73 (d, J = 8.2 Hz, 1H), 7.50 (td, J = 1.25, 7.55 Hz, 1H), 7.37 (td, J = 1.25,
7.55 Hz, 1H), 3.90 (s, 3H), 3.37 (s, 6H); *C NMR (125 MHz, CDCls, ppm): &
= 168.25, 138.74, 131.38, 130.20, 129.76, 128.20, 126.91, 100.89, 53.96,
52.07. MS (EI): calcd for C11H1404 (M™), 210.09 found, 210.20.

Compound 5-20 1-(dimethoxymethyl)-2-(methoxymethyl)benzene

To a suspension of LiAIH,4 (4.9 g, 128 mmol) in anhydrous THF (60 mL) was
added dropwise the solution of compound 5-19 in anhydrous THF (60 mL) at
room temperature. The mixture was stirred at room temperature for 12 h. After
hydrolysis with water and dilution with ether, the decanted ether solution was
dried by Na,S0, and organic solvent was removed under reduced pressure.
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The crude product was purified by column chromatography (EtAc/Hexane =
1:8) to afford compound 5-20 (16.4 g) in 90% vyield. *"H NMR (500 MHz,
CDCls, ppm): & = 7.51 (dd, J = 1.9, 7.55 Hz, 1H), 7.38 (dd, J = 1.9, 7.55 Hz,
1H), 7.36-7.30 (m, 2H), 5.50 (s, 1H), 4.70 (d, J = 6.3 Hz, 1H), 3.36 (s, 6H),
3.16 (t, J = 6.0 Hz, 1H); *C NMR (125 MHz, CDCl;, ppm): 5 = 138.98,
135.63, 130.00, 129.09, 127.50, 127.43, 103.30, 63.27, 53.50. MS (El): calcd
for C11H1605 (M™), 196.11 found, 196.10.

Compound 5-21 1-methoxy-1,3-dihydroisobenzofuran

To a suspension of compound 5-20 (16.0 g, 88 mmol) and Dowex 50W-X8
resin (8.5 g) in dry methanol (150 mL) was stirring for 12 h under argon. The
reaction mixture filtered and the solvent removed on a rotary evaporator. The
residue, an oil, was purified by column chromatography (EtAc/Hexane = 1:10)
to afford compound 5-21 (11.8 g) in 90% vyield. *H NMR (500 MHz, CDCls,
ppm): & =7.40 (d, J = 6.9 Hz, 1H), 7.39-7.30 (m, 2H), 7.27 (d, J = 8.2 Hz, 1H),
6.19 (d, J = 2.5 Hz, 1H), 5.22 (d, J = 12.6 Hz, 1H), 5.05 (d, J = 13.25 Hz, 1H),
3.44 (s, 3H); *C NMR (125 MHz, CDCls, ppm): & = 139.94, 137.31, 129.18,
127.65, 122.94, 121.00, 107.58, 72.33, 54.20. MS (EI): calcd for CgH100,
(M*), 150.07 found, 150.20.

Compound 5-22 2,3-dibromo-9,10-dihydro-9,10-epoxyanthracene

To a solution of compound 5-21 (8.55 g, 56 mmol) in toluene (110 mL),
diisopropylamine (0.4 mL, 2.8 mmol) was added, and then butyl lithium (1.6
M, 36 mL) was added dropwise at ice bath. The mixture was stirred at room
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temperature for 3 hours. Then 1,2,4,5-tetrabromobenzene (22.3 g, 56 mmol)
was added, and the mixture was cooled to -50 °C and butyl lithium (1.6 M, 36
mL) was added over 30 minutes. After addition, the mixture warmed to room
temperature and stirred for overnight. The mixture was extracted with
chloroform (80 mL >2). The combined organic phase was washed with brine
(60 mL >3). The organic phase was dried over anhydrous Na,SO,4 and organic
solvent was removed under reduced pressure. The crude product was purified
by column chromatography (CH,Cl,/Hexane = 1:5) to afford compound 5-22
(4.9 ) in 25% vyield. *H NMR (500 MHz, CDCls, ppm): 5 = 7.56 (s, 2H), 7.33
(dd, J = 3.15, 5.05 Hz, 2H), 7.06 (dd, J = 3.15, 5.0 Hz, 2H), 6.02 (s, 2H); °C
NMR (125 MHz, CDCls, ppm): 6 = 149.25, 146.87, 126.54, 125.68, 121.61,
120.73, 82.03. MS (EI): calcd for C14HgBr,0 (M™), 349.89; found, 349.90.
Compound  5-23  ((3-bromo-9,10-dihydro-9,10-epoxyanthracen-2-yl)-
ethynyl)triisopropylsilane

A mixture of compound 5-22 (2.0 g, 5.7 mmol ), triisopropylsilyl acetylene
(1.1 g, 6.2 mmol), Cul ( 32 mg, 3%) and catalyst Pd(PPhs).Cl, (206 mg, 5%)
in anhydrous THF (20 mL) and EtsN (20 mL) was degassed by three
freeze-pupm-thaw cycles. The mixture was stirred at 75 °C under argon for
overnight. The mixture was extracted with EtOAc (50 mL >2). The combined
organic phase was washed with brine (50 mL >2) and 10% m/m aqueous HCI
solution (50 mL x1). The organic phase was dried over anhydrous Na,SO, and
organic solvent was removed under reduced pressure. The crude product was
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purified by column chromatography (DCM/Hexane = 10:1) to afford
compound 5-23 (1.0 g) in 40% yield. *H NMR (500 MHz, CDCls, ppm): & =
7.52 (s, 1H), 7.44 (s, 1H), 7.32 (dd, J = 3.5, 5.5 Hz, 2H), 7.04 (dd, J = 3.0, 5.5
Hz, 2H), 6.02 (s, 2H), 1.13-1.11 (br, 21H); *C NMR (125 MHz, CDCl3, ppm):
0 = 149.80, 147.12, 147.11, 146.82, 126.47, 126.41, 125.23, 124.64, 123.48,
122.69, 120.69, 120.61, 105.03, 95.92, 82.12, 18.64, 11.26. HRMS (El): calcd
for CsH29BroSi (M*), 452.1171; found, 452.1167 (error: -0.83 ppm).
Compound 5-24 ((3-bromoanthracen-2-yl)ethynyl)triisopropylsilane

To an ice cold suspension of Zn dust (1.7 g, 26 mmol) in THF (20 mL) was
carefully added TiCl, (3.6 mL, 32 mmol) under argon, and the reaction
mixture was heated to reflux for 5 minutes. Then the mixture was cooled to 0
°C and a solution of compound 5-23 (2.7 g, 6 mmol) in THF (20 mL) was
added dropwise. After addition, the mixture was reflux overnight. Cooled
down the reaction to room temperature and poured into cold 10% m/m
aqueous HCI solution (40 mL). The mixture was extracted with chloroform
(60 mL >2). The combined organic phase was washed with brine (50 mL >2)
and 10% m/m aqueous HCI solution (50 mL x1). The organic phase was dried
over anhydrous Na,SO, and organic solvent was removed under reduced
pressure. The crude product was purified by column chromatography
(CH,Cly/Hexane = 1:3) to afford compound 5-24 (1.8 g) in 70% yield. *H
NMR (500 MHz, CDCls, ppm): & = 8.33 (s, 1H), 8.26 (s, 1H), 8.23 (s, 1H),
8.21 (s, 1H), 7.97 (dd, J = 3.0, 6.5 Hz, 2H), 7.49 (dd, J = 3.0, 6.5 Hz, 2H),

135



1.22-1.20 (br, 21H); **C NMR (125 MHz, CDCls, ppm): & = 134.19, 132.51,
132.06, 131.23, 130.84, 129.54, 128.36, 128.14, 126.36, 126.00, 125.22,
122.24,121.14, 105.26, 96.20, 18.73, 11.40. HRMS (EI): calcd for C5H,9BrSi
(M™), 436.1222; found, 436.1221 (error: -0.21 ppm).

Compound 5-25 ethyl 3-((triisopropylsilyl)ethynyl)-anthracene-
2-carboxylate

To a solution of compound 5-24 (0.22 g, 0.5 mmol) in anhydrous THF (20
mL), n-BuLi (1.6 M in hexane, 0.35 mL) was slowly added at -78 °C under
argon. The reaction mixture was stirred for 1 h. Ethyl cyanoformate (55 mg,
0.55 mmol) was added by syringe at -78 °C. The reaction was slowly warmed
to room temperature and stirred overnight. The reaction was quenched by
water at 0 °C. The mixture was extracted with dichloromethane (50 mL >2).
The combined organic phase was washed with brine (50 mL >2) and 10% m/m
aqueous HCI solution (50 mL x1). The organic phase was dried over
anhydrous Na,SO,4 and organic solvent was removed under reduced pressure.
The crude product was purified by column chromatography (EtAc/Hexane =
1:10) to afford compound 5-25 (0.14 g) in 65% yield. 'H NMR (500 MHz,
CDCls, ppm): & = 8.58 (s, 1H), 8.47 (s, 1H), 8.38 (s, 1H), 8.28 (s, 1H),
8.02-7.98 (m, 2H), 7.54-7.47 (m, 2H), 4.47 (g, J = 7.0 Hz, 2H), 1.46 (t, J =
7.25 Hz, 3H), 1.21-1.19 (br, 21H); 3C NMR (125 MHz, CDCls, ppm): & =
166.60, 135.79, 133.18, 132.46, 132.04, 131.29, 129.33, 128.99, 128.44,
128.34, 128.04, 126.64, 126.22, 125.97, 118.31, 105.72, 95.03, 61.28, 18.74,
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14.40, 11.46. HRMS (EI): calcd for CagH340,Si (M"), 430.2328; found,
430.2330 (error: 0.55 ppm).

Compound 5- 26 ethyl 3-ethynylanthracene-2-carboxylate

To a solution of compound 5-25 (1.55 g, 3.6 mmol) in anhydrous THF (50
mL), TBAF (1 M in THF, 4.2 mL) was slowly added at 0 °C under argon. The
reaction mixture was stirred for 1 h. at room temperature. The mixture was
extracted with dichloromethane (50 mL >2). The combined organic phase was
washed with brine (50 mL >2) and 10% m/m aqueous HCI solution (50 mL
x1). The organic phase was dried over anhydrous Na,SO,4 and organic solvent
was removed under reduced pressure. The crude product was purified by
column chromatography (EtAc/Hexane = 1:10) to afford compound 5-26 (0.84
g) in 85% yield. *H NMR (500 MHz, CDCls, ppm): & = 8.69 (s, 1H), 8.50 (s,
1H), 8.38 (s, 1H), 8.31 (s, 1H), 8.04-7.99 (m, 2H), 7.56-7.49 (m, 2H), 4.48 (q,
J =75 Hz, 2H), 3.41 (s, 1H), 1.48 (t, J = 7.0 Hz, 3H); **C NMR (125 MHz,
CDCl3, ppm): & = 166.17, 136.22, 133.31, 132.86, 132.61, 131.18, 129.37,
128.46, 128.36, 128.31, 127.96, 126.86, 126.42, 126.13, 117.18, 82.69, 80.94,
61.41, 14.29. HRMS (EI): caled for CioH140, (MY), 274.0994; found,
274.0982 (error: -4.17 ppm).

Compound  5-27  ethyl  3-((2-bromophenyl)ethynyl)-anthracene-2-
carboxylate

A mixture of compound 5-26 (1.07 g, 3.9 mmol ), 2-bromo-iodobenzene (1.16
g, 4 mmol), Cul ( 23 mg, 3%) and catalyst Pd(PPhs),Cl, (0.14 g, 5%) in
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anhydrous THF (20 mL) and Et3N (20 mL) was degassed by three
freeze-pupm-thaw cycles. The mixture was stirred at 75 °C under argon for
overnight. The mixture was extracted with EtOAc (60 mL >2). The combined
organic phase was washed with brine (50 mL >2) and 10% m/m aqueous HCI
solution (50 mL x1). The organic phase was dried over anhydrous Na,SO, and
organic solvent was removed under reduced pressure. The crude product was
purified by column chromatography (EtAc/Hexane = 1:10) to afford
compound 5-27 (1.10 g) in 80% yield. *H NMR (500 MHz, CDCls, ppm): & =
8.72 (s, 1H), 8.51 (s, 1H), 8.42 (s, 1H), 8.40 (s, 1H), 8.02 (d, J = 6.5 Hz, 2H),
7.69-7.63 (m, 2H), 7.56-7.50 (m, 2H), 7.33 (td, J = 0.5, 7.5 Hz, 1H), 7.20 (td,
J =15, 7.75 Hz, 1H), 451 (g, J = 7.5 Hz, 2H), 1.47 (t, J = 7.0 Hz, 3H); **C
NMR (125 MHz, CDCls, ppm): 6 = 166.34, 135.32, 133.50, 133.33, 132.93,
132.55, 132.44, 131.36, 129.39, 128.47, 128.37, 128.31, 127.91, 127.05,
126.80, 126.35, 126.23, 125.80, 125.51, 117.90, 93.43, 91.61, 61.38, 14.42.
HRMS (EI): calcd for CysHq7BrO, (M*), 428.0412; found, 428.0406 (error:
-1.44 ppm).

Compound 5-28 diethyl 3,3'-(indeno[2,1-a]indene-5,10-diyl)-
bis(anthracene-2-carboxylate)

A reaction flask was charged with monomer 5-27 (0.50 g 1.2 mmol),
hydroquinone (0.27 g, 2.4 mmol), Cs,CO3 (0.80 g, 2.4 mmol), CsF (0.41 g,
2.6 mmol), P(2-furyl)s (36 mg, 0.14 mmol), and Pd,(dba); (36 mg, 0.04 mmol)
and then purged with argon. Anhydrous 1,4-dioxane (20 mL) was injected into
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the reaction mixture and deoxygenated three freeze-pump-thaw cycles. The
suspension was immediately heated to135°C. After heating for 24 h the
reaction mixture was diluted with CHCI3 (10 mL), filtered through celite, and
then concentrated to yield raw solid. After purification via column
chromatography (silica gel, DCM/Hexane= 1:3), the product was dissolved in
CHCIs, precipitated in methanol and filtered to give the purer product 5-28 (42
mg) in 10% yield for characterization. *H NMR (500 MHz, CDCls, ppm): & =
8.87 (d, J = 3.0 Hz, 2H), 8.65 (s, 2H), 8.50 (s, 2H), 8.30 (d, J = 14.5 Hz, 2H),
8.08 (dd, J = 9.5, 16.0 Hz, 4H), 7.59-7,54 (m, 4H), 7.00 (dd, J = 7.0, 24.5 Hz,
2H), 6.88-6.83 (M, 2H), 6.80-6.73 (M, 4H), 4.31-4.18 (m, 4H), 1.26 (t, J = 7.0
Hz, 3H), 1.10 (t, J = 7.0 Hz, 3H); *C NMR (125 MHz, CDCls, ppm): & =
167.62, 167.50, 151.29, 151.20, 143.24, 143.06, 140.90, 140.61, 134.55,
134.53, 133.55, 133.40, 133.29, 132.46, 131.88, 131.86, 130.01, 129.67,
129.60, 128.53, 128.35, 128.27, 127.78, 127.69, 126.99, 126.96, 126.78,
126.55, 126.24, 121.84, 121.65, 121.59, 61.49, 29.68, 13.76, 13.52. HRMS
(EI: calcd for CsgH3404 (M™), 698.2457; found, 698.2453 (error: -0.56 ppm).
Compound 5-29 3,3'-(indeno[2,1-a]indene-5,10-diyl)bis-
(anthracene-2-carboxylic acid)

A suspension of compound 5-28 (75 mg, 0.1 mmol) and NaOH (0.3 g, 8
mmol) in ethanol (16 mL) and THF (8 mL) was heated to reflux for overnight
under argon. After mixture cooled to room temperature and the reaction
mixture was poured into water. The concentration HCI was added into the
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water mixture and the di-acid compound 5-29 precipitated out. Then filtered
and washed the solid by water and dichloromethane to obtain the compound
5-29 (62 mg) in 90% vyield. The compound 5-29 can’t dissolve into common
organic solvent so we did the following step directly without NMR
characterization. HRMS (MALDI-TOF): calcd for CgsHp604 (M™), 642.1831;
found, 642.1844 (error: 2.02 ppm).

Compound 5-30 pentaleno[1,2,3-de:4,5,6-d'e'|dipentacene-1,13-dione

To a suspension of acid 5-29 (60 mg, 0.1 mmol) in anhydrous
dichloromethane (15 mL) was added the thionyl chloride (1.0 mL). The
mixture was heated to 60 °C for overnight under argon, and then cooled to
room temperature. The solvent and excess thionyl chloride was removed in
vacuum. The anhydrous dichloromethane (15 mL) and AICI; (80 mg, 0.6
mmol) were added in ice bath and the mixture was warmed to room
temperature naturally. After stirring for overnight under argon, the 10% m/m
aqueous HCI solution (20 mL) was added to quench the reaction. Then the
solid was filtered and washed by the solvents (10% HCI, methanol, acetone,
dichloromethane, THF) to give the di-ketone compound 5-30 (45 mg) in 80%
yield. The compound 5-30 can’t dissolve into common organic solvent so we
did the following step directly without NMR characterization. HRMS
(MALDI-TOF): calcd for CyH2,0, (M¥), 606.1620; found, 606.1644 (error:

3.96 ppm).
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Chapter 6: Dithieno-naphthalimide Based Copolymers
for Air-stable Field Effect Transistors: Synthesis,

Characterization and Device Performance

6.1 Introduction

In chapters 2 — 5, aceno-fused-pentalene derivatives were synthesized and
their properties and application were studied. In Chapter 4, we introduced the
dicarboxylic imide group to aceno-fused pentalenes, which showed n-type
FET behavior with mobilities up to 0.06 cm?V™'s™. In this chapter, we
designed and synthesized a new building block with dicarboximide group for
solution-processable polymeric semiconductors. Solution-processable organic
semiconductors are attractive for their potential applications in low-cost
electronics and their compatibility with plastic substrates, which is essential
for fabrication of large-area and flexible devices by printing.! Compared with
small molecule based organic semiconductors, polymeric semiconductors
typically exhibit minimal grain boundaries (film uniformity) and excellent
film-forming properties.” Since the sulfur-sulfur interaction between the
thiophene rings enhances the interchain n-n stacking, polythiophenes become
an important class of conjugated polymers that form some of the most
environmentally and thermally stable materials.®> The regioregular
poly(3-hexylthiophene) (P3HT) is the benchmark among the polymeric
electronic materials. To improve the stability of P3HT based devices which

can be oxidized by oxygen, some structural modifications have been achieved
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through introducing electron-withdrawing group into the polythiophene
backbone. So far, several new polymers which contain thiophene backbone
and electron-withdrawing group (e.g. imide group) have been designed and
synthesized.* For example, Marks’s group reported di-thiophene-imide-based
polymeric semiconductors which exhibited high device performance in
organic field effect transistors (OFETs).** * Dithienophthalimide based
conjugated polymers for organic solar cells were also reported by Zhan’s
group.*

In this chapter, we use an alternative approach by introducing the imide
group into the polythiophene backbone to achieve stable and high performance
p-type polymeric semiconductors. Our strategy is to introduce a new
thiophene-fused naphthalimide unit (6-4) to the thiophene-based conjugated
polymers (Scheme 6.1). The larger size conjugated building block compared
to the previous reported ones is supposed to enhance intermolecular n-orbital
interactions between the polymer chains and the electron-withdrawing imide
group is expected to improve the stability of the polymers. Based on this
building block, three alternating conjugated copolymers such as P1 - P3 were
prepared via a Stille coupling polymerization reaction (Scheme 6.2). The
optical, electrochemical properties, thermal behavior, and OFET performance

of these performances were investigated in details.
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6.2 Results and discussion
6.2.1 Synthesis

The synthetic routes to the monomer and polymers are outlined in Scheme
6.1 and Scheme 6.2. Bromination of the o-xylene and subsequent oxidation of
the as-formed 1,2-dibromo-4,5-xylene gave the 4,5-dibromophthalic acid 6-1°.
Compound 6-1 was treated with SOCI, to give the corresponding acyl chloride.
After removing the excess of SOCI,, the acyl chloride reacted with
2-decyltetradecan-1-amine (C24H49NH>) in acetic acid under reflux for 12h to
afford the imide 6-2° in 40% vyield. Stille coupling reaction between the imide
6-2 and the tin reagent of thiophene gave the 4,5-di(thiophen-3-yl) phthathlic
imide 6-3 in 90% yield. Intramolecular oxidative cyclization’ of 6-3 by FeCls
afforded the ring-fused product 6-4 in 60% vyield. It is worth noting that only
the a-a coupling between the two thiophene rings took place under carefully
controlled condition. The monomer 6-5 was obtained in 85% vyield by
bromination of 6-4 with Br, in CHCIl;. Homopolymerization of 6-5 under
Yamamoto coupling condition mediated by Ni(COD), gave an insoluble

polymer. Thus dibromo-monomer 6-5 was used to prepare copolymers by

reacting with (4,4'-didodecyl-[2,2'-bithiophene]-5,5'-diyl)bis-
(trimethylstannane)  (6-6)%, (4,8-bis(dodecyloxy)benzo[1,2-b:4,5-b']-
dithiophene-2,6-diyl)bis(trimethylstannane) (6-7)° and

(3,6-didodecylthieno[3,2-b]thiophene-2,5-diyl) bis(trimethylstannane) (6-8)*

through Stille coupling reaction to give the polymers P1, P2, and P3,
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respectively. The three new polymers have good solubility in common organic
solvents such as THF, CHCI; and chlorobenzene. The structures of these
polymers were characterized by *H NMR spectra and elemental analysis. Their
molecule weight (M,) and polydisperisty index (PDI) were determined by gel
permeation chromatography (GPC) measurements by using THF as solvent
and polystyrene (PS) as standard. The M, (PDI) are 23,586 (2.0), 28,862 (2.06)
and 9,739 (1.45) for P1, P2 and P3, respectively. Maybe the steric hindrance of
alkyl chain of thienothiophene unit caused the polymerization reaction slowly
and low Mn of P3.

O CyoHys S/\;\
Br. COOH 1. 50Cl,, Toluene, 100% Br. jC1oH21 SnBuy
- . N
BrI ICOOH 2. CouHagNH,, ACOH, 40% g, Pd(PPhs),Cly, Toluene/DMF
o
b

6-1

O CyzHzs O CyoHps
C10"'21 FeCI3 C10H21 Bry
“MeNOy DCM “cho,
60% 85%

Scheme 6.1 Synthesis of the monomer 6-5.
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Scheme 6.2 Synthesis of polymers P1 - P3.
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6.2.2 Photophysical properties
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Figure 6.1 (a) UV-vis absorption spectra of P1, P2 and P3 in chloroform (10° M). (b)
Photoluminescence spectra of P1, P2 and P3 in chloroform (10° M). (c) UV-vis
absorption spectra of P1, P2 and P3 in spin-coated thin films. (d) Photoluminescence
spectra of P1 and P3 in spin-coated thin films.

The UV-vis absorption and photoluminescence (PL) spectra of P1 - P3 were
measured in chloroform solution and spin-coated thin films. The spectra are
shown in Figure 6.1 and the relevant data are summarized in Table 6.1. Broad
absorption bands located in the visible region were observed for the solutions
and thin films of P1 - P3 (Figure 6.1). The absorption maxima for P1 - P3 in
solutions are located at 514, 504 and 485 nm, respectively. In thin films, the
absorption spectra showed obvious red-shift by 28, 6 and 35 nm for P1, P2
and P3, respectiely, indicating significant intermolecular interactions between

the polymer chains. Compared to P2 and P3, the absorption maximum of P1
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in solution is red-shifted 10 and 29 nm, respectively. This may be due to its
more planar conformation and efficient m-conjugation. The corresponding
optical energy gaps were estimated to be 1.92, 2.04 and 2.13 eV for P1, P2
and P3, respectively, from the lowest-energy absorption edge of the absorption
spectra in solution (Table 6.1). The copolymers P1 - P3 have weak
fluorescence both in solution and in film with large Stokes shifts (3035-3525
cm™) due to significant intramolecular donor-acceptor interaction.

Table 6.1. Summary of photophysical properties data of polymers P1 - P3.

Amax(@bs) 1006max ~ Amax(€M) Amax(@bs) Imsem) ] in EOM
max ]

-1
_ [nmi Mo ml  m] thin film [eV]F
in solution cm™] in solution in thin film
Pl 514 4.59 609 542 666 1.92
P2 504 3.98 612 510 - 2.04
P3 485 3.35 585 520 608 2.13

®Optical band gap estimated from the red edge of the longest wavelength
absorption in solution.

6.2.3 Electrochemical properties

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were
used to study the electrochemical properties of polymers P1 - P3 (Figure 6.2,
Table 6.2). The potential was externally calibrated against the
ferrocene/ferrocenium couple. One quasi-reversible oxidation with half-wave
potential E1,* at 0.42 V and one irreversible reduction wave with half-wave

potential Eq),"

at -2.14 V were observed for P1. Polymer P2 showed three
irreversible oxidation with E;»,> at 0.45, 0.75 and 1.06 V, and two
quasi-reversible reduction waves with E1," at -2.14 and -2.30 V. Polymer P3

exhibited one reversible oxidation with E;p> at 0.44 V, and two
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quasi-reversible reduction waves with E;,"? at -2.07 and -2.23 V. The HOMO
and LUMO energy levels were calculated using the following equations: ™
HOMO = - [Eox™™® + 4.8] eV, LUMO = - [Ee¢™™ + 4.8] eV where E,,>™* and
Ee”™ are the onset of the first oxidation and reduction wave, respectively.
The HOMO/LUMO energy levels are determined to be -4.93/-2.76,
-5.07/-2.74, and -5.16/-2.81 eV for P1, P2 and P3, respectively.. The
corresponding electrochemical energy gaps Eg,EC (LUMO-HOMO) are
estimated to be 2.17, 2.33 and 2.35 eV for P1 - P3, which are larger than the
optical bandgaps E,®, and similar trend was observed for the

bithiophoimide*® and dithienophthalimide* homopolymers and copolymers.

_J
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Figure 6.2 Cyclic voltammograms of polymers P1 - P3 in chlorobenzene with 0.1 M
BusNPFg as the supporting electrolyte, AgCI/Ag as reference electrode, Au as
working electrode, Pt wire as counter electrode, and a scan rate at 50 mV s™.

Table 6.2 Summary of electrochemical properties data of polymers P1 - P3.

E1n™ o™ HOMO LUMO EgEC
V) V) [eV] [eV] [eV]
P1 0.42 -2.14 -4.93 -2.76 2.17
P2 0.45, 0.75, 1.06 -2.14, -2.30, -5.07 -2.74 2.33
P3 0.44 -2.07, -2.23 -5.16 -2.81 2.35
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6.2.4 Thermal properties

The thermal stability is one of the key requirements for the practical
applications of organic electronic materials. The thermal stability of the
polymers P1 - P3 was examined by thermogravimetric analysis (TGA) in N,
at a heating rate of 10 °C min™, and all the compounds have high thermal
stability, with decomposition temperatures (T4, corresponding to a 5% weight
loss) at 367, 334, and 430 °C for P1, P2 and P3, respectively (Figure 6.3a).
These results confirm that the copolymers are thermally stable. The glass
transition temperatures of P1 and P3 were observed at 213 °C and 313 °C,
respectively, from differential scanning calorimetry (DSC) curves. However
no obvious glass transition or melting point was observed under 300 °C for P2.
The polymers P1 and P3 entered a nematic liquid crystalline phase above
glass transition temperature, which can be judged by the typical schlieren

texture under a polarizing optical microscope (Figure 6.3b, c).
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Figure 6.3 (a) Thermogravimetric analysis (TGA) of copolymer P1 (a), P2 (b) and
P3 (c) in N, at a heating rate of 10 °C min™. (b) Polarizing optical microscope images
for P1 at 228 °C upon cooling and (c) P3 at 300 °C upon cooling.
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6.2.5 Thin film field effect transistors characterizations

Bottom-gate top contact organic field-effect transistors were fabricated to
investigate the charge transport properties of the dithieno-naphthalimide-based
polymers P1 - P3. For the device fabrication, the polymers were deposited by
spin coating 8 mg mL™ solution in dichlorobenzene (DCB) or chloroform
(CHCI3) onto octadecyltrichlorosilane (ODTS) modified SiO,/Si substrates.
Then the polymer films were annealed at a selected temperature under N or
vacuum for 0.5 h. The devices were completed by patterning the source and
drain Au electrodes. The FET devices were then characterized using a
Keithley SCS-4200 probe station under ambient conditions in the dark. The
field-effect mobility was calculated from the following equation in the
saturation regime from the gate sweep: lgs = (W/2L)uCi(Vs - Vin)?, where W
and L are the channel width and length, respectively. C; is the capacitance of
the insulating SiO, layer per unit, Vg and Vy, are the gate voltage and the
threshold voltage, respectively.

The transfer and output characteristics of polymers P1 - P3 are shown in
Figure 6.4 and the device performance is summarized in Table 6.3. All the
devices showed p-type characteristics, and reveal an average field-effect hole
mobility of 0.15, 0.003 and 0.05 cm? VV* s for P1, P2 and P3, respectively,
after thermal annealing at 200 °C. The maximal charge carrier mobility could
reach to 0.24, 0.005, and 0.06 cm? V! s™ for P1, P2 and P3, respectively. The

small energy mismatch between the HOMO energy level of copolymers and
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work-function of Au electrode reduces charge injection barrier. The P1
exhibited the best performance up to 0.15 cm? V! s (on/off ratio of 107) after
the optimization. While P3 only showed a lower performance 0.05 cm? V* s*
(on/off ratio of 107) compared to P1, probably due to the 3-fold decrease in
molecular weight. However, the mobility of P3 is still high for short
oligomeric chains with less repeating units, and it holds promise for further
optimization if the molecular weight could be improved. P2 also exhibited
lower charge carrier mobility around 0.003 cm? V* s (on/off ratio of 10°)
compared to P1 which may be ascribed to the distorted structure (vide infra).
As can be seen from Table 6.3, a significant increase in charge carrier mobility
was observed after thermal annealing at 200 °C, which could be explained by
that the thermal annealing could remove the solvent residue and promote
polymer chain reorganization to give an efficient solid state packing.

Table 6.3 The electrical properties of the field effect transistors based on polymers P1
- P3.

solven  Annealing  pax[CM ) S[V/de
v IV V lon/1
ts temperature  2/Vs] Huelcm/Vs] - VAIVT oo/ lo cade]
-22 to
P1 DCB Pristine 0.01 0.00740.002 26 2x10° 0.85
-12 to
200 € 0.24 0.1540.01 17 3x10" 0.8
. . (4.340.4) -28 to 5
HCI P .8x10™ 1x1 1.
P2 CHCI; ristine 8.8x10 10 32 0 5
-6 to 5
200 € 0.005 0.00340.001 12 5x10 1.2
- -32to 6
P3  CHCl; Pristine 0.013 0.01+0.003 37 2x10 1.4
-9to .
200 € 0.06 0.05+0.006 14 1x<10 0.6
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Figure 6.4 Transfer and output characteristic of the OFET devices of P1 (a, b), P2 (c,
d), and P3 (e, f) annealed at 200 <T on ODTS modified SiO,/Si substrate.

Table 6.4 The performance change of the polymer devices after one month in
ambient conditions.

Initial After storage
Polymer
alcm?Vs] ol V1[V] Ralem?Vs] ol V1[V]
P1 0.15 3x10" -12to-17 0.08 8x10° -15to -20
P2 0.003 5x10° -6to-12 0.001 1x10° -8to-12
P3 0.05 1x10° -9to-14 0.018 3x10° -10to-15

6.2.6 Thin film morphology and microstructure

In order to understand the effect of the polymer structure and thermal
annealing on the electrical performance of the present copolymers, the thin
film microstructure and surface morphology were studied by X-ray diffraction

(XRD) and tapping-mode atomic force microscopy (AFM). Figure 6.5 shows
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the AFM images of the polymer thin film before and after thermal annealing.
All the polymer thin films are uniform and display microcrystalline structure.
Polymer P1 showed largest grain size, while only smaller grains were
observed for P2 and P3. After thermal annealing, the rms surface roughness
increased from 1.2 nm to 1.9 nm for P1, from 0.4 nm to 0.55 nm for P2, and
from 0.36 nm to 0.5 nm for P3. Figure 6.6 shows thin film XRD patterns of
P1 - P3 and a single family of Bragg reflections was found for all the
polymers. For polymers P1 and P3, up to third order diffraction peaks was
observed. The peak intensity for P1 is higher than P3, indicating its higher
molecular order. The primary peak with a 26 angle of 2.98° and 2.82° was
determiend for P1 and P3, respectively, which are correlated to the d-spacing
values of 29.6 A and 31.3 A. A lamellar layered structure can be figured out
for this two copolymers. While for P2 only a week first order peak (26 = 2.98
degree, d = 33.1 A) was observed indicating its amorphous structure which
results in a lower charge carrier mobility. The observed more ordered
microstructure in P1 is in accord with its higher OFET mobility versus the

other polymers.
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Figure 6.5 Tapping mode AFM images (1 um =<1 um) of pristine (left) and thermal
annealed (right) thin films of P1 (a, b), P2 (c, d), and P3 (e, f) spin-coated from DCB
or CHCIj; solution on ODTS modified SiO,/Si substrate.

2.0
(@) .
(100) — pristine
_ 1.5 = annealing
E]
s
2104
»
c
2
£05
200
( A) (300)
0.0 T y T T T
5 10 15 20 25 30
1.0 2-Theta (degrees)
(b) .

0.8 — pristine
_ = annealing
E]
30.6
2
0.4 N100
£
£

0.2

0.0 T T T T T

5 10 15 20 25 30
2-Theta (degrees
20 (degrees)
C
( ) — pristine

1.5 (100) = annealing
F]
s
2104
»
<
2
£05

(200)

0.0 T T T T T
5 10 15 20 25 30

2-Theta (degrees)

Figure 6.6 The thin film XRD patterns of P1 (a), P2 (b) and P3 (c).

154



6.3 Summary

In this chapter, we have designed and synthesized a new thiophene-fused
naphthalimide and prepared three conjugated copolymers with different
thiophene units. The new polymers have good solubility in common organic
solvents and exhibit good thermal stability. The P1 exhibited the highest
average hole mobility up to 0.15 cm? V' st (on/off ratio of 10") after
optimization. The similar structure dithiopheneimide based copolymers “*°
exhibited a hole mobility of ~0.1 cm® V' s Another similar structure
dithienophthalimide based copolymers* exhibited a hole mobility of 10° cm?
Vst and PCE of 0.3%. The device performance can be correlated to their
different polymer structure and microstructure in thin film. All the polymers
showed relatively good environmental stability after storing in air. Synthesis

and applications of new polymers based on the new building block 6-4 will be

studied in future work.

6.4 Experiment section
6.4.1 General characterization method

'H and **C NMR spectra were recorded using Advance 500 MHz Bruker
spectrometer in CDClI3 with tetramethylsilane (TMS) as the internal standard.
The chemical shift was recorded in ppm and the following abbreviations were
used to explain the multiplicities: s = singlet, d = doublet, t = triplet, m =
multiplet, br = broad. Column chromatography was performed on silica gel 60

(Merck 40-60 nm, 230-400 mesh). EI mass spectra were recorded on Agilent
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5975C DIP/MS mass spectrometer. Elemental analyses (C, H, and N) were
performed on a Vario EL Elementar (Elementar Analyzen-systeme, Hanau,
Germany). UV-vis absorption and fluorescence spectra were recorded on a
Shimadzu UV-1700 spectrophotometer and a RF- 5301 fluorometer,
respectively. Cyclic voltammetry and differential pulse voltammetry
measurements were performed in HPLC grade chlorobenzene on a CHI 620C
electrochemical analyzer with a three-electrode cell, using 0.1 M BusNPF; as
supporting electrolyte, AgCI/Ag as reference electrode, gold disk as working
electrode, Pt wire as counter electrode, and scan rate at 50 mV s™. The
potential was externally calibrated against the ferrocene/ferrocenium couple.
Thermogravimetric analysis (TGA) was carried out on a TA instrument 2960
at a heating rate of 10 € min™ under nitrogen flow. Differential scanning
calorimetry (DSC) was performed on a TA instrument 2920 at a
heating/cooling rate of 10 © min™ under nitrogen flow. GPC were performed
on a Waters 410 differential refractometer with two columns connected in
series with a THF (the mobile phase) flowing rate of 0.3 mL min™.
Tapping-mode Atomic Force Microscopy (TM-AFM) was performed on a
Nanoscope V microscope (Veeco Inc.). X-ray diffraction (XRD) patterns of
the thin film were measured on a Bruker-AXS D8 DISCOVER with GADDS
X-ray diffractometer. Copper Ka line was used as a radiation source with A =

1.5418 A.
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6.4.2 Synthesis

All reagents were purchased from commercial sources without further
purification. Anhydrous dichloromethane (DCM), N, N-dimethylformaldehyde
(DMF) was distilled from CaH,. Toluene and THF were distilled from
sodium-benzophenone immediately prior to use. 4,5-dibromophthalic acid
(6-1)°, tributyl(thiophen-3-yl)stannane, 2-decyltetradecan-1-amine’
(4,4'-didodecyl-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylstannane) (6-6)°,
(4,8-bis(dodecyloxy)benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl)bis(trimethylstan
nane) (6-7)°, (3,6-didodecylthieno[3,2-b]thiophene-2,5-diyl)bis-
(trimethylstannane) (6-8)'° were prepared by following literature procedures.
Compound 6-2 5,6-dibromo-2-(2-decyltetradecyl)isoindoline-1,3-dione
To a suspension of dibromo-phathalic acid 6-1 (1.51 g, 4.7 mmol) and DMF (3
drops) in toluene (35 mL) was added dropwise the oxalyl chloride (1.7 mL,
19.8 mmol). The mixture was heated to 80 °C for 1 h under argon, and then
cooled to room temperature. The solvent was removed in vacuum. The amine
Ca4H49NH; (1.60 g, 4.5 mmol) and anhydrous acetic acid (30 mL) were added
and the mixture was heated to 145 °C for 1.5 h under argon. The mixture was
cooled to room temperature and extracted with EtOAc (50 mL >2). The
combined organic phase was washed with brine (100 mL >3) and saturated
NaHCOj3 (100 mL) and dried over anhydrous Na,SO,. The organic solvent was
removed under reduced pressure and the residue was purified by column

chromatography (silica gel, EtOAc/Hexane = 1:30) to afford compound 6-2

157



(1.16 g) in 40% vyield. *H NMR (500 MHz, CDCls, ppm): & = 8.07 (s, 2H),
3.55 (d, J = 7.0 Hz, 2H), 1.84 (br, 1H), 1.33-1.23 (m, 40H), 0.88 (t, J = 6.9 Hz,
6H); *C NMR (125 MHz, CDCls, ppm): & = 166.71, 131.79, 131.22, 128.33,
42.75, 36.92, 31.91, 31.44, 29.91, 29.67, 29.64, 29.61, 29.55, 29.34, 29.32,
26.22, 22.68, 14.09. High resolution (HR) MS (EI): calcd for C3,Hs;Br,NO,
(M), 641.2266; found, 641.2250 (error: -2.45 ppm).

Compound 6-3 2-(2-decyltetradecyl)-5,6-di(thiophen-3-yl)isoindoline-1,3-
dione

A mixture of compound 6-2 (1.610 g, 2.5 mmol), 3-tributylstannylthiophene
(2.100 g, 5.6 mmol) and catalyst Pd(PPhs),Cl, (177 mg, 5%) in anhydrous
DMF (3 mL) and toluene (25 mL) was degassed by three freeze-pupm-thaw
cycles. The mixture was heated at 90 °C under argon for overnight. The
mixture was cooled to room temperature and extracted with EtOAc (30 mL
>2). The combined organic phase was washed with NaHCO3 (50 mL >2) and
brine (50 mL x1). The organic phase was dried over anhydrous Na,SO,4 and
organic solvent was removed under reduced pressure. The crude product was
purified by column chromatography (EtOAc/Hexane = 1:30) to afford
compound 6-3 (1.50 g) in 90% yield. *H NMR (500 MHz, CDCls, ppm): & =
7.90 (s, 2H), 7.24-7.23 (m, 2H), 7.19-7.18 (m, 2H), 6.80-6.79 (dd, °J =4.4 Hz,
43 = 1.3 Hz, 2H), 3.59 (d, J = 7.6 Hz, 2H), 1.91 (br, 1H), 1.39-1.25 (m, 40H),
0.94-0.86 (m, 6H) ; *C NMR (125 MHz, CDCls, ppm): & = 168.45, 141.04,
140.42, 130.89, 128.28, 125.65, 124.94, 124.46, 42.48, 37.05, 31.91, 31.54,
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29.98, 29.66, 29.64, 29.59, 29.34, 26.32, 22.67, 14.08. HRMS (El): calcd for
C4oHs7NO,S, (M™), 647.3831; found, 647.3822 (error: -1.39 ppm).

Compound 6-4 9-(2-decyltetradecyl)-8H-dithieno-[3',2":3,4;2",3"":5,6]-
benzo[1,2-f]isoindole-8,10(9H)-dione

A solution of compound 6-3 (0.20 g, 0.3 mmol) in anhydrous DCM (200 mL)
was sparged with argon for 30 minute. The solution of FeCl; (0.20 g, 1.2
mmol) in CH3NO, (2 mL) was added dropwise to the reaction mixture via
syringe at room temperature. After 20 minute stirring at room temperature, the
reaction was quenched by 5 mL MeOH. (Caution: during the reaction, keep
stirring and sparging with argon). The mixture was washed with NaHCO3 (100
mL 1) and brine (100 mL >2). The organic phase was dried over anhydrous
Na,SO, and organic solvent was removed under reduced pressure. The crude
product was purified by column chromatography (CHCls/Hexane = 1:10) to
afford compound 6-4 (0.12 g) in 60% yield. *H NMR (500 MHz, CDCls, ppm):
8 =8.64 (s, 2H), 7.96 (d, J = 5.1 Hz, 2H), 7.58 (d, J = 5.1 Hz, 2H), 3.67 (d, J =
7.6 Hz, 2H), 1.96 (br, 1H), 1.45-1.15 (m, 40H), 0.88-0.83 (m, 6H); *C NMR
(125 MHz, CDCl3, ppm): & = 168.61, 134.71, 134.61, 130.00, 127.73, 125.32,
122.93, 120.11, 42.61, 37.08, 31.89, 31.57, 30.00, 29.67, 29.65, 29.63, 29.61,
29.33, 26.33, 22.67, 22.65, 14.10, 14.08. HRMS (El): calcd for C4oHssNO,S;
(M"), 645.3674; found, 645.3674 (error: -0.11 ppm).

Compound 6-5 2,5-dibromo-9-(2-decyltetradecyl)-8H-dithieno-
[3',2":3,4;2",3":5,6]benzo[1,2-f]isoindole-8,10(9H)-dione
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To a solution of compound 6-4 (1.50 g, 2.3 mmol) in CHCI; (60mL) was
added dropwise Br, (0.27 mL, 5.2 mmol) at 0 °C. After stirring at room
temperature for overnight, the reaction was quenched by 50 mL saturated
NaHCOg; solution. The mixture was washed with NaHCO3 (100 mL 1) and
brine (100 mL >2). The organic phase was dried over anhydrous Na,SO, and
organic solvent was removed under reduced pressure. The crude product was
purified by column chromatography (CHCls/Hexane = 1:10) to afford
compound 6-5 (1.59 g) in 85% yield. *H NMR (500 MHz, CDCls, ppm): & =
8.40 (s, 2H), 7.78 (s, 2H), 3.67 (d, J = 7.6 Hz, 2H), 1.95 (br, 1H), 1.40-1.22 (m,
40H), 0.88-0.84 (m, 6H); *C NMR (125 MHz, CDCls, ppm): & = 168.01,
134.54, 134.22, 128.65, 128.31, 125.55, 119.84, 114.63, 42.82, 37.10, 31.90,
31.65, 29.99, 29.67, 29.64, 29.59, 29.33, 26.36, 22.65, 14.05. HRMS (EI):
calced for C4oHs3BraNO,S, (M), 803.1864; found, 803.1872 (error: 1.05 ppm).
Copolymer P1

A mixture of monomer compound 6-5 (161 mg, 0.2 mmol), monomer
4,4’-didocecyl-5,5" -trimethylstannyl-2,2’-bithiophene (6-6) (166 mg, 0.2
mmol), and catalyst Pd(PPhs), (5 mg, 2 mol%) in anhydrous toluene (5 mL)
and DMF (1 mL) was heated to 95 °C for 48 h under argon. After cooling to
room temperature, the polymer was precipitated in acetone/methanol (1:1)
solvent and filtered. Then the polymer was dissolved in CHCls, precipitated in
methanol/THF (4:1) and filtered. This procedure was repeated for five times to
give the pure copolymer P1 as a dark red solid (142 mg) in 62% vyield. GPC
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(THF at 33 °C): M, = 23,586 g mol™, M,, = 47,176 g mol™, and PDI = 2.00
(against PS standard). *H NMR (500 MHz, CDCls, ppm) 8.19 (br, 2H), 7.58
(br, 2H), 6.94 (br, 2H), 3.69 (br, 2H), 2.91 (br, 4H), 2.10-1.10 (m, 81H), 0.88
(m, 12H). Elemental Analysis: calculated for (C7,H10sNO2S4)n: C, 75.53; H,
9.24; N, 1.22. Found: C, 75.34; H, 9.12; N, 1.18.

Copolymer P2

A mixture of monomer compound 6-5 (300 mg, 0.37 mmol), monomer
(4,8-bis(dodecyloxy)benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl)bis(trimethylstan
nane) (6-7) (330 mg, 0.37 mmol), and catalyst Pd(PPh3), (8.6 mg, 2mol%) in
anhydrous toluene (10 mL) and DMF (2 mL) was heated to 95 °C for 48 h
under argon. After cooling to room temperature, the polymer was precipitated
in acetone/ methanol (1:1) solvent and filtered. The polymer was fractionated
by Soxhlet extraction using MeOH, acetone, hexane, and CHCIs3, respectively.
And then the polymer was dissolved in CHCIj3, precipitated in methanol/THF
(3:1) and filtered. This procedure was repeated for five times to give the pure
copolymer P2 as a dark red solid (320 mg) in 71% yield. GPC (THF at 33 °C):
M, = 28,862 g mol™*, M,, = 59,564 g mol™, and PDI = 2.06 (against PS
standard). *H NMR (500 MHz, C,D,Cl,, ppm) 8.60-6.80 (m, 6H), 4.45 (br,
4H), 3.74 (m, 2H), 2.60-1.10 (br, 81H) 0.93 (m, 12H). Elemental Analysis:
calculated for (C74H10sNO4Sy)n: C, 74.01; H, 8.81; N, 1.17. Found: C, 74.18;
H, 8.89; N, 1.12.

Copolymer P3
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A mixture of monomer compound 6-5 (300 mg, 0.37 mmol), monomer
(3,6-didodecylthieno[3,2-b]thiophene-2,5-diyl)bis(trimethylstannane) (6-8)
(300 mg, 0.37 mmol), and catalyst Pd(PPhs), (8.6 mg, 2mol%) in anhydrous
toluene (10 mL) and DMF (2 mL) was heated to 95 °C for 4 days under argon.
After cooling to room temperature, the polymer was precipitated in
acetone/methanol (1:1) solvent and filtered. The polymer was fractionated by
Soxhlet extraction using MeOH, acetone, hexane, respectively (the copolymer
P3 has limited solubility in hot hexane). And then the polymer was dissolved
in CHCIg3, precipitated in methanol/THF (5:1) and filtered. This procedure was
repeated for five times to give the copolymer P3 as a red solid (390 mg) in 94%
yield. GPC (THF at 33 °C): M, = 9,739 g mol™, M, = 14,131 g mol™, and PDI
= 1.45 (against PS standard). *H NMR (500 MHz, CDCls, ppm) 8.32 (br, 2H),
7.72 (br, 2H), 3.67 (br, 2H), 3.12 (br, 4H), 2.10-1.10 (m, 81H), 0.88 (m, 12H).
Elemental Analysis: calculated for (C7oH103NO2S4)n: C, 75.15; H, 9.28; N,

1.25. Found: C, 75.28; H, 9.35; N, 1.21.
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NMR spectra of target molecules
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