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Chapter 1. Introduction

Chapter 1. Introduction

1.1 General background

Conjugated materials have been paid more and more attention in organic light-emitting
diodes (OLEDs),1 organic photovoltaic cells (OPVs)2 and organic field-effect transistors
(OFETs),” due to their potential applications in displays, energy storage and conversion, as
well as radio frequency identification tags (RFID). In comparison with the traditional silicon
based materials, organic conjugated materials provide many advantages including low cost,
light weight and flexibility. Particularly important is the low-temperature solution processing,
which is a crucial issue for the industrial interest of large-scale roll-to-roll electronic devices.
Maybe the organic electronics don’t completely replace the inorganic materials, but their
multifunctional applications like light-emitting FETs (LEFETs) are real advantages over

inorganic materials.

Since the first conjugated polymer poly(para-phenylene vinylene) (PPV) (P1, Chart 1)
was reported as the active layer in OLEDs,* organic chemists have explored a tremendous
amount of conjugated polymers for applications in OLEDs, OPVs and OFETs. They carefully
adjusted molecular lowest unoccupied molecular orbital (LUMO), highest occupied molecular
orbital (HOMO) and energy band gap. These factors play very important roles in different
electronic devices. Some reasons are listed: (1) The HOMO levels determine the material
ambient stability. (2) The energy band gap can change the emitting colors of polymers, which
is very important for application in OLEDs. (3) Tuning the LUMO and HOMO energy levels
of polymers to match their corresponding acceptors or donors can significantly influence
power conversion efficiency (PCE) in OPVs. (4) LUMO energy level of polymers can
determine material charge transport behavior (p-type, n-type, and ambipolar). (5) The very
low band gap polymers are beneficial for transporting holes and electrons in OFETs but also

as near-infrared dyes. Beside the above mentioned points, the modification of side chains is
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Chapter 1. Introduction

also paid more attention, because they can significantly improve solubility, molecular weight

and morphology, further enhancing device performance.

1.2 Strategies for tailoring polymer bandgaps

In order to develop the ideal materials for special applications, the LUMO and HOMO
energy levels and energy band gaps of polymers need to be precisely tailored. However, the
exact control of them is not a simple process, because many factors, which are related to each
other, determine the final molecular bandgap. Herein several methods are summarized to
discuss how to tune the band gap of polymers. The first one introduces aromatic backbone
which can form the quinoid character in polymer chain. The second one optimizes the
topology and geometry of polymers by tuning different linkage patterns and substituents in
polymers, and the last method is fashion design at present, namely, alternating donor and

acceptor (D-A) copolymer systems.

1.2.1 Resonance structures of polymeric units

The electron delocalization along the conjugated backbone converts the double bonds to
single bonds, at the same time, transforms single bonds into double bonds, to form a
resonance structure with quinoid character. The quinoid structures are less stable than
aromatic structures. Formation of a quinoid structure requires destruction of the aromaticity
and a loss in the stabilization energy, thereby narrowing the band gap. The bond length
alternation (BLA) is the parameter to describe the ratio of the aromatic to quinoid population.
It needs to be mentioned that the quinoid character increases with reducing BLA value.” Chart
1.1 presents five polymers, which have two possible resonance structures (aromatic and
quinoid structures) in the ground state. Poly(para-phenylene) (P1) has a large energy band
gap between 3.0 and 3.5 eV.® due to the large BLA between the benzene units. After
introducing ethylene spacers between benzene units to reduce the aromatic stabilization
energy, the band gap of poly(para-phenylenevinylene) (P2) decreases to 2.5 eV.> When the

benzene unit is replaced by thiophene in P1, which has a lower aromaticity than benzene, the
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Chapter 1. Introduction

band gap of polythiophene (PT, P3) is further reduced to 2.0 eV.” The aromatic structures of
three polymers as above mentioned provide more contribution than quinoid structures. As a
breakthrough work in developing low band gap polymers, Wudl and coworkers reported a
poly(isothianaphthene) (P4) with a band gap of ~1 eV due to efficient increase of the quinoid
character.® Heterocyclic unit replacement in P4, on the other hand, a slightly lower band gap
of 0.95 eV was achieved in poly(thieno[3,4-b]pyrazine) (P5), due to the formation of more

stabilized quinoid structure.’

+Ok — = KOk P1(PPP) AE~30-35eV
+©_//1L — +<:>=/%” P2(PPV) AE~25eV
n

— P3 (PT) AE~20eV
1\ -

ﬁ -— ﬁ P4(PITN) AE~1.0eV
S S

77\ 77\
N N N N
m - m P5 (PDHTP) AE ~0.95eV
S 'n S 'n

Chart 1.1 Aromatic and quinoid resonance structures for low band gap polymers.

1.2.2 Topology and geometry

The band gaps of polymers are significantly affected by their topologies. Three different
linkages (ortho, meta and para positions) of poly(phenylenevinylene)s are shown in Chart 1.2.
P6-P8 were early studied by theoretical calculations'® and their band gaps were measured as

shown in Figure 1.1. For the same repeating unit of polymer, the order of the band gap is P8
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(p-polymer) < P7 (o-polymer) < P6 (m-polymer). The corresponding soluble polymers P9-
P11 with different linkages were synthesized by Wittig reaction.'' The UV-vis spectra
showed the maximum absorption wavelength (An,y) at 330, 340 and 380 nm, for P9, P10 and
P11, respectively. Their optical bandgaps enlarged with P11 (p-polymer) < P10 (o-polymer)
< P9 (m-polymer), which was in agreement with P6-P8. These theoretical calculations and
experiment results confirmed that para linkages of polymers were beneficial for 7 electron
delocalization in the conjugated backbone, yielding a lower bandgap, while meta linkages
strongly interrupt 7 electron delocalization, leading to large bandgap. It should be noted these

polymers possess the identify molecular formula of the conjugated backbones.

40- P
>
e
" L
= 35- P . P
..
2 304 om
2
o 254
@
Qo
w
2‘0 3 T . T ¥ T L T ¥ T
0,00 0,01 0,02 0,03 0,04 0,05
1/N

Figure 1.1 The optical bandgaps of oligomeric units of P6-P8 vs reciprocal number of repeating units
(This figure was provided by Prof. Martin Baumgarten, unpublished result).

Diketopyrrolopyrrole (DPP) monomer can be polymerized by 3,6 or 2,5-aryl substituents
to produce the corresponding copolymers (Chart 1.2). The different linkage patterns of DPP-
based polymers (P12 and P13) were prepared using electropolymerization.'> The one
repeating unit of P12 shows a bathochromic shift of 40 nm at the Ay, compared to
monomeric P13 in dichloromethane solutions. After electropolymerization, the An.x of P12
has a large red-shift of 138 nm compared to P13 in the films. It implied that the ®-conjugation
of DPP-based polymers was disrupted when the lactam N-atoms of DPP were introduced into
the conjugated backbone. That is why all of the high performing DPP-based polymers were

always obtained by polymerization at 3,6-aryl positions.
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DPP

P12 P13

Chart 1.2 Extending conjugations in phenylenevinylene-based and DPP-based polymers by
different linkages.

Tuning the polymer geometries is another important method to control the polymer
bandgaps. The insolubility of unsubstituted PT made them unavailable for standard
characterizations and applications, the first soluble substituted PT was reported by grafting an
alkyl chain onto the 3-position of thiophene.”” However, due to the asymmetrical 3-
alkylthiophene, the dimerization can produce three different configurations as shown in Chart
1.3."* The 2-position and 5-position are noted as the “head” and “tail”, respectively. For the
dimerization, the dimer can be joined in head-to-head (HH), head-to-tail (HT), and tail-to-tail
(TT).15 Further, trimerization has four different combinations. It can be envisaged a more
intricate arrangement for poly (3-alkylthiophene) (P3AT) without regiochemical control. The
previous polymerization methods, electrochemical polymerization, Kumada coupling and
FeCls-catalyzed reaction, were not regiocontrolled during the polymerization, thus producing
the corresponding polymers within high degree of disorder. The UV-vis spectra in solution

exhibited Ama at 428 and 436 nm for 50% and 70% HT coupling, respectively.'®!” The HT
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coupling of P3ATs can be determined by 'H-NMR, there is only one signal at 6.98 nm, which
belongs to the 4-position proton on the thiophene ring. Whereas the regioirregular P3ATs
revealed four signals in the aromatic region that can be attributed to the protons on the 4-
positions of the central thiophene ring in each trimer: HT-HT (& = 6.98 nm), TT-HT (& = 7.00
nm), HT-HH (8 = 7.03 nm), TT-HH (3 = 7.05 nm)."*" In order to develop new synthetic
methods towards regioregular (rr) P3ATs, three methods (McCullough method,”® Rieke
method'® and Grignard metathesis method*'??) were reported to afford more than 95% HT
coupling in succession, their corresponding A, in solutions were achieved in a region of
440-460 nm. Notable, the An.x of P3ATSs not only depended on the regioregularity, but was
affected by the degree of polymerization and the alkyl chain.

m HTHT
< .
R

Monomer D_Q TT-HH
R
\

R = Alkyl Chain
Dimer
R

TT-HT

Trimer

Chart 1.3 Description the regioisomers of 3-alkylthiophene.”
1.2.3 D-A alternating copolymers

In order to develop low bandgap semiconducting polymers, Havinga and coworkers
designed a new approach using alternating donor and acceptor moieties to construct the
conjugated chain.?* They used squaric acid and croconic acid as strong acceptors to

polymerize with few donors by polycondensation reaction. In spite of low molecular weights
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of these polymers, extremely low bandgaps of such polymers were indeed achieved with E, <
0.5 eV. It was the first time to introduce the donor-acceptor (D-A) concept. Up to date the D-
A approach has proved to be one of the most successful methods in developing low bandgap
polymers. The LUMO and HOMO energy levels of the resulting polymers were determined
by the LUMO of the acceptor moiety and the HOMO of the donor moiety, respectively
(Figure 1.2). Their bandgaps can be further decreased with increasing the degree of
polymerization. In comparison with homopolymers, more importantly, the bandgaps and
energy levels of D-A alternating polymers can be tailored by varying donor or acceptor
moieties. Additionally, the energy levels of D-A polymers can be further adjusted by
modifying the substitution on donor and acceptor units with electron donating or withdrawing
functional groups. Due to this unique feature of D-A copolymers, they have been widely used

in organic electronics, especially in OFETs and OPVs.

tumo =
N 1 ______
oo _; ___________________________________________________________________________________________________________________________
(D> A XD A CDDJXA (DA
>

Conjugated length

Figure 1.2 Schematic illustration of the bandgap engineering of D-A copolymer.
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P14
CsHq7
O~_0

(0] 7 s
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S S n

[¢]

P19
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Chart 1.4 The bithiophene-based polymers containing different acceptors (P14-P16), the thieno[3, 4-
b]thiophene-based polymers (P17-P19), and the dual-acceptor polymers (P20-P21).

It was proven that the charge transportation behaviors of D-A polymers depend on the
affinity nature of acceptors in OFETs.” For example, three D-A copolymers P14-P16 were
synthesized using Stille coupling reaction, between bithiophene and different acceptor units
(Chart 1.4).***® The corresponding data are summarized in Table 1.1. The electron affinity
(EA) of thiophene-acceptor-thiophene type of bithiophene-imide, isoindigo, and
naphthalenediimide were -3.11,%° -3.45,%° and -3.73 eV,*® respectively. Due to the varying

electron withdrawing groups, these polymers have remarkable differences in the absorption
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profile, bandgap, energy levels and charge carrier transport. Going from P14, P15 to P16, the
optical bandgap reduced from 1.9, 1.57 to 1.45 eV, especially the EA values were
significantly decreased from -3.04, -3.74 to -3.91 eV, with increasing the electron
withdrawing ability. At the same time, the charge transportation behaviors of these polymers
were transformed from hole to ambipolar and electron transport. Therefore, it is very

important to select suitable acceptors towards developing different types of OFETs.

In order to achieve high power conversion efficiency (PCE), it is extremely important to
design well-matched energy levels between polymers and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM).>” Yang and coworkers reported three polymers (P17-P19) which were
composed of the same conjugated backbone as shown in Chart 1.4. The electron withdrawing
ability of thieno[3, 4-b]thiophene core was tuned by changing its substitutions.® The
corresponding data are summarized in Table 1.1. Three polymers had the same values of Apax
and optical bandgap. When the (octyloxy)carbonyl group on the thieno[3,4-b]thiophene in
P17 was replaced by a branched alkyl carbonyl chain (P18), both the IP and EA values were
decreased by 0.11 eV. When fluorine was introduced to the thieno[3,4-b]thiophene (P19),
both of IP and EA were further reduced by 0.1 eV. It did not influence their optical and
energy bandgaps. However, the difference is the low-lying IP (~0.1 eV), which can increase
the open circuit voltage (V,.) when these polymers were blended with PCBM as active layer
for OPVs. The V.. of these solar cell devices were 0.62, 0.70 and 0.76 V for P17, P18 and
P19, respectively. The increased V,. of P19 resulted in a high PCE of 7.4%. To date, the D-A
copolymers have achieved higher performances with hole moibility of 52.7 cm® V's! in

OFETs* and PCE of 10.8% in single junction OPVs. >

Most of low bandgap polymers containing one acceptor have higher hole than electron
mobility in OFETs. In order to adjust the electron transporting ability of D-A polymers, a new
concept of “dual-acceptor polymers” was proposed.34 Due to the introduction of the other
acceptor, such polymers usually show very low bandgaps with deep LUMO energy levels,
thus leading to well-balanced or electron-dominant transporting ambipolar characteristics.
Two dual-acceptor polymers are shown in Chart 1.4. Polymer P20 afforded a relatively deep
LUMO level of -4.00 eV, it is lower than those of single DPP and benzothiadiazole (BT)
based polymers.” Such low LUMO Ilevel led to a well-balanced ambipolar transporting
property of P20 (Table 1.1). Polymer P21 was constructed via combining two strong
acceptors DPP and benzobisthiadiazole (BBT).*® Obviously, the very narrow bandgap (0.65
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eV) of P21 was related to the stronger acceptor BBT in comparison with that of BT. The very
low bandgap and deep LUMO level resulted in polymer P21 also presenting ambipolar

behavior, but electron-dominant transport characteristic.

Table 1.1 Optical absorption, electrochemical properties, and device performances of P14-P19.

Polymers  Apacsim  Eo P EA U He PCE  Ref.
(nm) (eV) (eV) (eV) (em’V'sh  (em’V'sh (%)

P14 615 1.9 -5.88 -3.04 0.008 No 26
P15 620 1.57 -5.31 -3.74 0.66 0.06 27
P16 697 1.45 -5.36 -3.91 No 0.06 28
P17 675 1.61 -5.01 -3.24 4.8 31
P18 675 1.61 -5.12 -3.35 6.3 31
P19 675 1.61 -5.22 -3.45 7.4 31
P20 915 1.20 -5.20 -4.00 0.35 0.40 35
P21 0.65 -4.55 -3.90 0.81 1.2 36

---: The authors did not provide corresponding information in literatures.

1.3 Rational design of D-A conjugated copolymers in OFET

Conjugated polymers for OFETs have been tremendous successful. It was attributed to
the good cooperation between physicists and organic chemists by unending optimization
device performance and synthesis of conjugated materials, respectively. Some structure-
morphology-charge carrier mobility relationships have been investigated and understood.
With these relationships in mind, organic chemists have synthesized more and more high
performance polymers by rational control of some factors, such as number-average molecular
weight (M,), polydispersity index (PDI), end capping, match donor and acceptor moieties,
side chain groups and so on. Herein we only list those factors which are frequently

investigated.
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1.3.1 Molecular weight, PDI, and end capping

The molecular weight has proven to have significant influence on the charge carrier
mobility. Usually, increasing the molecular weight is beneficial for improving device
performance.’”® The polymer with a M, above 20 kg mol™” is important to obtain high-
performing semiconductor material. However, it will decrease when the molecular weights
are as high as 150 kg mol”', because such high molecular weight polymers have higher
viscosity, which is not beneficial for formation of uniform thin films.*® Tt is, therefore, very

important to synthesize new polymers with proper molecular weights via optimized synthetic

approaches.
s, S gt
( SCTS YYnYA
N, ,\N : /\N
S CsH13¢5H13 ° C16H33016H33
o - P24
' CizHos
¥ \N o CioHas
N
O O O S
N \ /" s
CizHas CyaHps CioHa21 © n
CizHos
oo P26 P27

Chart 1.5 Chemical structures of CDT-BTZ based polymers, P26, and P27.

Two polymers cyclopentadithiophene-benzothiadiazole (CDT-BTZ), P22 and P23, were

40,41
%4 Due to

first synthesized via a Stille coupling between distannyl-CDT and dibromo-BTZ.
the poor solubility of P22, it wasn’t further characterized. The polymer side chains were
modified by replacing two hexyl linear chains in P22 with a couple of 2-ethylhexyl chains to
obtain P23, which exhibited good solubility and a high M, of 20 kg mol™, the hole mobility
was achieved to 0.015 cm” V's™. However, the purification of the toxicity of distannyl-CDT
is a major concern, because this liquid compound cannot be purified by recrystallization.

Miillen and his coworkers optimized carefully this kind of polymer by employing side chains
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engineering and Suzuki coupling polymerization.38’42'45 Both polymers P24 and P25 with
different side chains are shown in Chart 1.5. Controlled purification and concentration in
solution of monomers enabled synthesis of varying molecular weights for P24. For example,
the highest molecular weight of P24 was accomplished by multiple recrystallizations of the
diboronyl ester-BTZ, purifying dibromo-CDT through a recycling high performance liquid
chromatography (HPLC) system, and decreased the concentration in solvent of monomers
before polymerization.*” The different molecular weights of P25 were obtained by the
adjustment ratio of both monomers. The results demonstrated that the molecular weights are
very critical to achieve high mobilities as shown in Figure 1.3a, because molecular
crystallinity were improved with increasing the molecular weights of the polymers. It is worth
to mention that the charge carrier mobilities of some polymers, such as P26 or P27, (Figure
1.3b) are insensitive or decreased with increasing their molecular weights.*®*” It is related to

the relationship between polymers film ordering and molecular weights.

1 @ s (b) = P26
—e—P25 0.25- o P27
— 3.0+
.w ‘T"“
T 25- v
> L 0.20+
E 2.0+ g
21.5— ‘Hé 0.15 1
= 1.0 =
0.5- 0.10
00 T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 5 10 15 20 25 30 35 40 45 50
= -1
M_(kg mol™) M, (kg mol”)

Figure 1.3 Graphical illustration of correlation between molecular weights and hole mobilities of P24,
P25 (a) and P26, P27 (b).

Additionally, a large PDI has also a distinct negative effect on charge carrier mobility,
due to the broad molecular weight leading to poor crystallization. However, some polymers
still exhibited charge mobilities above 1 cm® V' s, even though their PDI were reported

48-51

higher than 4, it was attributed to their strong aggregation in solution. Bao and her

coworkers reported a DPP-based polymer P28 (Chart 1.6).** This polymer exhibited a hole
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mobility of 2.1 cm? V' s when the annealing temperature of the active layer was increased to
190 °C. However, GPC result provided a M, of 21.9 kg mol”' with a large PDI of 6.75 at
140 °C, due to strong aggregation. When the measurement temperature was raised to 190 °C,
the PDI was decreased to 3.25 with M, of 20.5 kg mol™. The temperature was further
increased to 200 °C, the influence of aggregation of P28 was completely eliminated to show a
M, of 22.8 kg mol! and a PDI of 1.94. Therefore, it is important to measure molecular
weights of polymers using high temperature by GPC to obtain a real M, and PDI. End-
capping of a D-A polymer is quite popular using mono-functionalized benzene or thiophene,
because it can reduce the defects and increase the thermal stability of polymers. Two
polymers, P29 and P30 (without and with end-capped thiophene unit), were investigated by
Bazan and his coworkers as shown in Chart 1.6.”* It was discovered that both polymers had
negligible differences in optical and morphological characteristics of the active layer. But the
end-capped polymer exhibited better thermal stability, fewer defects, and slightly higher PCE

in OPVs. Similar studies, however, were rarely reported for OFETs.

\ s
Br s S/ o L s /S (\/ s\
Z Wi ; T\
N\S/\N Si N, S
n

\
\N
C1aHpsC12H2s s” C1aHpeC12M2s

P28
P29 P30

Chart 1.6 Chemical structures of P28-P30.

1.3.2 The match of donor and acceptor in D-A copolymer

The HOMO energy levels of polymer semiconductors are controlled between -5.0 and -
5.5 eV by matching donors and acceptors, which are very important to develop stability and
high performance OFETs. A high HOMO level (> -5.0 eV) of material usually yields low
charge carrier mobility even in a glove box. Because the glove box conditions are composed
of an oxygen concentration from 0.5 to 1 ppm and moisture concentration of around 0.2 ppm.
The moderate doping of organic semiconductors by “dilute air”” (O, ~1 ppm and H,O ~1 ppm)

dramatically decreased the field-effect perforrnalnce.53 When HOMO level of material is lower
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than -5.5 eV, large current on/off ratio and good mobility can still be obtained, but such
devices typically have an unacceptably large threshold voltages.”* P24 (Chart 1.7) is the most
successful example achieving excellent charge carrier mobility among BTZ-based D-A
copolymers in OFETs. After the optimization of the molecular weight of polymer and the
fabricating conditions of devices, the hole mobility of P24 was continuously improved from
0.17,1.4,3.355t06.5 cm? Vgt 38424 Dithienopyrrole (DTP) is a stronger donor than CDT,
due to the introduction of an electron-rich nitrogen atom at the bridge position. Therefore, the
polymer P31, which used DTP as a donor, exhibited a lower Eq (1.2 €V), and higher HOMO
energy level (-4.65 eV) compared to P24 (E,,= 1.4 eV, HOMO= -5.3 eV). The M, of P31
was achieved as high as 44.8 kg mol” with a PDI of 1.8, but FET characteristic was not
observed in devices.” Dithienosilole (DTS) is another donor. The c*-orbital of the C-Si bone
is more effectively interacting with the m*-orbital of the butadiene fragment, and thereby
allow stronger m-stacking interactions to occur.”® The polymer 32, which used DTS as a donor,
exhibited a low Eqy (1.4 €V), and HOMO energy level (-5.0 eV), and the device showed a
hole mobility of 0.01 cm? Vit Obviously, the CDT is the best donor with excellent
charge carrier mobility in OFETs among these three BTZ-based D-A copolymers.

|
N\ N C12H25 C12H25C12H25

P24 P31 P32

Chart 1.7 Chemical structures of P24, P31, and P30.

1.3.3 The side chains engineering in polymers

Solution-processed conjugated polymers include two parts: polymer main chains
(conjugated backbones) and polymer side chains (flexible solubilizing chains). In polymeric
semiconductors, although the conjugation backbones determine the optoelectronic properties
of polymers, the flexible solubilizing chains also significantly improve the device

performance by affecting molecular arrangement in the film.>’”® 1t is, therefore, very
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important to match side chains and conjugated backbones when designing polymers. Some

representative works are summarized for discussion.

/ \
—Si— \ Si—
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Chart 1.8 Chemical structures of P33-P37.

Chart 1.8 shows the structures of D-A copolymers P33-P37, which have the same
conjugated backbones of isoindigo and bithiophene. Obviously, the linear alkyl chains cannot
provide enough solubility for yielding the high molecular weight and solution processed
polymers. A promising isoindigo-based polymer with a pair of 2-octyldodecyl groups P33
was reported by Pei’s group. This polymer exhibited an air stable hole mobility up to 0.79
cm’ Vs Bao and her coworkers reported the same conjugated backbone polymer P34
with an unconventional siloxane-terminated hexyl solubilizing side chains, at the same time,
the P33 was also studied as a reference polymer. In their work, P34 had a higher hole
mobility of 2.48 cm”® V' s™! than P33 (0.57 cm® V' s™). It was attributed to the smaller 7%
distance of 3.58 A in polymer P34 compared to P33 (3.75 A).*® Pei and his coworkers
subsequently moved the branching point from 2-position (P33) to the 3-, 4-, 5-positions (P35-
P37) to investigate the influence of moving the branching point away from the polymer main
chains. The results demonstrated that P36 gave a highest mobility up to 3.6 cm® V' s with a
shortest m-m distance of 3.57 A among of them.®! Currently, the siloxane-terminated side
chains and the tuning of the distance of the branching of alkyl chains away from the
conjugated backbone have been successfully applied to other acceptors and achieved high

mobility in OFETs.®**
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1.4 Silylethynyl-substituents in acenes and heteroacenes

Like polymer semiconductors, the organic small molecules have also obtained great
success in the past few years. Pentacene (M1) analogues are among the most important
families of organic semiconductors because of their high charge carrier transport in OFETs.
However, the solubility and stability of these molecules significantly impede their
applications and development in organic semiconductors.®>® For example, their high-lying
HOMOs make them sensitive to photooxidation, resulting in low device performance under

. .« . 67.6
ambient conditions.’”%

H< A

secosllisevoviisoees
< 4 @)

M1 M2 M3

- X -
COCCL OOy Cio
e S

M4 M5 M6

X

Chart 1.9 Chemical structures of M1-M6.

Anthony and his coworkers grafted the first example of the triisopropylsilylethynyl
group onto pentacene and successfully improved the solubility and stability of pentacene. This
molecule (M2) exhibited good solubility, strong ©-7 stacking and significant conductivity
enhancements.” Since then, the functionalized pentacene analogues were widely
synthesized.”’* At the same time, the hole mobility of M2 was achieved up to 4.6 cm”* V' 5™
by solution processed OFET.”” Furthermore, introduction of heteroatoms (like sulfur and
nitrogen) in conjugated backbone system (namely heteroacenes) was also proven to be one of

effective approaches to improve molecular electronic properties or stabilize the HOMO
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energy levels. As shown in chart 1.9, anthradithiophene (M3),”* tetracenothiophene (M4)”
and acenothiadiazole (M5)’® were synthesized, providing lower lying HOMOs than that of
pentacene, thereby exhibiting higher oxidation stability. These heteroacene molecules form
good T-T interaction in the solid states and show relatively high hole mobilities (1.0 cm® V' s
! for M3; 1.28 em? V! s for M4; 0.4 cm? V! s for MS). On the other hand, nitrogen-rich
heteroacenes have been computed as promising candidates for transporting negative charge
carrier by Winkler and Houk.”’ Indeed, tetraazapentacene M6’ molecule was reported to
exhibit excellent electron mobility as high as 3.3 cm® V's! by solution processing.79 These
properties indicate heteroacene molecules are promising candidates for n-type OFET

materials.

1.4.1 Introduction of silylethynyl-substituted in acenes and heteroacenes

Method 1: Nucleophilic addition reaction

(0] BrMg———R
or
OO ) ==
- - @ @ 5
0]

Method 1: Sonogashira coupling reaction

@E I I ]ij Pd(PPh3), ?: I I ]ig

PdO,

N\ININ\

NN N
CU' PPh3 EtsN H
R
R = silylethynyl-substituted

Scheme 1.1 The approaches for introduction of silylethynyl-substituted.

Introducing silylethynyl groups has proven to be successful not only in improving
solubility and stability of acenes and heteroacenes, but also in enhancing their capability for

n-stacked arrays. However, currently, only two familiar methods were used to introduce
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siylethynyl groups into acenes and heteroacenes as shown in Scheme 1.1. The first is the
nucleophilic addition of siylethynyl anion, which proceeds via the corresponding dione
precursors, and then the reduction of the respective diols are performed.69 The second method
is the Sonogashira coupling reaction which is carried out between the silylacetylene and
corresponding dibromo precusors.® Thus, the facile and diverse synthetic approaches are

necessary for the rapid improvement of heteroacene-based OFET materials.

1.4.2 Crystal packing for silylethynyl-substituted acenes and heteroacenes

Silylethynyl substitution was proposed to improve the solubility of acenes and azacenes.
More importantly, this functionalization strategy can tune their solid state order. Even though
small differences were modified in the substitution of the silicon, they significantly changed
molecular crystal packing, therefore leading to different device performances. Taking
pentacene and its functionalization derivatives for example, the crystal packing of them are
shown in Figure 1.4. Unsubstituted pentacene exhibited an edge-to-face herringbone

8183 which may limit its electron transport properties.84 The introduction

arrangement (1.4a),
of bulky substitutents disrupts the edge-to-face arrangement of the pentacene cores, and
encourages face-to-face interaction between pentacene cores. The trimethylsilyl group of M7
led to a 1D slipped packing arrangement (Firgure 1.4b),% while M2 with the triisopropylsilyl
group formed a 2D brick m-stacking arrangement (Figure 1.4¢),%” which is a desirable packing
for more efficient charge transport in OFET. The ratio of diameter of bulky substituents to the
long-axis dimension of aromatic ring strongly influences molecular packing styles. If the
substituted diameters are significantly greater or smaller than half the length of the aromatic
backbone, the molecular packing is beneficial for 1D arrangement. While the diameter of side
group is close to half the length of the aromatic ring, the molecule commonly forms the 2D
brickwall motif.*” It could be the same reason that triethylsilylethynyl anthradithiophene (M3)
adopt a 2D brickwall packing, while triisopropylsilylethynyl anthradithiophene displayed a

1D slipped packing arrangement.”*
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Figure 1.4 Crystal packing for unsubstituted pentacene (a)*’, trimethylsilylethynylpentacene (b)*’, and
triisopropylsilylethynylpentacene (c)®.

1.5 Motivation and objective

Currently, the strong acceptors received more and more attention, because they are
promising in developing low band gap copolymers with deep LUMO levels, which impart
characteristics of transporting negative charge through the polymers and improves the
stability. In comparison with other strong acceptors, thiadiazoloquinoxalines (TQs) have some
unique properties such as quinoid characters, diversity of the chemical structures, and rich
electronic properties, which make them the most important building blocks in developing low
band gap copolymers. However, some drawbacks of TQ small molecules and polymers
limited their applications. Therefore, TQs were chosen as the research object in this thesis, the
new TQ-containing polymers and small molecules will be designed, synthesized, and
characterized as organic semiconductors. Herein the molecular structural design pursued was

guided to address the following problems.
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» TQs are strong electron acceptors with EA in a region of -3.43 to -3.83 eV,**% but
most of TQ-based polymers were reported as p-type materials in OFETs. It still has

some problems in developing ambipolar polymer semiconductors.

In order to enable electron charge transport in the TQ-based polymers, our group’s
previous strategy was to introduce acetylenic T-spacers into the main chains of TQ-based
polymers for reducing the twist within the polymer backbones and electron-donating part.
Therefore, the first example of TQ-based ambipolar polymers was reported. However, it needs
more steps to introduce diethynyl groups onto the donor part in synthesis, and also some
diethynyl donors are quite unstable under air and catalyst. In order to more easily achieve
electron charge transport in the TQ-based polymers, recently our group developed a higher
electron affinity benzodithiophene condensed TQ acceptor with EA of -3.84 eV (M8, Figure
1.5), by condensing fused aromatic rings. This strong acceptor can be easily applied to
construct copolymers by Stille coupling, which exhibits negative charge transport.
Interestingly, the M8 possesses two couples of active positions for polymerization, which

should be first studied in this thesis.

S, s CH S,
CizHzs NN Ci2Has CizHzs NN CizHas 12Hzs Ci2Hzs NN C1Has
S
/\ 1\ /\ /7 \ /1 \
CizH2s S S CizH2s * IS\ ! Wy \/ S S s” In
S
N\ IN - N N —_— CyoHos N\ /N
CoH W/
e C,Hs CoHs
1 \ S 1\ ] \ 1 \
S S \ /, S *Ng g7 * C,Hg S S C4Hq
CqH
PBDTTQ-1 12H25 M8 PBDTTQ-2

Figure 1.5 Two different linkage polymers based on M8.

» Usually, TQ-based polymers have poor solubility, low molecular weights and low
charge carrier mobilities. However, an excellent candidate of polymer semiconductor

needs a high molecular weight and good solubility.

Taking the rigid structure of TQ into account, it is normal that TQ small molecules,

especially TQ-based polymers have poor solubility in organic solvents, such as chloroform,
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THEF, toluene, and chlorobenzene. The poor solubility directly led to low molecular weights of

the resulting polymers, which further influenced the charge carrier transport in OFETs. In

order to improve the device performance of TQ polymers,

to exploit a series of polymers (Figure 1.6), firstly in combination with the unsubstituted
donors and then with side chain engineering in conjugated backbone of PTQ4. The structures
and charge carrier mobility relationships of TQ polymers should be investigated and

understood. Finally, based on these structure-property relationships, a new polymer

PBDTTQ-3 was constructed with higher molecular w:

performance as ambipolar semiconductor.
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Figure 1.6 The map of design high performance TQ polymers in OFETs.
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» The rich chemical structures of TQ molecules make it easy to manipulate their
electronic properties. Therefore, they have potential applications in many electronic

fields. How to design new TQ structures for new applications.

Indeed, the diversity of TQ electronic properties has yielded many polymers which can
be applied in several fields, such as OPVs,**® OFETs,””' LEFETs,”” polymer light emitting
diodes (PLEDs),” near-infrared electroluminescence’ and photoacoustic vascular imaging.95
In our case, to enhance the practical applications of such polymers in organic electronics, a
photosensitizer group, phenanthrene,”®®” was attached onto the TQ moiety in PBDTTQ-3 to
develop a polymer PPhTQ (Figure 1.7). As expected, this polymer was found to act as an

effective active layer for organic phototransistor devices.

CyoH. C4,H. CyH
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ambipolar FET without photoresponse ambipolar FET and phototransistor

Figure 1.7 Multifunctional TQ-containing polymer.

> TQ has a quinoid character like strong acceptor benzobisthiadiazole (BBT),” But the
TQ polymers usually show relatively large bandgaps ((Eop > 1 eV)” compared to BBT
containing polymers (Eq, < 0.7 eV).'%1% What kind of strategies can be used to

develop new TQ polymers with very low bandgaps.

In order to obtain very low bandgap polymers, a dual-acceptor design strategy was

perforrned34 to construct D-A1-D-A2 polymers.m'106

In our studies, a strong acceptor TQ and
a relatively weak DPP were successfully combined by Suzuki coupling reaction and achieved

an optical bandgap as low as 0.60 eV (Figure 1.8).
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Figure 1.8 Dual-acceptor polymers with very low bandgap.

» TQ small molecules have been widely expanded by the condensation reaction in the
past few years,****1%1% byt their crystal structures were rarely reported and studied.
One question, is it possible to synthesize new TQ small molecules with single
crystals. Another question, is it possible to reduce the intermediates of dintro-
benzothiadiazole derivatives to corresponding benzotetraamines, further preparing

heteroacenes via condensation reaction.

f C)fo Il
HaN N Yo N N,
\ :

N }\s.({ HeN I N CHaCOOH I
Br >*Si = ce
on Jw AT D & 5
< =N, o A A
O.N . . S
2 L Stille Coupling ON N

< 2o D
I ey, O e
: :
HzN NH, C)i\o =z

O Aromatic rings

Scheme 1.2 New approaches for developing TQ small molecules and heteroacenes.
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Silylethynyl groups are the best candidates for optimizing the molecular ordering, due
to their enhancement of molecular crystallization ability. In order to introduce the silylethynyl
groups onto conjugated backbone, we developed a new approach using Stille coupling
between monostannyl silylethynyl and dibromo-dinitro-benzothiadiazole. Afterwards, the
reduction and condensation reactions were carried out to obtain final expanded TQ small
molecules (Scheme 1.2). As expected, all of them exhibited good crystallization ability. The
reduction was further optimized and successfully obtained a very important intermediate
benzotetraamine, which exhibited excellent solubility, and yielded a desired heteroacene by
condensation reaction. It provides a chance to synthesize more centrosymmetric extended

heteroacenes.
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Chapter 2. Benzodithiophene-Thiadiazoloquinoxaline
Based Polymers with Distinct Linkage Patterns
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A highly conjugated benzodithiophene-thiadiazoloquinoxaline (BDTTQ) was synthesized.
Two new conjugated copolymers, PBDTTQ-1 and PBDTTQ-2, were constructed with distinct
linkage patterns between BDTTQ and alkylated bithiophene. The difference in the linkage between
donor and acceptor exerts great influence on their optoelectronic properties. Surprisingly, density
functional theory calculations demonstrate that the electron density is mainly confined on the acceptor
unit in both HOMO and LUMO of PBDTTQ-1, while the electronic density almost delocalizes along
the entire backbone of PBDTTQ-2. In contrast to PBDTTQ-1 not providing a field-effect transistor
response, PBDTTQ-2 exhibits ambipolar charge transporting behavior. PBDTTQ-2 was fabricated
for all-polymeric solar cells with P3HT as donor part. The power conversion efficiency, however, was

very low.

Note: Large part of this chapter has been published in Macromolecules, 2014, 47, 979-986.
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2.1 Introduction

Low bandgap m-conjugated copolymers composed of alternating donor (D) and
acceptor (A) moieties have proven to be successful in improving device properties in organic
light-emitting diodes (OLEDs), organic photovoltaics (OPVs) and organic field-effect
transistors (OFETs)."” The strong acceptor can be beneficial for developing low bandgap
copolymers with deep LUMO levels, which imparts characteristics of transporting negative
charge through the polymers and improves the stability. Currently, some strong acceptors
(Figure 2.1) have been applied to make promising D-A copolymers, such as
diketopyrrolopyrrole (DPP),*’ perylene bisimide (PBI),*’ naphthalene diimide (NDI),'"!" and
benzobisthiadiazole (BBT).'*"? The development of new strong acceptors that can be used for
constructing D-A polymers with deep LUMO levels and ambipolar charge carrier transport

remains still challenging.

o” [}j X0 Ne N
0 N Yo R
|
R = alkyl Chain R
DPP PBI NDI BBT
EA=-3.13 eV EA =-3.9eV EA=-39eV EA =-4.39 eV

Figure 2.1 The structures of DPP', PBI'®, NDI'® and BBT". Their electron affinities (EA) were

investigated by cyclic voltammetry.

As previous redox potential investigations, thiadiazoloquinoxalines (TQs) are much
stronger electron acceptors (EA~ -3.43 to -3.83 eV)l&19 than DPP (EA~ -3.13 eV).14
Additionally, TQs can be modified via functionalization at the 6 and 7 positions (Figure 2.2, I)
to increase the solubility or improve device performance.zo'24 Copolymers made from TQs
have been reported as promising p-type semiconductors. In these polymers, TQs which were
usually flanked with two thiophene units at the 4 and 9 positions were copolymerized with

donors such as fluorene,” thiophene®® and dithieno[3,2-b:2",3’-d]pyrrole’’ and only a few
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copolymers showed decent hole transporting properties, but no ambipolar behavior was
observed. Introducing acetylenic m-spacers into the main chains of TQ-based polymers can
reduce the twist within the polymer backbones (Figure 2.2, II)," leading to ambipolar
polymer semiconductors. The extension of m-conjugation length in the TQ core has also been
proven to effectively lower the LUMO level and strengthen the electron-withdrawing ability.28
However, these extended fused TQ derivatives have not been used as acceptors to construct

D-A copolymers applied in OFETSs until now.

N N R, = alkyl chain
e thienyl s
Ri Ry phenyl /

Figure 2.2 TQ-based acceptors from the literature and a new TQ condensed core acceptor 111
presented in this chapter.

Benzodithiophene-thiadiazoloquinoxaline (BDTTQ) was thus designed by fusing the
thiophene rings to form a larger m-conjugated system (Figure 2.2, III). The two thiophenes at
both sides provide more alkylated positions to improve its solubility. This new acceptor can
be expected to provide lower LUMO level and electron transporting property when being
incorporated into the polymer backbone. More interestingly, the BDTTQ unit possesses two
couples of active sites (a and b Figure 2.2, III) for polymerization, which offers an
opportunity to make D-A polymers with distinct linkage pattern between BDTTQ core and
donors. In view of the different electron density distribution on the BDTTQ core (electron-
donating BDT part and electron-accepting TQ part), we can tune the optical behavior, energy

levels, as well as the transport behavior of the copolymers by changing the linking pathway.

In this chapter, we report two new D-A copolymers (PBDTTQ-1 and PBDTTQ-2,
Scheme 2.4) containing BDTTQ as acceptor. To increase the solubility of both copolymers,
substituents as n-dodecyl and 2-ethylhexyl were introduced for PBDTTQ-1 and PBDTTQ-2,

respectively. In spite of having same donor and acceptor units in the polymers, both polymers
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present remarkably different electron distributions and D-A interactions in the polymer chains.
For PBDTTQ-1, the BDT part of BDTTQ is located in the conjugated backbone, whereas the
TQ moiety is suspended around the periphery of the polymer main chains, which implies that
the electron density will be mostly confined on the TQ moiety, thereby weakening the charge
transfer between donor and acceptor units. In comparison, the TQ moiety of BDTTQ in
PBDTTQ-2 fully participates in the conjugation along the polymer main chain facilitating the
D-A interaction. Comparative investigations on both polymers revealed that the linkage
pattern in PBDTTQ-2 is far better for extension of the conjugation thereby narrowing the

bandgap, deepening the LUMO level, and improving the charge carrier transport.

2.2 Synthesis and characterization

Although both monomers have the same skeleton, they were prepared using
completely different routes, taking the introduction of solubilizing side chains and bromines at
different positions into account. The synthesis of Br,-BDTTQ-1 is depicted in Scheme 2.1.
The starting material 2-bromo-3-dodecylthiophene (1) was prepared from commercial 3-

29,30

bromothiophene after Kumada coupling followed by bromination, which was converted to

1,2-didodecylthiophene (2) by Kumada coupling again with Grignard regent in 79% yield.
PN

Ni(dppp)Cls, (CH3)3SnCl A ON NO,
$ PNTNg” "Cighas Z 4

\ /j
B
CioHas  Ciy2HasMgBr, Et20, C1aHas n-BuLi, THF, 0°C, Ci2Has BrQ r
B o S N &
s~ CiaHas

S " 5 °C, 4 days, 79% rt., overnight, 80%

] ) 3 Pd(PPh,)Cl,, THF, 80 °C,

16 h, 51%

.S,
o 0 Ci2H2s N\ N Ci2Has
N s. G\ I\
CizHas NN CiaHas . CizHas NN Ci2Has /E%:/él T S CraHs
/\ J\ > B S 7 S Br N, N
C12H25@—Q—QC12H25 CHyCOOH_ CpHys /S ) /S ) Ci2Has -
CH,COOH, 55 °C,
ON  NO, 75°C, 5 h, 85% HN  NHp overnight, 55% [ \
5 6 Br S S Br

Br,-BDTTQ-1 (8)

Scheme 2.1 Synthetic routes for monomer Br,-BDTTQ-1.

Afterwards, the dialkylated thiophene 2 was used in a stanylation reaction to provide 2-
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trimethylstannyl-4,5-didodecylthiophene (3). Stille coupling reaction between 3 and 4,7-
dibromo-5,6-dinitrobenzothiadizole (4) produced dinitro compound S, which was reduced by
iron in acetic acid to obtain diamine 6. Subsequently, condensation between 6 and dibromo-

diketone 7 gave the monomer Br,-BDTTQ-1.

CHaClICH,COOH (1/1)

—_— >

n-Buli, THF, r.t., overnight, 79%
\/—/\/ \ - 78°C, ethylhexyl bromide C2Hs '
s @\)\ CaHo
12 h, 33% S 10 n-BuLi, THF, 0°C,
o (CHa)3SnCl
r.t., overnight, 74%
CoHs
N T

Pd(PPh;)s, DMF CoHs M S CaHs
—
Wa CaoHs 80°C, 16 h, 83% CaHg s\ CoHs
/SH/O\)\CAF@ 13

0] O
n-BuLi, +BuOK, THF,

N S 78 °C. ethylhexyl bromide CoHs 1,2-Dichloroethane, pyridine,
‘ N/ » etnyhexy ! I\ \S ] C4Ho oxalyl chloride AICI; CoHs / \ CoHs
S C4H.
e s CaHs C4Hg S S C4Ho

14 70°C, 12 h, 43% -10°Ctort. 5h, 47%
13 15

Scheme 2.2 The optimized synthetic route for compound 185.

In order to obtain a more soluble monomer Br,-BDTTQ-2, the key intermediate 2,7-
bis(2-ethylhexyl)benzo[2,1-b:3,4-b'|dithiophene-4,5-dione  (15) was synthesized and
optimized as shown in Scheme 2.2. Initially, compound 13 was synthesized from commercial
thiophene by a well-known procedure. This synthetic procedure is time-consuming for
workup due to a four-step reaction. Another issue is a low yield in the first step. To improve
working efficiency, we designed and achieved one step reaction to obtain compound 13 from
bithiophene in yield of 43%. It is noteworthy that use of -BuOK to enhance the reactivity of
lithiated bithiophene3 ! and heating to reflux were crucially important. Afterwards, inspired by
our previous synthesis for alkylated phenyl-diketones," compound 15 was obtained in just

one step through Friedel-Crafts acylation in yield of 47%.

Monomer Br;-BDTTQ-2 was synthesized using another path as shown in Scheme 2.3.

(4-Dodecylthiophen-2-yl)trimethylstannane (16) was prepared from commercial 3-
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bromothiophene by first introducing n-dodecyl via Kumada coupling then performing
stanylation.””* The corresponding dinitro compound 17 was obtained using Stille coupling
between 16 and 4. Afterwards, it was reduced by iron and acetic acid to give diamine 18.
Considering the acidity of silica column gel could cause to alkaline substance loss even
though the eluent was added to 5% triethylamine, compound 18 could be directly used
without purification to condense with diketone 15 to yield compound BDTTQ-2. However,
special attention needs to be paid to remove residual iron. Otherwise, the traces of iron could
significantly decrease the yield in the following condensation. BDTTQ-2 was then treated

with NBS to produce Br,-BDTTQ-2.

C1oHas
N;S\/N */Sn s CioHos N\ /N CioHos Fe, CioHos N\ /N CioHos
16 7\ /\ CH3COOH I/ T
Br Br S S . S S
Pd(PPh3)Cl,, THF, 80 °C, NO 75°C, 5h, 82%
ON  NO, 16 h. 88% ON 2 HN  NH;
17
4 18
.S. N
CiaHas NN CizHazs Ci2Hzs NN C1oHos
/\ 7\ B / -\ 7\
r Br
15 s g s NBS, . 5 h, 78% s s
[ —" N\ y - = N \ /N
CH3COOH, 55 °C,
overnight, 73% CoHs , 1 C2Hs CoHs I \ CoHs
C4Hg S S C4Hg C4Hg S S C4Hg
BDTTQ-2 (19) Br,-BDTTQ-2 (20)

Scheme 2.3 Synthetic routes for monomer Br,-BDTTQ

Before polymerization, both precursors, Br,-BDTTQ-1 and Br,-BDTTQ-2, were dried
more than 12 hours at 50 °C under vacuum to remove residual solvents and water. Due to
different solubility of both precursors, their '"H-NMR spectra were measured in CDCl; for
Br;-BDTTQ-1 and CD,Cl, for Br,-BDTTQ-2, respectively. Figure 2.3 displays two very
clear "H-NMR spectra except the signal of water, which could stem from deuterated solvents.
Br-BDTTQ-1 and Br;-BDTTQ-2 have two aromatic peaks. However, the significant
different peaks were observed in the NMR spectra. In the region between 2 and 3 ppm, the
double triplet peaks of Br,-BDTTQ-1 are from its different dodecyl groups, while one
doublet peak and one triplet peak of Br,-BDTTQ-2 are attributed to its 2-ethylhexyl and

dodecyl side chains.
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Figure 2.3 The "H-NMR spectra of Br,-BDTTQ-1 and Br,-BDTTQ-2.
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Scheme 2.4 Synthetic routes for two BDTTQ-based polymers.

The polymerizations were carried out through Stille coupling reaction between Br,-
BDTTQ-1 or Br,-BDTTQ-2 and the same donor alkylated bithiophene (21, Scheme 2.4).
Both polymers have excellent solubility in chloroform, tetrahydrofuran, toluene and
chlorobenzene. The number-average molecular weights (M,) of the polymers PBDTTQ-1 and
PBDTTQ-2 were determined as 37.3 kg mol™” and 11.8 kg mol” with polydispersity index
(PDI) of 2.43 and 1.66, respectively (Figure 2.4, Table 2.1). The polymerization was tried
several times to enhance the M, of PBDTTQ-2, including microwave reaction (M, 9.6 K,
PDI 1.27, Figure 2.4), but the results were similar to those mentioned above. It may arise from
the steric hindrance induced by the n-dodecyl chain at 3 position of the thiophene in monomer

Br;-BDTTQ-2 preventing to produce higher molecular weight during polymerization.
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Figure 2.4 GPC curves for PBDTTQ-1 and PBDTTQ-2. Polystyrene was used as standard and
THEF as eluent at 30 °C.
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Figure 2.5 TGA curves for PBDTTQ-1 and PBDTTQ-2 measured under a nitrogen atmosphere at a
heating rate of 10 °C/min.

The thermal properties of the copolymers were investigated by thermogravimetric
analysis (TGA) as shown in Figure 2.5. Both copolymers exhibited excellent thermal stability,
with 5% weight loss upon heating at 403 and 422 °C for PBDTTQ-1 and PBDTTQ-2,
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respectively. The weight of both polymers are lost around 54% and 57% when the
temperature was raised to 500 °C, these values are very close to the weight ratio of the side
chains (57% and 60%) in PBDTTQ-1 and PBDTTQ-2, respectively. It suggests that first side

chains of both polymers are decomposed with increasing temperature.

2.3 Optical properties

The optical properties of both polymers were investigated in chloroform solutions (¢ =
10° M) and in films prepared by drop-casting onto glass slides from 10 mg/mL chloroform
solutions. The data are summarized in Table 1. In dilute chloroform solutions, PBDTTQ-1
and PBDTTQ-2 exhibit two main absorption bands as shown in Figure 2.6a. The first intense
band covers from 300 to 550 nm and the second ranges from 600 to 1200 nm. The higher
energy absorption band corresponds to the m-m* transition of the conjugated backbone,
whereas the lower one should be attributed to intramolecular charge transfer (ICT) between
donor and acceptor in the conjugated backbone.* To investigate the influence of the different
pattern of linkage on the optical properties of the two polymers, the absorptions of two
monomers Br-BDTTQ-1 and Br,-BDTTQ-2 were also recorded in Figure 2.6a. Two
monomers present T-TT* transitions at higher energy region and broad absorption band
between 600 and 1000 nm similar to those of the corresponding polymers. The latter can be
assigned to the ICT between thiophene and fused aromatic ring condensed TQ moiety. The
difference in maximum absorption of both monomers may originate from the different
electron-donating contribution of alkyl chains. Interestingly, compared to the absorption
maxima of the monomers, PBDTTQ-2 exhibits a red shift around 130 nm, while polymer
PBDTTQ-1 shows a smaller red shift of only 40 nm, implying the stronger ICT process in
PBDTTQ-2 than that in PBDTTQ-1. This result suggest that electrons are mainly limited on
the TQ moiety in PBDTTQ-1, leading to ineffective charge transfer along the polymer chains,
whereas in PBDTTQ-2, the electrons can better delocalize along the whole polymer

backbone.
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Figure 2.6 UV-visible-NIR absorption spectra of two monomers and copolymers in a) chloroform
solutions (¢ = 10” M) and b) films.

In the films (Figure 2.6b), the two polymers display slightly broader spectra which are
even further bathochromically shifted compared with those in solutions. PBDTTQ-2 shifts to
red around 50 nm contrasted with around 15 nm for PBDTTQ-1, indicating that PBDTTQ-2
possesses stronger interaction between the polymer chains than PBDTTQ-1 in the solid state.
In comparison with Br,-BDTTQ-1, surprisingly, the optical band edge of PBDTTQ-1 has a
slight blue-shift, it is related to two aspects: (1) PBDTTQ-1 has an ineffective charge transfer
along the polymer main chains as confirmed by absorption spectra in solution. (2) The head-
to-head alkylated bithiophene in PBDTTQ-1 led to its twisted conjugated backbone, it
thereby decreased interaction between the polymer main chains, while more planar Br,-

BDTTQ-1 was beneficial for intermolecular interactions.

On the other hand, the intensity of long wavelength of these polymers is weaker than
the low ones in solution and solid state. The intensity of long wavelength to low wavelength
ratio (OD,/ODy) represented the molecular charge transfer ability. The OD,/OD; values of
both polymers are 0.17 and 0.49 in solutions, 0.45 and 0.78 in films for PBDTTQ-1 and
PBDTTQ-2, respectively. These results are related to the fact that PBDTTQ-2 has stronger
charge carrier transfer ability than PBDTTQ-1 in solutions and films. Additionally, optical

band gaps are 1.18 eV and 1.03 eV, calculated according to the absorption onset of the thin
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films for PBDTTQ-1 and PBDTTQ-2, respectively. These results demonstrate that the strong
acceptor BDTTQ is favorable to develop narrow bandgap copolymers, and the different

combination between donor and BDTTQ core allow efficient tuning of the optical properties.
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——PBDTTQ-2
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0.0+,
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Figure 2.7 UV-visible-NIR absorption spectra of PBDTTQ-2 in chloroform solution
(c =2x10° M) with and without TFA.

To investigate protonation of the nitrogens in PBDTTQ-2, we measured the UV-vis-
NIR spectrum of PBDTTQ-2 in chloroform solution (Figure 2.7). Then 0.02 mL of
trifloroacetic acid (TFA) was added into the sample cell, and shaken it for ten seconds. After
2 minutes, the solution was measured again (red line) and found that the two spectra
overlapped very well, implying TFA did not protonate the nitrogens in PBDTTQ-2. It might
originate from that the pair of electrons in nitrogens were delocalized over the whole 7-

conjugated system.

2.4 Electrochemical properties

The electron affinity (EA) and ionization potential (IP) of both copolymers were
evaluated by cyclic volatammetry (CV) of the thin films.>* The reduction and oxidation
curves of copolymers are shown in Figure 2.8 and the corresponding electrochemical data are
summarized in Table 2.1. Both copolymers exhibit irreversible oxidation waves and reversible

reduction waves, implying their potential in transporting negative charge. According to the
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first onset potentials, the EA and IP were estimated to be -5.50 and -3.86 eV for PBDTTQ-1,
-5.48 and -4.01 eV for PBDTTQ-2, respectively. This result shows that the extension of 7-
conjugation of TQ is a viable strategy to obtain stronger acceptors with lower band gap of the
polymers thus possessing deep EA. Moreover, the linkage pattern in PBDTTQ-2 can
obviously lower the EA more than that in PBDTTQ-1. The electrochemical band gaps are
1.64 eV and 1.47 eV for PBDTTQ-1 and PBDTTQ-2, respectively. The difference between
the optically and electrochemically measured energy gaps can be explained by the exciton

binding energy of the copolymers.*
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Figure 2.8 Reduction (left) and oxidation (right) of two polymer films deposited from chloroform.

Table 2.1 Optical and electrochemical data of the polymers.

Polymers M,/M,* Aabs (M) Aaps (NM) E>™ 1P EA ES
(kg/mol) soln.’ film* (eV)* (eV) (eV)* (eV)

PBDTTQ-1 90.7/37.3 358,422,860 357,421,875 1.18 -5.50 -3.86 1.64
PBDTTQ-2 19.6/11.8 340,430,928 340, 438,978 1.03 -5.48 -4.01 1.47

“Determined by GPC in THF using polystyrene standards. "Dissolved in choloform (¢ = 10~ M). “Drop-casted
from choloform solution (10 mg/mL). YHOMO and LUMO levels were estimated from the onsets of the first
oxidation and reduction peak, respectively, while the potentials were determined using ferrocene (Fc) as standard
by empirical formulas Exa = - (E rea™" - Ereres -+ 4.8) eV and Epp = - (Eox™" - Erepe:> + 4.8) €V , wherein
Egeres’> =040 eV,
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2.5 OFET and self-organization properties
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Figure 2.9 Transfer (a) and output (b) curves of PBDTTQ-2.

The charge carrier transport of both polymers was studied in collaboration with .
_ (Max Planck Institute for Polymer Research, Mainz). The field-
effect transistors were fabricated based on a bottom-gate, bottom-contact architecture. The
200 nm thick SiO; dielectric was functionalized with hexamethyldisilazane (HMDS) to
minimize interfacial trapping sites. The copolymer thin films were deposited by spin-coating
(1200 rpm, 60 s) of a 10 mg/mL CHCI; solution under nitrogen atmosphere, followed by
annealing at 150 °C for 1 h. PBDTTQ-1 and PBDTTQ-2 exhibited significant differences in
device performance. PBDTTQ-1 did not show any field-effect response, While PBDTTQ-2
led to an ambipolar transport with mobilities of 1.2x10~ ecm” V' s™ for holes and 6.0x10™
cm? V! st for electrons with the Lon/Logs around 100 and 10, respectively (Figure 2.9a). The
low L,/Iogr values of PBDTTQ-2 are very common in TQ based polymers as semiconductors.
In the negative drain mode for Vp < 0 V (Figure 2.9a), the crossover point is located at round
Vg =-18 V, implying a current conversion from electron- to hole-dominated transport. Below
this gate voltage the transistor exhibit p-type behavior. Additionally, the output characteristic
(Figure 2.9b) shows a nonlinear behavior of the current at low Vp. It is related to the device

contact resistance.

To gain an understanding of the device performance, the organization of both copolymers

in the bulk and thin film were investigated in collaboration with |GGG
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- (Max Planck Institute for Polymer Research, Mainz).

a) )

00 05 10 15 2.0 00 05 10 15 2.0
Oy | A Oy | A1

Figure 2.10 2DWAXS of a) PBDTTQ-1 and b) PBDTTQ-2. The fiber sample was mounted vertical
towards the 2D detector. GIWAXS of ¢) PBDTTQ-1 and d) PBDTTQ-2.

For the bulk organization, two-dimensional wide-angle X-ray scattering measurements
(2DWAXS) of extruded, macroscopically aligned fibers were performed. For both cases, only
equatorial reflections in the small-angle region appeared which were related to the chain-to-
chain distance between lamellar stacks aligned along the extrusion direction of the fiber
(Figure 2.10a and 2.10b). A distance of 2.50 nm for PBDTTQ-1 and 2.20 nm for PBDTTQ-2
was determined. However, no scattering intensities for the n-stacking were found indicating
pronounced disorder of the conjugated polymers in the lamellar structures. The disordered
assembly may be due to the high steric hindrance between the alkyl chains as well as the large

size of BDTTQ unit at the lateral direction not allowing a close and defined packing of the
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backbones on top of each other. This was further confirmed by the strong amorphous halo of
the alkyl side chains. Grazing incidence WAXS (GIWAXS) confirmed the low order also in
thin films (Figure 2.10c and 2.10d). The GIWAXS patterns revealed only one isotropic
reflection which was correlated to the chain-to-chain spacing of randomly arranged lamellar
structures towards the surface. Therefore, the amorphous morphology should be responsible
for the relative low charge mobility. However, no obvious difference was observed for both
polymers from the X-ray characterizations which could provide an explanation for the
discrepancy between both polymers in device performance. Therefore, density functional

theory (DFT) calculations were carried out.

2.6 Density functional theory calculations

2T1 2T-2

HOMO

Figure 2.11 LUMO (top) and HOMO (bottom) distributions for the minimum energy conformations of
methyl substituted models of 2T-2BDTTQ-1 (2T-1) and 2T-2BDTTQ-2 (2T-2) optimized with
Gaussian at the B3LYP/6-31G* level.

DFT calculations were carried out on two models of acceptor-donor-acceptor
arrangement carrying methyl substituents, named 2T-1 and 2T-2 for 2T-2BDTTQ-1 and 2T-
2BDTTQ-2, respectively. The electron density distributions of the LUMO and HOMO of
geometry optimized structures are shown in Figure 2.11. For both LUMO and HOMO levels
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of 2T-1, the electrons are only localized upon one of both electron accepting BDTTQ cores,
which could prevent the efficient electron transport along the conjugated backbone. This in
combination with its disorder assembly prevents interchain charge transfer that leads to absent
of charge carrier transporting in PBDTTQ-1. In contrast, electrons of the HOMO and LUMO
levels of 2T-2 are both well delocalized over the conjugated repeat unit. This may partly
explain the observed ambipolar behavior of PBDTTQ-2.*® In addition, the results from DET
calculations are well consistent with the observations from absorption spectra, demonstrating
the stronger ICT process between donor and acceptor in PBDTTQ-2 than that in PBDTTQ-1.
It can hence be concluded that the way of linking cannot tune the organization behavior in
bulk and in film as verified by the structural analysis but can strongly influence the electron

distributions along the polymers main chains and therefore the change of carrier mobility.

2.7 All-polymeric solar cells for PBDTTQ-2
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Figure 2.12 The J-V curve of all-polymer solar cells based on P3HT:PBDTTQ-2 (5:4, w/w) under
the illumination of AM 1.5 G 100 mW cm™.

PBDTTQ-2 exhibits a suitable LUMO energy levels (-4.01 eV) as acceptor in
application for all-polymeric solar cells. It needs to be mentioned that the EA and IP were
replaced by LUMO and HOMO energy levels in this section, in order to facilitate discussion
based on the concepts of OPVs. Poly(3-hexylthiophene) (P3HT) was chosen as donor
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material based on two reasons. Firstly, P3HT has match energy levels with LUMO of -3.20
eV and HOMO of -5.10 eV’’ for PBDTTQ-2 (LUMO, -4.01 eV; HOMO, -5.48 eV).

Secondly, P3HT is one of most studied donor material in OPVs.

The all-polymer solar cell devices were fabricated in collaboration with _
- (Max Planck Institute for Polymer Research, Mainz). The active layer was deposited by
spin-coating (800 rpm, 30 s) from a chlorobenzene solution of the P3BHT:PBDTTQ-2 (5:4
weight ratio) onto indium tin oxide (ITO) glass substrates, which were precoated with
PEDOT:PSS, followed by annealing at 150 °C for 30 min. Afterwards, 100 nm thick Al layer
was vapor deposited onto the active layer. The device reached a very low power conversion
efficiency (PCE, 1) of 0.01%, with an open circuit voltage (V,.) of 0.45 V, a fill factor (FF)
of 0.36 and a short circuit current (J,.) of 0.04 mA cm? (Figure 2.12). In our system, the low
Jsc 1s a major reason to cause the low PCE as our group previously studied. Several reasons
cause a low Ji,”® such as an inefficient photoinduced electron transfer, short-lived free
charges in the active layer and bad morphology for charge separation or transport. The device
performance could not be further optimized and characterized, due to extremely low PCE.
Previously, a TQ polymer PPTQP was also attempted in all-polymer solar cells with P3HT
in our group, the PCE was only achieved up to 0.04%, with a low J,. of 0.18 mA cm The
investigation of morphology and mobility implied the unfavorable morphology of the active

layer and low limited mobility of the acceptor could be the major factor for low PCE.”

2.8 Summary

In this chapter, we presented two copolymers PBDTTQ-1 and PBDTTQ-2 with
different linkage between acceptor BDTTQ and donor alkylated bithiophene. With the TQ
moiety of BDTTQ located in the main chains, PBDTTQ-2 shows narrow optical bandgap of
1.03 eV and relatively strong EA of -4.01 eV, approximately 0.15 eV deeper than that for
PBDTTQ-1, while maintaining IP at -5.50 eV. DFT calculations demonstrate that the
electronic densities are only localized upon one of both electron accepting BDTTQ cores for
2T-1, whereas the electron density of the LUMO and HOMO are both well delocalized over
the conjugated repeat unit for 2T-2. This is the reason for the pronounced differences of
PBDTTQ-1 and PBDTTQ-2 in device performance. While PBDTTQ-1 does not show any
field-effect response, PBDTTQ-2 exhibits an ambipolar transport with mobilities of 1.2x107
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cm® V' s for holes and 6.0x10™* cm? V' s™ for electrons. Although PBDTTQ-2 as acceptor
match as the energy levels with P3HT as donor very well, the all polymeric solar cell exhibits

a very low PCE of 0.01%, due to the extremely low J,. (0.04 mA cm'z).

The relatively low mobilities in OFET devices are mainly related to the lack of good
n-stacking induced by the alkyl chains, as confirmed by 2DWAXS. It is believed that the
charge carrier mobility can be further improved by deliberately reducing the number of alkyl
chains in the polymer, on premise of ensuring solubility, to optimize assembled structure of
the polymer. In order to understand this issue, it is necessary to investigate the structure-
property relationships of TQ polymers. The charge carrier mobility and TQ polymer structure

correlations are presented in Chapter 3.

2.9 Synthetic details

Intermediates 2-bromo-3-dodecylthiophene (1),29’30 4,7-dibromo-5,6-dinitro-2,1,3-
benzothiadiazole (4),"**' 2,5-dibromo-benzo[2,1-b:3,4-b’]dithiophene-7,8-quinone (7),*** 2-
trimethyl-4-dodecylthiophene (16)** and 5,5’-bis(trimethylstannyl)-3,3’-didodecyl-2,2’-
bithiophene (21)** were prepared according to the literature procedures as shown in the

schemes 2.5-2.9 below.

Br CioHos NES C12Has
BrMgC,H
/C_j\ 9C12Has [ \: - 5 U\
S Ni(dppp)Cl, S CHCly/ CH,COOH s~ Br

diethyl ether 1

Scheme 2.5 Synthetic route for compound 1.

.S
HaN NN NN AW
Et3N SOCl, \ HBr 48 % \/ Fuming HNO3
3:/: Br Br
Br, Br Br .
Fumlng F3CSO3H 02N 4 N02

Scheme 2.6 Synthetic route for compound 4.%
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Br n-BuLi CHO 3.Ethyl-5-(2-hydroxyethyl)-4-
{/ \S [ {/ \S methylthiazolium bromlde
s DMF s
THF EtsN; DMF
FeCI3 CH3NO,
[ >>:<< | CHCI3 CH3000H

7

Scheme 2.7 Synthetic route for compound 7.*"**

Br C12H25

BngC12H25 LDA C12H25
]\ - - \/ ﬂ
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Scheme 2.8 Synthetic route for compound 16.7
Br Br
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S A \ Br S / \ Zn S
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Scheme 2.9 Synthetic route for compound 21.*

2,3-Didodecylthiophene (2)

C12H25 C12H25

@ BIMGCicHas @
o CqoH
S Br Ni(dppp)Cl, S 1225
1 diethyl ether 2

2-Bromo-3-dodecylthiophene (1, 2.5 g, 7.54 mmol) and Ni(dppp)Cl, (48.78 mg, 0.09
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mmol) were dissolved in dry diethyl ether (20 mL) using a 100 mL flask. The mixture was
cooled to 0 °C, and then n-dodecylmagnesium bromide (9.05 mL, 9.05 mmol, 1 M in diethyl
ether) was added dropwise within 10 min. The resulting mixture was refluxed for 4 days.
After cooling to room temperature, the mixture was poured into 100 mL of ice water and
hydrolyzed with 1 N HCI. The mixture was extracted with diethyl ether (3x20 mL). The
combined organic phases were dried with MgSO,, and the solvent was removed under
reduced pressure to afford a dark-red oil, which was purified by reduced pressure distillation
(0.75 mbar; 180 °C) to give 2.49 g (colorless oil, 79%) of compound 2. 'H NMR (250 MHz,
CD,Cl,) 6 7.01 (d, J = 5.00 Hz 1H), 6.80 (d, J = 5.25 Hz 1H), 2.71 (t, J = 7.50 Hz, 2H), 2.50
(t, J = 7.25 Hz, 2H), 1.64-1.52 (m, 4H), 1.27 (br, 36H), 0.88 (m, 6H); °C NMR (62.5 MHz,
CD,Clp) 6 139.28, 138.31, 129.13, 121.24, 32.53, 32.42, 31.39, 30.17, 30.14, 30.12, 30.08,
30.00, 29.98, 29.90, 29.85, 28.61, 28.17, 23.18, 14.35.

2-Trimethylstannyl-4,5-didodecylthiophene (3)

C12H25 C12H25

n-BulLi
03 - Ll
s~ Ci2Hzs PN g7 TCizHzs
3

trimethyltin chloride
2 THF

2,3-Didodecylthiophene (2, 1.80 g, 4.28 mmol) was dissolved in 36 mL of anhydrous
THE. The n-BuLi (4.0 mL, 6.40 mmol, 1.6 M in hexane) was added slowly into this mixture
whithin 15 min under O °C. The resulting solution was stirred for 20 min at 0 °C and warmed
to room temperature over 30 min. The mixture was cooled to 0 °C again, and trimethyltin
chloride (6.40 mL, 6.40 mmol, 1 M in hexane) was added dropwise. The mixture was stirred
overnight, then poured into water and extracted with ether. The combined organic phases were
washed with brine, dried by MgSQO,, and filtered. The filtrate was concentrated under reduced
pressure to obtain compound 3 (yellow oil, 80%). This crude product was used for next step
without further purification. "H NMR (250 MHz, CD,Cl,) 6 6.89 (s, 1H), 2.72 (t, J = 7.75 Hz,
2H), 2.50 (t, J = 7.50 Hz, 2H), 1.66-1.52 (m, 4H), 1.27 (br, 36H), 0.88 (m, 6H), 0.31 (m, 9H).
BC NMR (62.5 MHz, CD,Cly) & 145.22, 139.77, 137.72, 132.73, 32.57, 32.42, 31.58, 30.17,
30.14, 30.11, 29.85, 28.59, 28.39, 23.17, 14.35, -8.27.
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4,7-Bis(4,5-didodecylthiophen-2-yl)-5,6-dinitrobenzo[c][1,2,5]thiadiazole (5)

Ci2H2s
/A
Sn -Ss
N;S\/N 7 s~ “CizHas CizHzs NN Ci2Has
s B B
Br‘Q’Br > Citas S S Ciakles
Pd(PPh3),Cl
ON NO, ( THIg)z 2 O2N NO,
4 5

4,7-Dibromo-35,6-dinitrobenzothiadiazole (4, 441.6 mg, 1.15 mmol), compound 3
(1.88 g, 3.22 mmol), and Pd(PPh3),Cl, (81.4 mg, 0.12 mmol) were dissolved in 25 mL of
anhydrous THF under argon. The resulting solution was stirred for 16 h at 80 °C. The solvent
was removed under reduced pressure to afford a dark-red oil, which was purified by column
chromatography using hexane/dichloromethane (4:1) as eluent to give 0.62 g (deep red solid,
51%) of compound 5. "H NMR (250 MHz, CD,Cl,) & 7.25 (s, 2H), 2.83 (t, J = 7.50 Hz, 4H),
2.57 (t, J =7.50 Hz, 4H), 1.73-1.68 (m, 4H), 1.58-1.52 (m, 4H), 1.27 (br, 72H), 0.90-0.85 (m,
12H). °C NMR (62.5 MHz, CD,Cl,) § 152.67, 147.43, 141.61, 140.04, 133.40, 125.65,
121.35, 32.39, 32.11, 31.09, 30.15, 30.11, 30.07, 30.00, 29.93, 29.88, 29.82, 28.60, 28.49,
23.15, 14.32. HRMS (ESI+Na): m/z caled 1085.6961, found 1085.6970.

4,7-Bis(4,5-didodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole-5,6-diamine (6)

N .S.
Ci2Hzs N N Ci2Hzs Cils NN Crzas

F
C12H2s /S\ / C12H2s ° C12H2s /) /N

CioH
s S S 12M25

OoN NO, Acetic acid H,N NH,

Compound 5 (0.3 g, 0.28 mmol) and fine iron powder (186 mg, 3.32 mmol) in acetic
acid (8 mL) were stirred for 5 h at 75 °C. The reaction mixture was cooled to room
temperature, precipitated in 5% aqueous NaOH and extracted with diethyl ether. The
combined organic layers were washed with brine, dried with MgSO,4 and the solvent was
removed under reduced pressure. The crude product was purified by column chromatography
using hexane/dichloromethane (3:1) with 5% triethylamine as eluent to give 238 mg (yellow

solid, 85%) of compound 6. "H NMR (250 MHz, CD,Cl,) 8 7.06 (s, 2H), 4.46 (s, 4H), 2.80 (t,
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J =750 Hz, 4H), 2.58 (t, J = 7.50 Hz, 4H), 1.72-1.53 (m, 8H), 1.27 (br, 72H), 0.90-0.85 (m,
12H). >C NMR (62.5 MHz, CD,Cl,) & 151.41, 141.18, 139.60, 138.64, 131.27, 130.75,
107.62, 32.44, 32.40, 31.40, 30.16, 30.13, 30.07, 29.99, 29.96, 29.89, 29.83, 28.73, 28.39,
23.15, 14.33. HRMS (ESI+): m/z calcd 1003.7658, found 1003.7648.

2,5-Dibromo-8,12-bis(4,5-didodecylthiophen-2-yl)-[1,2,S]thiadiazolo[3,4-i]dithieno[3,2-
a:2',3'-c]phenazine (Br,-BDTTQ-1) (8)

C12H25 C12H25
S CqoH CqoH
C12H25 C12H25 120125 12125
C12H25WC12H25
S IQI
| |
S S B

H,N NH, Acetic acid

6 Br r

Br,-BDTTQ-1 (8)

A suspension of 6 (0.2 mmol), 2,5-dibromo-benzo[2,1-b:3,4-b’]dithiophene-7,8-
quinone (7, 0.2 mmol) and 15 mL acetic acid were added into a 50 mL Schlenk tube. The
mixture was heated to 55 °C overnight. After cooling to room temperature, the reaction
mixture was filtered, washed with methanol and collected solid, then purified by column
using hexane as eluent to get 165 mg of Br,-BDTTQ-1 (green solid, 55%). 'H NMR (250
MHz, CDCl3) 6 8.42 (s, 2H), 7.70 (s, 2H), 2.57 (t, J = 7.50 Hz, 4H), 2.46 (t, J = 7.75 Hz, 4H),
1.55 (br, 8H), 1.27 (br, 72H), 0.88 (br, 12H). >C NMR (62.5 MHz, CDCl;) & 150.56, 146.71,
137.50, 136.68, 135.84, 134.42, 134.34, 132.28, 129.33, 119.29, 113.11, 32.15, 31.19, 31.00,
30.43, 30.19, 30.04, 29.95, 29.62, 28.59, 22.89, 14.30. HRMS (ESI+): m/z calcd 1342.5231,
found 1342.5231.

5, 5’-Bis(2-ethylhexyl)-2,2’-bithiophene (13)

S n-BuLi ; +BuOK C,oH
B \ > NS ] C4He
S 2-ethylhexyl bromine C4Hs S \ CoHs

1 THF

13

2,2’-Bithiophene (14, 1.5 g, 9.02 mmol) was dissolved in 40 mL of anhydrous THF.
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The mixture was cooled to -78 °C and a solution of n-BuLi (15.75 mL, 25.2 mmol, 1.6 M in
hexane) was added. The reaction mixture was stirred for 10 min at this temperature, then a
solution of ~-BuOK (3.83 g, 34.2 mmol in 30 mL THF) was added and kept at -78 °C another
15 min. Afterwards, 2-ethylhexyl bromine (3.45 mL, 18.0 mmol) was added in one portion
and the mixture was refluxed overnight. The mixture was poured into 100 mL of ice water and
hydrolyzed with 1 N HCI, then extracted with diethyl ether (3x30 mL). The combined organic
phase were dried using MgSOy, and the solvent was removed under reduced pressure to afford
a dark-red oil, which was purified by column chromatography using hexane as eluent to give
1.51 g (colorless oil, 43%) of compound 13. '"H NMR (250 MHz, CD,Cl,) 6 6.91 (d, J = 3.50
Hz, 2H), 6.65 (d, J = 3.25 Hz, 2H), 2.73 (d, J = 6.50 Hz, 4H), 1.58-1.52 (m, 2H), 1.35 (br,
16H), 0.93-0.87 (br, 12H). >C NMR (62.5 MHz, CD,Cl,) & 143.79, 135.90, 126.17, 122.87,
41.90, 34.46, 32.80, 29.31, 25.96, 23.46, 14.32, 11.05. HRMS (ESI+): m/z calcd 391.2493,
found 391.2482.

2,7-Bis(2-ethylhexyl)benzo[1,2-b:6,5-b']dithiophene-4,5-dione (15)
o O

C,Hs T\ s C.H Aluminium chloride C.H C,H
C.H s \ | 4 pyridine _ Zs I \ 2
4 C,H;5 o C4H S S C4Hg

Oxalyl chloride °
13 1,2-dichloroethane 15

To a solution of aluminium chloride (768 mg, 5.76mmol) in 1,2-dichloroethane (25
mL) cooled to -10 °C was added dropwise a solution of 13 (500 mg, 1.28 mmol), pyridine
(200 mg, 0.21 mmol) in 1,2-dichloroethane (5 mL) and a solution of oxalyl chloride (0.11 mL,
1.28 mmol) in 1, 2-dichloroethane (10 mL). Afterwards the mixture was raised to room
temperature and stirred overnight. The mixture was poured over ice and extracted with
methylene chloride. The extract was washed with water for neutralization and dried over
MgSO,. After removing the solvent under reduced pressure, the residue was purified by
column chromatography using hexane/dichloromethane (1:1) as eluent to give 263 mg (purple
viscous oil, 47%) of compound 15 . "H NMR (250 MHz, CD,Cl,) 6 7.08 (s, 2H), 2.73 (dd, J =
0.75 Hz, J = 6.00 Hz, 4H), 1.64-1.53 (m, 2H), 1.35 (br, 16H), 0.93-0.87 (br, 12H). >*C NMR
(62.5 MHz, CD,Cl,) 6 175.12, 145.98, 143.14, 135.09, 125.21, 41.70, 34.25, 32.72, 29.23,
25.90, 23.37, 14.27, 10.98. HRMS (ESI+): m/z calcd 445.2235, found 445.2246.
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4,7-Bis(4-dodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole-5,6-dinitro (17)

C12H25
N/ S
PN — LS.
N\ /N /Sn S C12H25 N\ /N C12H25
B 16 / o\ 7\
Br r N — - S s
Pd(PPh;),Cl
O,N NO, THE . 2 O,N  NO,
4 17

4,7-Dibromo-5,6-dinitrobenzothiadiazole (4, 384.0 mg, 1.0 mmol), 2-trimethyltin-4-
dodecylthiophene (16, 1.04 g, 2.5 mmol), and Pd(PPh3),Cl, (70.1 mg, 0.1 mmol) were
dissolved in 25 mL of anhydrous THF under argon. The resulting solution was stirred for 16 h
at 80 °C. The solvent was removed under reduced pressure to afford a dark-red solid, which
was purified by column chromatography using hexane/dichloromethane (4:1) as eluent to give
0.64 g (light yellow solid, 88%) of compound 17. '"H NMR (250 MHz, CD,Cl,) 6 7.36 (d, J =
1.25 Hz, 2H), 7.34 (d, J = 1.25 Hz, 2H), 2.68 (t, J = 7.25 Hz, 4H), 1.68-1.63 (m, 4H), 1.33-
1.27 (m, 36H), 0.90-0.85 (m, 6H). °C NMR (62.5 MHz, CD,Cl,) & 152.77, 145.11, 142.11,
132.79, 129.76, 126.92, 122.12, 32.49, 30.24, 30.21, 30.15, 29.98, 29.92, 23.25, 14.44.
HRMS (ESI+): m/z calcd 727.3385, found 727.3362.

4,7-Bis(4-dodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole-5,6-diamine (18)

CioHos C12H25 Ci2Ha2s C12H25

/ \ / \
Acetlc acid

17 18

Compound 17 (0.364 g, 0.5 mmol) and fine iron powder (333 mg, 5.95 mmol) in
acetic acid (10 mL) were stirred for 5 h at 75 °C. The reaction mixture was cooled to room
temperature, precipitated in 5% aqueous NaOH and extracted with diethyl ether. The
combined organic layers were washed with brine, dried with MgSO,4 and the solvent was
removed under reduced pressure. The crude product was purified by column chromatography

using hexane/dichloromethane (3:1) with 5% triethylamine as eluent to give 273 mg (yellow

Page 53



Chapter 2. BDTTQ-based polymers with distinct linkage patterns

solid, 82%) of compound 18. "H NMR (250 MHz, CD,Cl,) & 7.19 (d, J = 1.25 Hz, 2H), 7.15
(d, J = 1.25 Hz, 2H), 4.46 (s, 4H), 2.70 (t, J = 7.25 Hz, 4H), 1.73-1.64 (m, 4H), 1.43-1.28 (m,
36H), 0.91-0.85 (m, 6H). °C NMR (62.5 MHz, CD,Cl,) & 151.45, 144.30, 139.90, 135.60,
130.44, 122.02, 107.62, 32.50, 30.26, 30.22, 30.06, 30.03, 29.93, 23.26, 14.45. HRMS
(ESI+): m/z caled 667.3902, found 667.3879.

8,12-Bis(4-dodecylthiophen-2-yl)-2,5-bis(2-ethylhexyl)-[1,2,5]thiadiazolo[3,4-
i]dithieno[3,2-a:2',3'-c]phenazine (BDTTQ-2) (19)

(0] (0] s,
CiHps NN C12Has
CioHazs N;S\/N CioHos M\/CCHS U—W
@Qﬂ CaHg $ S CaHo s s
S S > NN
HoN . NH, Acetic acid /Cz\Hs/EQj\/C(HS
C4Hg S S C4Hg

BDTTQ-2 (19)

A suspension of 2,7-bis(2-ethylhexyl)benzo[1,2-b:6,5-b'|dithiophene-4,5-dione (15,
0.1 g, 0.23 mmol), 18 (0.17 g, 0.25 mmol) and 15 mL acetic acid were placed into a 50 mL
Schlenk tube. The mixture was heated to 55 °C and stirred overnight. After cooling to room
temperature, the product was filtered and washed with methanol, then purified by column
using hexane as eluent to give 0.18 g of compound BDTTQ-2 (dark green solid, 73%). 'H
NMR (250 MHz, CD,Cl,) 8 8.86 (s, 2H), 7.90 (s, 2H), 7.16 (s, 2H), 2.93 (d, J = 6.50 Hz, 4H),
2.73 (t, J = 7.50 Hz, 4H), 1.48 (br, 4H), 1.27 (br, 54H), 1.03-0.88 (br, 18H). °C NMR (62.5
MHz, CD,Cl,) & 149.92, 143.87, 141.03, 138.38, 136.38, 136.06, 134.02, 133.54, 124.90,
118.56, 118.33, 41.71, 34.58, 33.03, 32.40, 30.27, 30.18, 30.09, 29.97, 29.86, 29.49, 25.95,
23.55,23.15, 14.49, 14.33, 11.23. HRMS (ESI+): m/z caled 1075.5847, found 1075.5852.
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8,12-Bis(5-bromo-4-dodecylthiophen-2-yl)-2,5-bis(2-ethylhexyl)-[1,2,5]thiadiazolo[3,4-
i]dithieno[3,2-a:2',3'-c]phenazine (Br,-BDTTQ-2) (20)

C12Has Ngs;N CizHzs Ci2Has N;S\/N CizHzs
/S\ /S\ NBS Br /S\ /S\ Br
C4Hg S S C4Hg C4Hg S S C4Hg
BDTTQ-2 (19) Br,-BDTTQ-2 (20)

Compound BDTTQ-2 (150 mg, 0.14 mmol) was dissolved in 15 mL THF at the room
temperature. NBS (56.6 mg, 0.32 mmol) was carefully added into the solution in small
batches under dark. The mixture was stirred for 5 h. After removing the solvent under reduced
pressure, the residue was purified by column chromatography using hexane as eluent to give
Br,-BDTTQ-2 as a dark green solid (146 mg, 78%). '"H NMR (250 MHz, CD,Cl,) 6 8.34 (s,
2H), 7.29 (s, 2H), 2.75 (d, J = 6.50 Hz, 4H), 2.35 (t, J = 7.50 Hz, 4H), 1.67-1.59 (br, 4H),
1.48-1.30 (br, 54H), 1.02-0.87 (br, 18H). °C NMR (62.5 MHz, CD,Cl,) & 149.94, 143.88,
141.04, 138.41, 136.40, 136.10, 134.06, 133.60, 124.95, 118.59, 118.35, 41.76, 34.65, 33.10,
32.44, 30.32, 30.30, 30.28, 30.21, 30.19, 30.00, 29.89, 29.54, 26.01, 23.58, 23.18, 14.51,
14.35, 11.26. HRMS (ESI+): m/z caled 1230.3979, found 1230.4012.

PBDTTQ-1

C12H25

C12H25 C12H25
CioHas C12H25
CigHas CyoHos
CigHas / \ CyoHps
C12H25
/EQI Pd,(dba)s
S S” B P(o-tolyl)3

r
chlorobenzene

Br

Br,-BDTTQ-1 (8)

PBDTTQ-1

Br,-BDTTQ-1 (0.1 mmol), 5,5 -bis(trimethylstannyl)-3,3’-didodecyl-2,2’-bithiophene
(21, 0.1 mmol), chlorobenzene (8 mL) were placed in a 50 mL two-neck flask. The mixture
was purged with argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetone)dipalladium(0)

(Pdy(dba)s) and 7.3 mg of tri(o-tolyl)phosphine (P(o-tolyl);) were added. Then the mixture

Page 55



Chapter 2. BDTTQ-based polymers with distinct linkage patterns

was heated up to 110 °C under argon. After 3 days, the reaction mixture was poured into
methanol. The target polymer was precipitated as olive brown solid and filtered through a
Soxhlet thimble, which was then subjected to Soxhlet extraction with methanol, acetone,
hexane and chloroform. The polymer was collected from the chloroform fraction and dried in
vacuum to afford an olive brown solid 99.6 mg (59%).

Molecular weight by GPC (30 °C): M, =37.3 kg mol'l, PDI =2.43.

'H NMR (250 MHz, CDCls) & 8.96-8.51 (br, 6H), 2.46 (br, 12H), 1.18-0.78 (br, 138H).

PBDTTQ-2
Ci2Has
S
LS. S /
CioHas N\ /N CiaHas =sn— [\ Sn— N
= m ] s” N\ CiHps Craths N N CizHas
Br g s Br CizHas Wl S A/ /\
9 21 \ / s S S
Ci2Hzs Ny N
5L s g
O-1olyl)3
CaHg S S C4Hg chlorobenzene CaHs | \ Qafts
C4Hg S S C4Hg
Br,-BDTTQ-2 (20) PBDTTQ-2

This polymer was prepared from Br,-BDTTQ-2 and 21 in similar procedure to
PBDTTQ-1 as an olive brown solid 99 mg (63%).
Molecular weight by GPC (30 °C): M, = 11.8 kg mol'l, PDI = 1.66.
'H NMR (250 MHz, CDCl3) 3 9.16-8.10 (br, 6H), 3.0-2.71 (br, 12H), 1.18-0.78 (br, 122H).

Microwave reaction for PBDTTQ-2

Ci2Hos

-Ss \ s
CiHos NN C1aHas —sn( ) /S\ e
/

\ .S,
/ \ / \ \ C12H25 C12H25 N\ /N C12H25
Br\g s~ Br CiaHas g SN )Y I\ .
N. N \ /) s

21 S S

N\ //
CiaHas NN
CoHs , \ CoHs ;’?2(:1?6}))3
o-tolyl); oh
C4Hg S S CsHg chlorobenzene CoHs , \ oHs
CaHg s s CaHo
PBDTTQ-2

Br,-BDTTQ-2 (20)

Br,-BDTTQ-2  (0.089 mmol), 5,5 -bis(trimethylstannyl)-3,3’-didodecyl-2,2’-

bithiophene (21, 0.089 mmol), chlorobenzene (4 mL) were placed in a 10 mL microwave
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reactor. The mixture was purged with argon for 20 min, and then 0.00445 mmol of
tris(dibenzylideneacetone)dipalladium(0)  (Pd,(dba);) and 0.0178 mmol of tri(o-
tolyl)phosphine (P(o-tolyl);) were added. Then the mixture was heated up to 150 °C for 2 h.

The workup is same to oil bath reaction as above mention. An olive brown solid was obtained
79 mg (50%).

Molecular weight by GPC (30 °C): M,, = 9.6 kg mol'l, PDI=1.27.
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Chapter 3. Optimized Property of Thiadiazoloquinoxaline
Based Copolymers in Semiconductors via Molecular

Engineering
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In this chapter, we synthesized six thiadiazoloquinoxaline (TQ) containing copolymers and
studied structure-property relationships in organic field-effect transistor via two steps, namely,
optimization of the donor moieties (P1-P4) and substitution positions and architectures of polymer
side chains (P4-P6). Compared to P1-P4, The unsubstituted bithiophene as donor made TQ copolymer
(P4) exhibit a best field effect hole mobility of 0.1 cm” V™' s, Afterwards, the polymers P4-P6, which
had identical molecular formulas of side chains and main chains, were investigated in device
performance. However, a pair of 2-decyl-tetradecyl alkyl chains was grafted onto thiophene units
adjacent to the TQ core in P6, further improving the hole mobility up to 0.24 cm” V™' s in this series

of polymers.

Note: Large part of this chapter has been published in J. Mater. Chem. C, 20185, 3, 3876-3881.
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3.1 Introduction

Thiadiazoloquinoxalines (TQs) possess outstanding electron affinity and variable
chemical structures,'” therefore becoming a class of important building blocks for polymer
semiconductors. However, TQ polymers usually exhibit relatively low FET performances due
to their disorder arrangement in thin films.®® In Chapter 2, we reported a strong acceptor,
benzodithiophene condensed TQ derivative (BDTTQ, Figure 3.1). Such acceptor containing
copolymer exhibited ambipolar behaviour by regulating the linkage pattern between BDTTQ
and alkylated bithiophene. But the relatively low mobility of PBDTTQ-2 (1.2x107 cm* V™' s
! for hole and 0.6x10™ cm” V' s for electron) was also related to its disorder morphology
because of grafting many side chains onto the repeat unit of conjugated backbone.
Investigation of the structure-property relationships of copolymers is an important strategy to
understand and design high-performance optoelectronic materials.”'® Some strong acceptors
have been reported to achieve high charge carrier mobilities, like diketopyrrolopyrrole
(DPP),”'” naphthalene diimide (NDI),14'16 benzobisthiadiazole (BBT)17 and isoindigo
(IID)."*" Tt is therefore necessary to systematically study the structure and charge transport
relationships of TQ polymers in order to identify the essential parameters for highly ordered

microstructures which could further improve their charge carrier mobility.

r@%ﬁﬁ

Figure 3.1 Chemical structures of BDTTQ, PTQ and TQ-2T.

A TQ derivative, 6,7-diphenyl-[1,2,5]thiadiazolo[3,4-g]quinoxaline (PTQ, Figure 3.1),
has been widely investigated as an acceptor for creating polymer semiconductors, because of
its ease of synthesis and good charge carrier mobilities compared to other TQ derivatives.**
A D-A-D combination fashion of PTQ, 6,7-diphenyl-4,9-di(thiophen-2-yl)-

[1,2,5]thiadiazolo[3,4-g]quinoxaline (TQ-2T, Figure 3.1) was also reported by modifying the
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PTQ core with two flanking thiophenes, which can offer more alkylation positions to improve
their solubility.***° In view of the lack of study on the structure-property relationships of TQ
polymers, we herein investigate this topic based on TQ-2T polymers from two crucial aspects.
Firstly, introduction of unsubstituted donor units with different electron-donating abilities,
which enhances backbone coplanarity of the TQ-2T polymers and potentially leads to ordered
arrangement in the polymer films. Secondly, tuning the substitution positions and
architectures of polymer side chains improves the polymer solubility, the molecular weights

as well as the device performance.
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Figure 3.2 Structures of P1-P6 synthesized and studied in this work.

In this chapter, we report six new TQ-2T based copolymers P1-P6 as shown in Figure
3.2. Firstly, different unsubstituted donors, namely, thiophene (T), thieno[3, 2-b]thiophene
(TT), benzo[l,2-b:4,5-b’]dithiophene (BDT) and 2,2’-bithiophene (BT) were introduced
alternatingly with TQ-2T proving the corresponding polymers P1-P4. These donor units were
expected to decrease the torsion angles along the conjugated backbone. Secondly, the best
donor containing polymer (P4) was further optimized by side chain engineering. The
polymers P4-P6 had identical molecular formulas of side chains and conjugated skeleton. In
comparison with P4, PS5 was designed and synthesized by varying the substitution positions of
the alkyl chains. This polymer design aims to improve the solubility and molecular weight but
at the cost of sacrificing coplanarity of the polymer main chain. In order to possess better
solubility, higher molecular weight and similar backbone coplanarity in comparison with P4,

the substitution architectures and the bulkiness of the alkyl chains were modified by replacing
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four dodecyl linear chains in P4 with a pair of 2-decyl-tetradecyl alkyl chains to obtain P6.
The optical, electrochemical, charge carrier transport and self-organization properties of these

copolymers were comparatively characterized and studied in details.

3.2 Synthesis and characterization

0, o] s
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5 6 Ci2Hzs CizHzs
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Scheme 3.1 Synthetic route for precursors 4 and 7.

The synthesis of precursors 4 and 7 is outlined in Scheme 3. 1. Monomer 3 was obtained
via a condensation reaction between 4,7-bis(4-dodecylthiophen-2-
yl)benzo[c][1,2,5]thiadiazole-5,6-diamine (1) and 1,2-bis(4-dodecylphenyl)ethane-1,2-dione
(2), and then it was dibrominated to produce precursor 4. Polymerization of precursor 7 was
obtained following the similar procedure to that for precursor 4 from the 4,7-di(thiophen-2-

yl)benzol[c][1,2,5]thiadiazole-5,6-diamine (S5).

The synthetic route of precursor 17 is shown in Scheme 3.2. Fresh Grignard reagent 9
was prepared from 2-decyl-tetradecylbromide (8), which was directly reaction with 3-
bromothiophene by a Kumada coupling to produce 3-(2-decyl-tetradecyl)thiophene (10). The
corresponding stanylated thiophene 11 was obtained from 10 via a stanylation reaction. The
Stille coupling reaction was carried out between 11 and 4,7-dibromo-5,6-

dinitrobenzo[c][1,2,5]thiadiazole (12) to give the 4,7-bis(4-(2-decyltetradecyl)thiophen-2-yl)-
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5,6-dinitrobenzo[c][1,2,5]thiadiazole (13). The corresponding diamine 14 was synthesized by
reduction of compound 13. The diamine 14 was directly used without purification and
converted to the corresponding monomer 16 via a condensation coupling with benzil (15).

Finally, precursor 17 was then obtained by dibromination of 16.
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Ni(dppp)Cly, THF, TMEDA, n-BuLi, THF
= ) CHa)3SnCl T
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\
Br Br
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75°C, 5h
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80 °C, 16h, 71%

AcOH, 80 °C, overnight

NBS, THF
70% for two steps

o o r.t, 87%

15

16 17

Scheme 3.2 Synthetic route for precursors 16 and 17.

The substitution number and architectures of alkyl chains onto conjugated backbone led
to their significant difference in solubility. Precursors 4 and 17 have excellent solubility in
dichloromethane, while 7 has a poor solubility in dichloromethane and chloroform. Therefore
the 'H- or *C- NMR spectra of 7 were characterized in THE-ds. Before polymerization was
carried out, the three compounds were dried more than 12 hours at 50 °C under vacuum to
remove residual solvents and water. The three precursors show very high purity indicated by
their "H-NMR spectra (Figure 3.3) except the signals of water, which were believed to
originate from the deuterated solvents. In the aromatic region, compounds 4 and 17 exhibit a
clear single peak at 8.8 ppm, it was assigned to the proton of thiophene (3;), while compound

7 has two double peaks at 8.8 and 7.1 ppm, it was attributed to the protons of thiophene (3,
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and [3,). It is also very easily to distinguish the three precursors through their aliphatic region

signals in 'H-NMR spectra. The two triplet peaks at 2.5 ppm belong to two different

methylene of dodecyl groups linked to the aromatic ring of compound 4. The precursor 7 has

a pair of the same dodecyl groups, therefore displaying a triplet peak at 2.6 ppm. With a

couple of 2-decyl-tetradecyl groups of compound 17 exhibits a double peak at 2.6 ppm.
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Figure 3.3 The "H-NMR spectra of three precursors 4, 7 and 17.
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The Stille coupling reaction was performed to synthesize P1-P6 between the three

precursors (4, 7 and 17) and corresponding donors (18-22) as shown in Scheme 3.2. The

crude polymers were purified using Soxhlet extraction. Polymers P1-P4 were obtained from

chlorobenzene fraction, while PS and P6 were collected from chloroform. Among these

polymers, P4 has the poorest solubility, for example, the chlorobenzene solution (2 mg/ml) of

P4 was not completely soluble until the solution was heated up to 80 °C.
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Scheme 3.3 Synthetic routes for TQ-2T-based polymers.

The number-average molecular weight (M,) and polydispersity index (PDI) of these
polymers were determined by GPC as shown in Figure 3.4. The data are listed in Table 3.3.
The low M, of P1-P4 could be attributed to their poor solubility. Similar results were also
observed in other TQ polymers.””*® After tuning the substitution positions and architectures of
the side chains, PS5 and P6 exhibited relatively high M,,, due to excellent solubility in common
solvents such as chloroform and tetrahydrofuran at room temperature. The thermal properties
of the copolymers were measured under nitrogen atmosphere at a heating rate of 10 °C/min by
thermogravimetric analysis (TGA) (Figure 3.5). All copolymers exhibited excellent thermal
stability, with the similar decomposed temperature of 415 °C at 5% weight loss. However,
when the temperature was raised to 500 °C, the polymer side chains were firstly decomposed.
The weight loss up to 500 °C for P1-P6 were around 54%, 49%, 46%, 49%, 46% and 50%,
which is fully in agreement with the side chains weight ratio 54%, 51%, 49%, 50%, 50% and
50% in the corresponding polymers. The differential scanning calorimetry (DSC) curves of

these copolymers didn’t show any phase transition in the range from -50 °C to 300 °C.
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Figure 3.4 GPC curves for PBDTTQ-1 and PBDTTQ-2. Polystyrene was used as standard and 1,2,4-
trichlorobenzene as eluent at 135 °C.
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Figure 3.5 TGA curves for P1-P6 measured under nitrogen atmosphere.

3.3 Optical properties

UV-vis-NIR absorption spectra of the polymers were recorded in toluene solutions as
well as in thin films (Figure 3.6). The relevant data are summarized in Table 3.3. In dilute
toluene solutions, all polymers exhibit typical dual-band absorption profile as other TQ

polymers. The first one covers the range from 300 to 600 nm and the second one starts from
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650 to 1650 nm. The former band corresponds to the m-7* transition of the conjugated
backbone, whereas the latter could be attributed to intramolecular charge transfer (ICT)
between donor and acceptor within the polymer backbone.” It is worthy to mention that the
intensity of the second absorption bands of these polymers (OD,) is close to or beyond the
first ones (ODy), the data are collected in Table 3.1), these values are higher than those of
PBDTTQ-1 and PBDTTQ-2 in solution (Chapter 2), implying that these polymers could
have stronger ICT than previous both BDTTQ-polymers.
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= P3
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— 3x10*- //\7
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= 2x10°-
W
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0
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Figure 3.6 UV-visible-NIR absorption spectra of P1-P6 investigated in toluene solutions.

Table 3.1 The ratio of high wavelength and low wavelength bands (OD, /OD;) for P1-P6 and
BDTTQ-polymers.

OD,/OD; P1 P2 P3 P4 P5 P6 PBDTTQ-1 PBDTTQ-2
Solution 1.04 0.95 0.77 1.10 0.67 0.85 0.17 0.49
Film 1.10 1.09 0.86 1.14 0.81 1.03 0.45 0.78

Polymers P1-P4 exhibit significantly different red-shifts between 1200 and 1600 nm.
The electron-donating ability of the donor moieties were estimated from their HOMO levels
(Table 3.2), which were calculated using the density functional theory (DFT) with the B3LYP
functional and 6-31 G* basis set. The HOMO levels follow order of T (-6.34 eV) < TT (-6.03
eV) < BT (-5.54 eV) < BDT (-5.47 eV). The HOMO energy of the TQ-2T (methyl groups
replaced dodecyl group in monomer 3) moiety itself, however, is already higher lying with -

4.90 eV, due to the two thiophenes acting as donor strongly raising the HOMO of methyl
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groups substituted PTQ (HOMO = -5.98 eV) by more than 1 eV. Therefore the introduction
of additional donor bridges and their donor strength not influence the absorption band edges
as often assumed.”® More important, therefore is the extend of conjugation in the combined
molecules and that can already nicely be predicted by considering the HOMO and LUMO
values of monomeric subunits M1-M4 of P1-P4. These values implied that additional donor
strength do not determine the energy bandgaps of TQ-2T based polymers. This can then
explain why P1 and P2 show the longest wavelength absorption followed by P4 and P3.
Compared to P4, P5 shows a blue-shift around 10 nm of the maximum wavelength (An.,) and
significant lower molar extinction coefficient. The Ay, value of P6 reveals a blue shift of 100
nm in comparison with that of P4. These results were related to different substitution
positions and architectures of alkyl chains affect intramolecular interaction in polymer
backbone, thereby changing the optical behavior of TQ-2T polymers. On the other hand, PS
exhibits a long tail extending to 1500 nm, suggesting a high tendency to aggregate even in

diluted solution.”" This is in agreement with the high PDI of P5.

Table 3.2 The HOMO and LUMO levels of PTQ, TQ-2T, T, TT, BDT, BT and M1-M4.
Calculations were carried out at the DFT//B3LYP/6-31G* level.

Energy PTQ TQ-2T T TT BDT BT M1 M2 M3 M4
Levels
HOMO (eV) -5.98 -4.90 -6.34 -6.04 -5.47 -5.54 -4.71 -4.71 -477  -4.65
LUMO (eV) -2.96 -3.03 -0.21 -0.99 -1.08 -1.18 -3.05 -3.10 -3.14 -3.09

The films of these polymers were prepared by drop-casting toluene solutions of these
polymers onto glass slides. In order to clear the UV-visible-NIR spectra of P1-P6 in solutions
and films, their spectra are shown in Figure 3.7 one by one. P1-P6 display slightly broadened
spectra but with only small red-shifts from 8 to 35 nm at A,,,x compared with those in solution
indicating aggregation in thin film. The values of OD,/OD; of these polymers were further
increased in solid state (shown in Table 3.1). P5 has a smallest OD,/OD; value of 0.81,
because the head-to-head alkylated chain onto bithiophene caused this polymer a significant
twist in the conjugated backbone. The former mentioned low mobility of PBDTTQ-2
(Chapter 2) had also a low with OD,/OD; value of 0.78. The unsubstituted donor BT of P4
and P6 have the OD,/OD, value up to 1.14 and 1.03, respectively, suggesting that both
polymers could have better charge transport ability. The optical band gaps are calculated

according to the absorption onset of the solid films and listed in Table 3.3. These results
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demonstrated that changing donors can be effective for tuning the optical behavior of the

polymers.
4x10* 17 - . . . . - . . - - -
a) .~*=~., —P1 Solution [-1.00 ] b) —— P2 Solution
*\—-—P1Film .. —-=P2Film  }1.00
. = s | . =
3x10° B 75§ 3x10 E
- = £ -0.75 £
< i T 2
E o < £ 2x10°. £
g il 050§ O | 3
. S = L0.50 2
= e = B
© i g
1x10* L 0.25 < 1x10° .0252
'\._ -
04 - T T T S-=-0.00 0 T T - ; —-=-0.00
300 600 900 1200 1500 1800 300 600 900 1200 1500 1800
Wavelength (nm) Wavelength (nm)
- P3 Solution | 1 —— P4 Solution |
4x10° C) N\ — -~ P3Film 4.0 d) 1 —-—P4Film .00
i ] 3x10* T
f iy H H
o 3“04_1' "J'l L —wsg - -0.75 H
£ Y ; \\ 2 E 2
._u 1. - \\ = vo 2x10* 4. =
= 20" | / \i L0508 = ! -0.50 §
E | 4 E 3
\ _'r 15 .8 4 | B
1%10° - \ _5,/ \\ L 0.25 < 110 L0.25<
\/
o \ N
0L, ' ; : \“——4 —t-0.00 0o, a : ‘ : 720,00
300 600 900 1200 1500 1800 300 600 900 1200 1500 1800
Wavelength (nm) Wavelength (nm)
PS5 Solution 4 —— P6 Solution
-1.00 - - -1.00
e) P5 Film axo'{ f) el — - PG Film
4x10" - %- o=
H g
e -wsg _ 3x10° - —0.757Ev
T 3x10° 7
£ g § $
(£} = [*] =
el L0508 5 2x10'+ -0.50 §
= 2x10* g = g
) o o) o
2 2
1x10° L0.25< 1x10° 4 L0.25 <
04 - : - T - 0.00 0 T T - : ~===+0.00
300 600 900 1200 1500 1800 300 600 900 1200 1500 1800
Wavelength (nm) Wavelength (nm)

Figure 3.7 UV-visible-NIR absorption spectra of P1-P6 (a-f) investigated in toluene solutions and thin

films.
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Table 3.3 Molecular weights, optical absorption and electrochemical properties of P1-P6.

Polymers Mn? PDI? Amax (nm) Amax (nm) EgOpl IP EA

(kg/mol) soln. ° film © (eV)© ev) (eV)*
P1 7.0 2.68 1140,1330 1165 0.75 495 3.92
P2 54 2.15 1130, 1305 1135, 1313 0.81 -5.04 -3.99
P3 8.0 2.34 910-1090 916-1100 0.96 -5.28 -3.93
P4 9.1 233 975, 1160 962, 1169 0.94 -5.19 -3.94
P5 12.7 4.05 890, 1150 930, 1184 0.91 -5.21 -3.98
P6 18.8 3.48 900-1060 926, 1095 0.95 -5.23 -3.99

“Determined by GPC in 1,2,4-trichlorobenzene using polystyrene standards at 135 °C; "Dissolved in toluene.
‘Drop-cast from toluene solution (2 mg/mL), Eop = 1240 nm/A e 9IP and EA were estimated from the onsets of
the first oxidation and reduction peaks, while the potentials were determined using ferrocene (Fc) as standard by

empirical formulas Eippa = - (Eoy rea ' - Ereres > + 4.8) eV , wherein Epgrct'? = 0.40 eV.

3.4 Electrochemical properties

The cyclic voltammetry was carried out to investigate the ionization potentials (IP) and
electron affinities (EA) of the polymers.*® The EA of three monomers 3, 6 and 16 were also
studied to clarify the influence of the side chains, which were attached on the TQ-2T core.
The reduction curves of monomers are shown in Figure 3.8. The corresponding values of EA
were calculated to be -3.77 -3.78 and -3.77 eV, according to the onset of the first reduction
peak. These results implied that the substituent number and architecture of the side chains

grafted onto the TQ-2T core induce a very weak change their electron withdrawing ability.

The reduction and oxidation curves of all TQ-2T polymers are shown in Figure 3.9.
The corresponding data are calculated based on the onset potentials and listed in Table 3.3.
For P1-P4, we found that the IP values decreased gradually with increasing donor ability of
the bridge and this is different with other acceptors.’®**** Therefore, the significant difference
in IP of P1-P4 originated not only from different donors, but also from the conformation of
the polymer backbone. Compared to IP, the slightly different EA of P1-P4 was attributed to a
dominant contribution of the same TQ core. The variation of the IP and EA values for P4-P6
was small. These results suggested that the adjustment of the substitution positions and
architectures has a weak influence on IP and EA of the polymers, while variation of the

donors in P1-P4 bear a strong effect on the IP of the polymers.
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Figure 3.9 Reduction and oxidation curves of P1-P6.

3.5 OFET properties

The charge transport properties of polymers were studied in collaboration with
_ (Max Planck Institute for Polymer Research, Mainz). OFET devices with
bottom-gate bottom-contact architecture were fabricated onto the heavily doped silicon wafers
with 300 nm thick thermally grown SiO, as the dielectric. The dielectric was functionalized

by hexamethyldisilazane (HMDS) to minimize interfacial trapping sites. Au electrodes with
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60 nm in thickness were evaporated, which acts as source and drain. All polymers were drop-
casted from 2 mg/mL chlorobenzene solutions and subsequently annealed at 180 °C for 30
min to remove the residual solvent. The field-effect measurement was carried out under
nitrogen atmosphere, and corresponding data including charge carrier mobilities (u), current

on/off ratios (Ion/losr) and threshold voltages (V) are summarized in Table 3.4.

Table 3.4 Field-effect transistor characteristics of P1-P6.

Polymers fb,max, (cm” V78T e (em® Vs Lon/Loit Ve (V)
P1 0.063 0.046 ~10 0
P2 0.081 0.066 50-100 -2
P3 0.042 0.033 100-150 -6
P4 0.10 0.097 100-150 -1
P5 0.012 0.007 100-150 -20
P6 0.24 0.19 ~10* -15

The transistors of all polymers, P1-P6, only exhibit p-type field-effect behavior due to the
many thiophenes into conjugated backbone. Indeed, some ambipolar D-A polymer
semiconductors based PTQ were reported by combining alternating weak donors, like
alkylated 2,5-diethynylthiophene® and unsubstituted thiophene.”’ The transfer and output
characteristics of P1 -P6 are presented in Figure 3.10. Among P1-P4, P4 showed the highest
mobility of 0.1 cm” V™' s™ with an extremely low threshold voltage of -1 V (Figure 3.10g and
h). Due to the incorporation of BDT unit, the transistor performance of P3 is significantly

reduced with the mobility of 0.033 cm? V! os!

and the threshold voltage of -6 V. In
comparison to P3, P1 and P2 exhibited a minor improvement in hole transport with mobilities
of 0.046 and 0.066 cm” V' s'. Meanwhile their on/off ratio is lowered to <107, This behavior
suggested that the donor segments play a crucial role on the charge carrier transport of TQ-2T
polymers. Since the charge carrier transport in P4 was limited due to poor solubility and low
molecular weight of the polymer, PS and P6 were designed and synthesized bearing higher
molecular weight and increased solubility. Unfortunately, PS5 shows a hole mobility
approximately one order of magnitude lower than P4, most probably because of the increased
torsion between the head-to-head alkylated bithiophene unit. Replacing four linear side chains

on the TQ-2T core (P4) by a pair of branched ones (P6) led to a dramatic improvement of the

transistor performance with maximum hole mobility of 0.24 cm? V™' s™ and on/off ratio of 10,
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although the threshold voltage is slightly increased to -15 V. To the best of our knowledge,
this value is the highest, meanwhile, one of best on/off ratio was achieved among TQ-
containing semiconductors. These results proved that the substitution positions and
architectures of the side chains critically affect the charge carrier transport in TQ-2T-based
polymers. The nonlinear behavior of the drain current (Ip) at low source-drain voltage (Vp) in
the output characteristics of P4 and P6 was attributed to the contact resistance and charge

injection limitation.”®
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Figure 3.10 Transfer (a), (¢), (e), (g), (i), (k) and output (b), (d), (f), (h), (j), (1) curves of P1- P6,
respectively.
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Additionally, the relatively low on/off ratio of P1-P6 might be related to adventitious
doping, due to the high-lying IP of these polymers.””" In spite of low on/off ratios for these
polymers, it has to be emphasized that the reproducibility of OFET performances is relatively
good. As shown in Table 3.4, the difference between maximum mobility and average value is
only ranging from 3% to 27% for P1-P4 and P6, For PS5, this difference is slightly increased
to 41%.

3.6 Self-organization in the bulk

To understand the variation in device performance, the molecular organization in bulk
was investigated using two-dimensional wide-angle X-ray scattering (2DWAXS) which was
done by || G (Max Planck Institute for Polymer Research, Mainz). The
2DWAXS measurements were performed on mechanical extruded fibers which were
subsequently thermally annealed at 180 °C for 30 min. For the measurements, the fibers were
mounted vertically towards the 2D detector and the scattering was recorded at 30 °C. The 2D
patterns confirm slight variations between P1, P2, PS and P3. Significant differences were

observed for P4 and P6.

In the equatorial plane of the patterns reflections at small-angles are ascribed to the
layer structure of conjugated polymer backbones oriented along the alignment direction of the
fiber (Figure 3.11). The interlayer distance between lamellar structures of 3.06 nm for P1,
3.02 nm for P2 and 2.87 nm for PS5 were determined from the main peak position. The
scattering intensities on the meridional plane with d-spacing of 1.45 nm for P1, 1.65 nm for
P2 and 1.85 nm for PS5 are related to the length of a single repeat unit. These values are in
agreement with the theoretical lengths of 1.46 nm for P1, 1.62 nm for P2 and 1.80 nm for PS5
as calculated by Cerius® simulations.” More crucially, wide-angle equatorial scattering
intensities are assigned to m-stacking distances of 0.38 nm for P1, 0.36 nm for P2 and 0.37 nm
for PS. Additionally, the m-stacking reflection for P2 showed a slightly smaller full width at
half maximum (FWHM)® than for P1 and P5, indicating a larger coherence length along the
stacking direction for P2. Table 3.5 summarized the FWHM value and coherent length for the
n-stacking direction for all investigated polymers. Interestingly, due to an improved overall
crystallinity, the alkyl side chains of P2 exhibit a preferential ordered direction as evident

from off-meridional reflections in the middle-angle region (dashed circles in Figure 3.111b).
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In contrast, the patterns for P1 and PS display only a broad amorphous halo characteristic for

disordered alkyl chains.

Figure 3.11 2DWAXS patterns of a) P1, b) P2, c) P3, d) P4, e) PS and f) P6 (insets show the small-
angle scattering range). Off-meridional reflections related to a preferential organization of the alkyl
chains are indicated in b) and d) by dashed circles.

In comparison to P1 and P2, the interlayer distance of P3 decreases to 2.80 nm, due to a
slightly smaller backbone curvature, while a n-stacking distance of 0.36 nm is found. The
amorphous halo related to a d-spacing of 0.45 nm is correlated also to the isotropic
arrangement of alkyl chains. The interlayer distance observed for P4 and P6 is 3.03 nm and
2.94 nm, respectively. In comparison to the other polymers within this series, both compounds
show more distinct n-stacking reflections corresponding to distances of 0.37 for P4 and 0.38
for P6. The variations in the interlayer and m-stacking distance within this polymer series are
due to the modifications in backbone composition and substitution position. A less planar
donor unit in P4 and P6 in comparison to P2 and P3 increases the m-stacking distance.
Avoiding alkyl chains at the acceptor and replacing the linear to branched alkyl chains for P6,
on the other hand, slightly reduce the interlayer distance and increase the m-stacking distance.
Surprisingly, at the same time the degree of order in P4 and P6 increases as evident from a

higher coherence length n-stacking for both polymers in comparison to the other polymers

Page 76



Chapter 3. Optimized TQ Copolymers in OFET via Molecular Engineering

(Table 3.5). Reflections in the off-meridional middle-angle region corresponding to the d-
spacings of 1.23 nm for P4 and 2.00 for P6 suggest that the repeat units of the polymer
chains in neighbouring layers are shifted in the extrusion direction with respect to each other.
Cerius® simulations confirm this effect on the scattering pattern (Figure 3.12). In such
organization P6 with branched alkyl chains and with non-planar donor unit arranges in a more
energetically favourable fashion. The shift is induced by the steric demand of the branched
substituents allowing a more efficient space filling in the layer periphery. In this configuration,
the donor units occupy positions adjacent to acceptor units in the neighboring layers. This
packing of P6 induces higher crystallinity than for P1, P2, P3 and PS. Additional anisotropic
off-meridional reflections for P4 corresponding to a d-spacing of 0.45 nm are assigned to

alkyl chain ordering and confirm higher overall order in comparison to P1 and P3.

Table 3.5 Summary of the structural data of P1-P6 from 2DWAXS. FWHM and coherence length

have been calculated in the n-stacking direction.

Polymers FWHM Coherence length T-T spacing Interlayer distance

) (nm) (nm) (nm)
P1 4.7 1.7 0.38 3.06
P2 3.1 2.6 0.36 3.02
P3 2.8 29 0.36 2.80
P4 1.4 5.8 0.37 3.03
P5 4.2 1.9 0.37 2.87
P6 1.2 6.6 0.38 2.94

For this polymer series, the charge carrier transport in field-effect transistors is
insensitive on the interlayer and m-stacking distance. It has been found that the coherence
length in the n-stacking direction is more crucial for the electrical properties. In other words, a
more ordered packing of the polymers chains in the layer structures ensures a more

unhindered migration of charges as observed in the case of P4 and P6.
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Figure 3.12 Schematic illustrations of the unit cells with (a) and without (c) polymer shift in
neighbouring layers. This shift occurs along the fibre extrusion direction. (b) and (d) simulated
2DWAXS patterns with and without translation. The 001 reflection, which is observed in the
experimental patterns and corresponding to the length of a monomeric unit, is indicated by red color.
This reflection is shifted in the simulated pattern from meridional to off-meridional position with

translation of the polymer backbones towards each other. Wherein S, = q,,/27, S, = q,/27.

3.7 Self-organization in films

The significant different device performance of P1-P6 should be also related to their
different self-organization in thin films. In order to understand how to effect on morphologies
of the films via varying donor moieties, substitution positions and architectures of alkyl
chains on polymers. The out-of-plane X-ray measurements of thin films were performed. All
samples were fabricated on 300 nm thick SiO, dielectric covering the highly doped Si. Such

substrates were functionalized by hexamethyldisilazane (HMDS) to minimize interfacial
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trapping sites. The semiconducting layer was drop-cast from a 2 mg/mL chlorobenzene
solution onto the substrates. Afterwards, the substrates were heated 180 °C for 30 min to
remove residual chlorobenzene in a glove box. These samples were measured by |

I (Max Planck Institute for Polymer Research, Mainz).
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Figure 3.13 Out-of-plane films XRD of (a) P1-P4 and (b) P4-P6.

Out-of-plane XRDs of the polymers films are shown in Figure 3.13. The polymers
displayed chain-to-chain distances of 2.95, 2.86, 3.20, 2.80 and 2.79 nm for P2-P6,
respectively. While the chain to chain distance of P1 had a value of 5.76 nm, which is two
times larger than those of other TQ polymers, implying that the real chain-to-chain distance of
P1 could be 2.88 nm. The axialsymmetric TQ units have three different patterns which lead to
corresponding TQ polymers follow themselves: head-to-head, head-to-tail and tail-to-tail
(Figure 3.14). Grimsdale and his coworkers reported two TQ-based polymers, which were
determined two clear chain-to-chain distances in films using out-of-plane XRDs.*' However,
our TQ polymers have only one chain-to-chain distance. This result suggested that our TQ
polymers have higher ordered arrangement in films. This could be one of the reasons that
these polymers exhibited excellent charge carrier mobility. Different donor parts of polymers
can siginificantly effect the molecular self-organization in films as shown in Figure 3.13a. P1,
P2 and P4 showed a significant ©t-7 stacking signal with 7 distance of 0.37, 0.37 and 0.38 nm,
which might suggest face-on configuration. The sharp peak of P4 was related to its high hole
mobility of 0.1 cem” V's An extending conjugated donor BDT was introduced into TQ-2T

containing polymers, P3 didn’t show any 7 stacking signal, it is in agreement with its
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relatively low hole mobility of 0.042 cm” V' s'. Figure 3.13b demonstrated the packing of
P4-P6. A broad peak of PS implied that it has a very weak -7 stacking, due to the head-to-
head alkylated bithiophene which led to strong twisting in the conjugated backbone of this
polymer. The maximum hole mobility of P5 had only 0.012 cm® V' s™'. Surprising, P6 didn’t
show 7-1 stacking, but the high crystallinity of this polymer is a key factor for highest hole
mobility in this series of TQ polymers as discussed in 2DWAXS measurements. These result
demonstrated varying donor moieties, alkyl chain substitution positions and architectures in

TQ-2T polymers can affect the ©-7 stacking of the polymers.

tail-to-tail

Figure 3.14 Schematic diagram for TQ molecule with three different arrangement patterns.

3.8. Summary

In this chapter, in order to develop new high performance TQ polymer semiconductors,
six new TQ-2T-based polymers have been synthesized and characterized. Varying donor
moieties, alkyl chain substitution positions and architectures in TQ-2T polymers can facilitate
the tuning of the optoelectronic behaviors, self-organization in bulk and charge carrier

transport.

Firstly, the different unsubstituted donors, T, TT, BDT and BT were introduced into
TQ-2T copolymer and successfully improved the conjugated backbone. All of them achieved
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high hole mobilities, these value are highest among reported TQ polymers. Especially, P4
achieved charge carrier mobility as high as 0.1 cm® V' s™'. The issue of these polymers is that
the four dodecyl side chains cannot provide enough solubility for polymerization with
unsubstituted donor groups. P1-P4 have poor solubility, low molecular weight, thereby these
factors still limited their charge carrier mobilities.

Secondly, in order to overcome above drawback, we regrouped the four dodecyl side
chains in conjugated skeleton of P4 to obtain other two polymers PS5 and P6 by side chain
substitution positions and architectures. These polymers had the identical molecular formulas
of side chains and conjugated backbone. Although PS5 showed an enhanced solubility and
molecular weight than P4, it produces a low crystallinity due to the conjugated backbone
torsion and leads therefore a low mobility of 0.007 cm”* V"' s'. Interestingly, A pair of 2-
decyl-tetradecyl alkyl chains is used to replace the linear side chains, it does not significantly
change the planarity of the polymers, but improves its molecular weight and solubility. Due to
a higher coherence length in the m-stacking direction, the charge carrier mobility of P6 is

increased up to 0.24 em? V©'s

High performance TQ polymers were successfully designed and synthesized by
investigation in structure-property relationships of TQ-2T-polymers. It is beneficial to
broaden the understanding of TQ-containing polymers and apply our strong acceptor BDTTQ
towards to high performance ambipolar polymer semiconductors. This part is shown in

Chapter 4.

3.9 Synthetic details

Intermediates  4,7-bis(4-dodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole-5,6-diamine
(1), 4,7-dibromo-5,6-dintrobenzo[c][1,2,5]thiadiazole (12) and (3,3'-didodecyl-[2,2'-
bithiophene]-5,5'-diyl)bis(trimethylstannane) (22) were prepared according to synthetic
details of Chapter 2. 1,2-bis(4-dodecylphenyl)ethane-1,2-dione (), 4,7-di(thiophen-2-
yl)benzol[c][1,2,5]thiadiazole-5,6-diamine (5),42 2-decyl-tetradecylbromide (8),43 2.5-
bis(trimethylstannyl)thiophene (18),44 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (19),45
2,6-bis(trimethylstannyl)benzo[1,2-b:4,5-b'|dithiophene (20)*° and 5,5'-bis(trimethylstannyl)-
2,2'-bithiophene 21)*" were prepared according to the literature procedures as shown in the

schemes 3.4-3.7 below.
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6,7-Bis(4-dodecylphenyl)-4,9-bis(4-dodecylthiophen-2-yl)-[1,2,5]thiadiazolo[3,4-

glquinoxaline (3)

Ci2Hzs C1oHas
SN
e it o O o @Qﬂ
/ /A C12Hzs Ci2Hzs
S S
HN  NH, CH,COOH

Ci2Has 3 Ci2Has

A suspension of 1 (0.2 g, 0.30 mmol) and 1,2-bis(4-dodecylphenyl)ethane-1,2-dione (2,
0.164 g, 0.30 mmol) in 20 mL of acetic acid was placed into a 50 mL Schlenk tube. The
mixture was heated to 55 °C and stirred overnight. After cooling to room temperature, the
product was filtered and washed with methanol. The crude product was purified by column
using hexane/dichloromethane (3:1) as eluent to give 0.328 g of compound 3 (green solid,
93%). '"H NMR (250 MHz, CD,Cl,) & 8.83 (d, J = 2.50 Hz, 2H), 7.73 (s, J = 10.0 Hz, 4H), 7.9
(m, 6H), 2.80-2.64 (m, 8H), 1.78-1.63 (br, 8H), 1.28 (br, 72H), 0.90-0.85 (br, 12H). *C NMR
(62.5 MHz, CD,Cl,) & 153.63, 152.27, 145.38, 143.44, 136.09, 135.96, 135.24, 135.02,
130.88, 128.63, 126.86, 121.39, 36.21, 32.34, 31.67, 31.19, 30.99, 30.12, 30.08, 29.98, 29.93,
29.88, 29.78, 29.73, 23.10, 14.29. HRMS (ESI+): m/z calcd 1177.8127, found 1177.8116.

4,9-Bis(5-bromo-4-dodecylthiophen-2-yl)-6,7-bis(4-dodecylphenyl)-
[1,2,5]thiadiazolo[3,4-g]quinoxaline (4)

Ci2Has C12H25 Ci2Hos C12H25

& & o
S
NBS THF

Ci2Hzs Ci2Has Ci2Has Ci2Has
3 4

Compound 3 (236 mg, 0.2 mmol) was dissolved in 15 mL of THF at room temperature.

NBS (39 mg, 0.22 mmol) was carefully added into the solution in small batches under dark.
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The mixture was stirred for 5 h. After removing the solvent under reduced pressure, the
residue was purified by column chromatography using hexane/dichloromethane (3:1) as eluent
to give monomer 4 as a green solid (198 mg, 74%). '"H NMR (250 MHz, CD,Cl,) 6 8.70 (s,
2H), 7.53 (d, J = 7.50 Hz, 4H), 7.20 (d, J = 10.0 Hz, 4H), 2.72-2.58 (m, 8H), 1.69 (br, 8H),
1.31-1.27 (br, 72H), 0.91-084 (br, 12H). °C NMR (62.5 MHz, CD,Cl,) & 153.78, 151.18,
145.35, 142.03, 135.83, 135.48, 134.46, 134.46, 131.16, 128.46, 119.93, 118.15, 36.26, 32.37,
31.66, 30.26, 30.18, 30.16, 30.12, 30.04, 30.01, 29.99, 29.94, 29.85, 23.13, 14.31. HRMS
(ESI+): m/z caled 1333.6338, found 1333.6329.

6,7-Bis(4-dodecylphenyl)-4,9-di(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline (6)

/S\
N N :<
\N/

/ \ / \ C12H25 C12H25
S S
et T S0
5 C12H2s CizHos

6

Following the same procedure for the preparation of compound 3, 4,7-di(thiophen-2-
yl)benzo[c][1,2,5]thiadiazole-5,6-diamine (5, 99 mg, 0.3 mmol) was used to replace 4,7-bis(4-
dodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole-5,6-diamine (1). Compound 6 was obtained
as a green solid (215 mg, 85%). '"H NMR (250 MHz, THF-dy) & 9.11-9.09 (dd, J = 2.50 Hz, J
= 5.0 Hz, 2H), 7.76-7.69 (m, 6H), 7.27-7.22 (m, 6H), 2.68 (t, J = 7.50 Hz, 4H), 1.71-1.63 (br,
4H), 1.38-1.29 (br, 36H), 0.89 (t, J = 7.50 Hz, 6H). °C NMR (62.5 MHz, THF-ds) &
154.51,151.57, 145.58, 138.24, 136.04, 134.68, 134.09, 131.63, 130.17, 128.70, 120.88,
120.51, 36.50, 32.72, 32.01, 30.52, 30.47, 30.36, 30.25, 30.17, (overlap with THF-dsg) , 23.40,
14.28. HRMS (ESI+): m/z caled 841.4371, found 841.4370.
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4,9-Bis(5-bromothiophen-2-yl)-6,7-bis(4-dodecylphenyl)-[1,2,5]thiadiazolo[3,4-

glquinoxaline(7)

@Q@ e e @Q@Br
NN
NN
CioHas Ci2Has

CioHas CiaHas

Following the same procedure for the preparation of compound 4, 6,7-bis(4-
dodecylphenyl)-4,9-di(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline (6, 168 mg, 0.2
mmol) was used to replace compound 3. Compound 7 was obtained as a green solid (172 mg,
86%). '"H NMR (250 MHz, THF-ds) & 8.90 (d, J = 5.0 Hz, 2H), 7.66-7.63 (dd, J = 2.5 Hz, J =
5.0 Hz, 4H), 7.28-7.25 (dd, J = 2.5 Hz, J = 5.0 Hz, 4H), 7.21(d, J = 5.0 Hz, 2H), 2.71 (t,J =
7.50 Hz, 4H), 1.71-1.65 (br, 4H), 1.41-1.25 (br, 36H), 0.89 (t, J = 7.50 Hz, 6H). >°C NMR
(62.5 MHz, THF-ds) 6 154.01, 152.40, 145.24, 136.67, 136.64, 135.31, 133.79, 131.89,
131.45, 128.67, 126.90, 121.73, 36.49, 32.70, 32.02, 30.49, 30.45, 30.33, 30.20, 30.15,
(overlap with THF-ds) , 23.39, 14.26. HRMS (ESI+): m/z calc. 997.2582 found 997.2589.

3-(2-Decyltetradecyl)thiophene (10)

C12Hos
CuH 3-bromothiophene C1oan
10021 Br Mg, I, C1oH21  MgBr Ni(dppp)(pDIZ
_ >
CqoHos THF CqoHos THF /S\

Magnesium turnings (0.7 g, 29 mmol), a catalytic amount of iodine and 30 mL of dry
THF were mixed in a 100 mL flask and heated to 80 °C under argon. A solution of 2-decyl-
tetradecylbromide (10 g, 24 mL) in 20 mL of dry THF was added dropwise into the flask
within 30 min. The resulting mixture was refluxed overnight. After cooling to room

temperature, the grey solution was transferred into a dry constant pressure funnel and added

Page 85



Chapter 3. Optimized TQ Copolymers in OFET via Molecular Engineering

dropwise into a dry THF (20 mL) solution of 3-bromothiophene (3.9 g, 24 mmol) and
Ni(dppp)Cl, (316 mg, 0.58 mmol) at room temperature. The mixture was heated to reflux
overnight under argon. The mixture was then cooled to room temperature and then 1 N HCl
was added to quench excess Grignard reagent. The crude product was extracted with diethyl
ether (3x20 mL). The combined organic phases were dried with MgSO4, and the solvent was
removed under reduced pressure to afford dark oil, which was purified by column
chromatography eluting with hexane to give 5.1 g (colorless oil, 51%) of compound 10. 'H
NMR: (250 MHz, CD,Cl,, ppm) 6 7.25-7.22 (m, 1H), 6.93-6.90 (m, 2H), 2.58-2.55 (d, 2H, J
=7.5 Hz), 1.63-1.58 (m, 1H), 1.35-1.22 (br, 40H), 0.91-0.86 (t, 6H, J = 5.0 Hz, J = 7.5 Hz).
C NMR (62.5 MHz, CD,Cl,, ppm) & 142.48, 129.24, 125.10, 121.02, 39.38, 35.04, 33.72,
32.38, 30.44, 30.17, 30.14, 30.11, 29.81, 28.99, 23.14, 14.34. HRMS (ESI+): m/z calc.
421.3868, found 421.3874.

2-Trimethylstannyl-4-(2-decyltetradecyl)thiophene (11)

CigHos CioHos
C1oHa21 CroHar
TMEDA, n-Buli,
/\ THF, (CHa)sSnCl, N/ \
() —Sn
S s

3-(2-Decyltetradecyl)thiophene (10, 3.63 g, 8.63 mmol) and N,N,N’)N’-
tetramethylethylenediamine (TMEDA, 1.42 mL, 9.49 mmol) were dissolved in 36 mL of
anhydrous THF. After cooling to 0 °C, the n-BuLi (5.93 mL, 9.49 mmol, 1.6 M in hexane)
was added slowly into this mixture solution over 10 min. The resulting solution was stirred
for 5 min at 0 °C and warmed to room temperature over 30 min. The mixture was cooled to
0 °C again, and trimethyltin chloride (9.49 mL, 9.49 mmol, 1 M in hexane) was added
dropwise. The mixture was stirred for 30 min at 0 °C and warmed to room temperature. After
two hours, the resulting solution was poured into water and extracted with diethyl ether (3x20
mL). The combined organic phases were washed with brine, dried with MgSQ,, and filtered.
The filtrate was concentrated under reduced pressure to obtain compound 11 (4.8 g, yellow oil,
95%). This crude product was used for next step without further purification. "H NMR: (250
MHz, CD,Cl,, ppm) 6 7.16 (s, 1H), 6.98 (s, 1H), 2.59 (d, 2H, J = 7.5 Hz), 1.63-1.58 (m, 1H),
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1.34-1.22 (br, 40H), 0.91-0.85 (t, 6H, J = 7.5 Hz), 0.34(s, 9H). °C NMR (62.5 MHz, CD,Cl,,
ppm) 6 143.71, 137.73, 137.27, 126.92, 39.56, 34.77, 33.90, 32.51, 30.59, 30.28, 30.25, 29.95,
27.13,23.27, 14.48, -8.12.

4,7-Bis(4-(2-decyltetradecyl)thiophen-2-yl)-5,6 dinitrobenzo[c][1,2,5]thiadiazole (13)

Ci2Hzs

ng
\
—Sn /N
7/

S

11 13

4,7-Dibromo-5,6-dinitrobenzothiadiazole (12) (1.23g, 3.2 mmol), compound 11 (4.30 g,
7.40 mmol) and Pd(PPh3),Cl, (225 mg, 0.32 mmol) were dissolved in 40 mL of anhydrous
THF under argon. The resulting solution was stirred for 16 h at 80 °C. The solvent was
removed under reduced pressure to afford a dark-red oil, which was purified by column
chromatography using hexane/dichloromethane (4:1) as eluent to give 2.42 g (red solid, 71%)
of compound 13. '"H NMR (250 MHz, CD,Cl,, ppm) o 7.34 (s, 2H), 7.32 (s, 2H), 2.65 (d, J =
7.50 Hz, 4H), 1.69-1.63 (m, 2H), 1.29-1.27 (m, 80H), 0.91-0.86 (t, J = 7.50 Hz, J = 5.0 Hz,
12H). >C NMR (62.5 MHz, CD,Cl,, ppm) & 152.59, 143.57, 141.97, 133.16, 129.45, 127.69,
121.85, 39.40, 34.94, 33.66, 32.37, 30.41, 30.14, 30.10, 29.80, 27.04, 23.13, 14.33. HRMS
(ESI+ Na): m/z calc. 1085.6961, found 1085.6981.

4,9-Bis(4-(2-decyltetradecyl)thiophen-2-yl)-6,7-diphenyl-[1,2,5]thiadiazolo[3,4-
glquinoxaline (16)
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Compound 13 (0.5 g, 0.47 mmol) and fine iron powder (311 mg, 5.55 mmol) in acetic
acid (15 mL) was stirred for 5 h at 75 °C under argon. The reaction mixture was cooled to
room temperature, precipitated in 5% aqueous NaOH and extracted with diethyl ether (3x20
mL). The combined organic layers were washed with brine, dried with MgSO, and the solvent
was removed under reduced pressure to give corresponding diamine (14) with deep red oil.
This crude product was directly added into acetic acid (15 mL) solution of benzil (99 mg, 0.47
mmol). The mixture was heated to 80 °C overnight under argon. After cooling down to room
temperature, the mixture was poured into 100 mL 5% aqueous NaOH and extracted with
dichloromethane (3x20 mL). The combined organic phases were dried with MgSO, and
filtered. The filtrate was concentrated and purified by column chromatography eluting with
hexane dichloromethane (4:1) to give 0.387 g (green solid, two steps 70%) of compound 16.
'H NMR (250 MHz, CD,Cl,, ppm) & 8.87 (d, J = 2.5 Hz, 2H), 7.82-7.78 (m, 4H), 7.47-7.38
(m, 6H), 7.27 (d, 2H), 2.72 (d, J = 5.0 Hz, 4H), 1.80-1.73 (m, 2H), 1.28-1.24 (br, 80H), 0.88-
0.83 (m, 12H). ">C NMR (62.5 MHz, CD,Cl,, ppm) & 153.39, 152.32, 142.10, 138.64, 135.85,
135.73, 135.14, 130.98, 129.88, 128.58, 128.15, 121.59, 39.48, 35.29, 33.79, 32.33, 30.50,
30.13, 30.08, 30.07, 29.77, 27.07, 23.10, 14.29. HRMS (ESI+): m/z calc. 1177.8127 found
1177.8153.

4,9-Bis(5-bromo-4-(2-decyltetradecyl)thiophen-2-yl)-6,7-diphenyl-[1,2,5]thiadiazolo[3,4-
glquinoxaline (17)

NBS, THF

Compound 16 (235 mg, 0.2 mmol) was dissolved in 15 mL THF at the room temperature.
NBS (39 mg, 0.22 mmol) was carefully added into the solution in small batches under dark.

The mixture was stirred for 5 h. After removing the solvent under reduced pressure, the

Page 88



Chapter 3. Optimized TQ Copolymers in OFET via Molecular Engineering

residue was purified by column chromatography using hexane/dichloromethane (3:1) as eluent
to give compound 17 as a green solid (232 mg, 87%). '"H NMR (250 MHz, CD,Cl,, ppm) &
8.83 (s, 2H), 7.72-7.67 (m, 4H), 7.75-7.38 (m, 6H), 2.62 (d, J = 7.5 Hz, 4H), 1.81 (br, 2H),
1.36-1.22 (br, 80H), 0.88-0.82 (m, 12H). *C NMR (62.5 MHz, CD,Cl,, ppm) & 153.76,
151.60, 141.34, 138.07, 135.67, 135.40, 134.71, 131.14, 130.05, 128.56, 120.48, 119.14,
38.98, 34.54, 33.81, 32.34, 30.50, 30.15, 30.13, 30.08, 29.78, 26.97, 23.10, 14.30. HRMS
(ESI+): m/z calc. 1333.6338 found 1333.6306.

Synthesis of P1

Ci2Hzs Ci2Has Ci2Hbs CizHos

/
U—Q—d& Pd(dba); m—@%
tri(o- tolyl)phosphlne

Chlorobenzene
VIS By
O O /s{]’Q\Sv\
C12Hzs Ci2Hzs 18 C12Hzs Ci2Hzs
4 P1

Compound 4 (0.1 mmol), 2,5-bis(trimethylstannyl)thiophene (18, 0.1 mmol) and
chlorobenzene (8 mL) were placed in a 50 mL two-neck flask. The mixture was purged with
argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba);) and
7.3 mg of tri(o-tolyl)phosphine (P(o-tolyl);) were added. Then the mixture was heated up to
110 °C under argon. After 3 days, the polymer was end-capped with tributylphenylstannane
and bromobenzene in sequence. After cooling to room temperature, the reaction mixture was
poured into methanol. The polymer was filtered and subjected to Soxhlet extraction with
methanol, acetone, hexane, chloroform and chlorobenzene. The chlorobenzene fraction was
collected and added 30 mL of sodium diethyldithiocarbamate aqueous solution (1 g/100 mL),
the mixture was heated to 60 °C with vigorous stirring for 2 h. The mixture was separated and
organic phase was washed with water for 3 times. The polymer was collected from the

chlorobenzene fraction and dried in vacuum to afford P1.

P1 (black solid, 103 mg, 81%).

Molecular weight by GPC (135 °C): M, = 7.0 kg mol'l, PDI =2.68.

Elemental analysis: Calcd. For CgoH;12N4S4: C, 76.40; H, 8.97; N, 4.45; S, 10.17. Found: C,
75.44; H, 10.17; N, 4.27; S, 10.13.
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Synthesis of P2

Following the same procedure for the preparation of P1, 2,5-bis(trimethylstannyl)thieno

[3,2-b]thiophene (19, 0.1 mmol) was used to replace donor 18.

SN N
CiaHos NN C12Hzs CroHs NN C12Hos
I Iy S
BFQ—Q—@& Pdy(dba)s /s\ /S\ ! D n
tri(o-tolyl)phosphine S
N N - > N N

Chlorobenzene

S \ /
4 WDEW,
s L st “
/ s N

CizHas Ci2Hzs CioHos CizHas
4 19 P2

P2 (black solid, 88 mg, 67%).

Molecular weight by GPC (135 °C): M, =5.4 kg mol'l, PDI =2.15.

Elemental analysis: Calcd. For Cs,H;12N4Ss: C, 74.97; H, 8.59; N, 4.26; S, 12.17. Found: C,
74.08; H, 9.42; N, 4.13; S, 11.79.

Synthesis of P3

Following the same procedure for the preparation of P1, 2,6-bis(trimethylstannyl)benzo

[1,2-b:4,5-b']dithiophene (20, 0.1 mmol) was used to replace donor 18.

N N
Ci2Hos NN CioHas CiaHos N

CizHos
gr—{ \ / N\

S
N
\_/ s
5 Br Pdj(dba); () [ ) \ D
S . . S S g In
tri(o-tolyl)phosphine

N N - .
N\ /N

Chlorobenzene

N/
W LS )
Ci2Hzs CizHos / s N CizHazs Ci2Hos
4 20 P3

P3 (black solid, 118 mg, 86%).

Molecular weight by GPC (135 °C): M, = 8.0 kg mol'l, PDI =2.34.

Elemental analysis: Calcd. For CsH;14N4Ss: C, 75.75; H, 8.42; N, 4.11; S, 11.72. Found: C,
74.41; H, 10.02; N, 3.88; S, 11.41.
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Synthesis of P4

Following the same procedure for the preparation of P1, 5,5'-bis(trimethylstannyl)-2,2'-

bithiophene (21, 0.1 mmol) was used to replace donor 18.

CiaHos C12Hos Ci2Has Ci2Has

Wm Pd,(dba)s M—Q—U—Q—@
trl(o tolyl)phosphine

Chlorobenzene

Ci2oHas Ci2Has CioHos CioHps
4 21 P4

P4 (black solid, 77 mg, 57%).

Molecular weight by GPC (135 °C): M, = 9.1 kg mol™, PDI = 2.33.

Elemental analysis: Calcd. For Cs4H;12N4Ss: C, 75.31; H, 8.58; N, 4.18; S, 11.93. Found: C,
74.18; H, 8.94; N, 3.98; S, 11.73.

Synthesis of P5

Following the same procedure for the preparation of P1, the polymerization precursors were
changed into acceptor 4,9-bis(5-bromothiophen-2-yl)-6,7-bis(4-dodecylphenyl)-
[1,2,5]thiadiazolo[3,4-g]quinoxaline (7, 0.1 mmol) and donor (3,3'-didodecyl-[2,2'-
bithiophene]-5,5'-diyl)bis(trimethylstannane) (22, 0.1 mmol). But PS5 was collected from

chloroform fraction during the Soxhlet extraction process, due to its good solubility.

\ w C1oHos
gr—d \ I\ g, Pd(dba); /A I\__s. )
S S tri(o-tolyl)phosphine S S \ / —ar
N N -
N N
< Chlorobenzene \_ 7 CizHos
() oXe
cuf) NI S{'n/
I Craftas /SV S WA C12Hos Ci2Hzs
CizHas P5
22

PS5 (black solid, 115 mg, 85%).
Molecular weight by GPC (30 °C): M, = 16.1 kg mol™, PDI = 5.49.
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Molecular weight by GPC (135 °C): M,, = 12.7 kg mol™', PDI = 4.05.

Elemental analysis: Calcd. For Cs4H;14N4Ss: C, 75.31; H, 8.58; N, 4.18; S, 11.93. Found: C,
74.08; H, 10.00; N, 4.02; S, 11.87.

Synthesis of P6

Following the same procedure for the preparation of PS, the polymerization precursors

were changed into acceptor (17, 0.1 mmol) and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene
(21, 0.1 mmol).

CioH CqoH
Ciz2Hos CioHas 12725 12H25

CqoH. C H.
C1oH21s C10H21 0 215 o
Pd,(dba);
trl(o tolyl)phosphine
\ N
\ N

Chlorobenzene

/
S —
/SPQ\@/&]\

17 21 P6

P6 (black solid, 96 mg, 71%).
Molecular weight by GPC (135 °C): M= 18.8 kg mol'l, PDI = 3.48.

Elemental analysis: Calcd. For Cs4H;14N4Ss: C, 75.31; H, 8.58; N, 4.18; S, 11.93. Found: C,
74.67; H, 10.29; N, 4.11; S, 11.06.
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Chapter 4. The Condensed Thiadiazoloquinoxaline
derivatives-Based Polymers as High Performance

Ambipolar Semiconductors

CizHzs [
CioHz1 g CroHay
NN

In this chapter, two novel conjugated polymers with high molecular weights, PBDTTQ-3 and
PAPhTQ, were synthesized based on previously investigated structure-properties relationship of TQ-
2T polymers. Both polymers have excellent solubility in common organic solvents. UV-vis-NIR
absorption and cyclic voltammetry indicate a bandgap of (0.76 eV) and high electron affinity level (-
4.08 eV) for PBDTTQ-3. PBDTTQ-3 exhibits good ambipolar transport, with a maximum hole

mobility of 0.22 cm® V™' s and comparable electron mobility of 0.21 cm®* V's™.

Note: Large part of this chapter has been published in Chem. Mater, 2014, 26, 5923-5929.
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4.1 Introduction

Ambipolar organic field-effect transistors (OFETs) that transport simultaneously holes
and electrons have attracted attention in recent years, owing to their application in
complementary metal-oxide semiconductors logic circuits and organic light-emitting
transistors."™ Strong acceptors were widely used to create high performance alternating donor
(D) - acceptor (A) ambipolar semiconductors because of their electron-deficient nature. Due
to the trapping of electrons at the semiconductor/dielectric interface and the scarcity of high-
electron-affinity building blocks,” only few acceptors have been used to design ambipolar
polymers with hole and electron mobilities both above 0.1 ecm® V' s' such as
benzobisthiadiazole (BBT),*® naphthalene diimide (NDI),’ diketopyrrolopyrrole (DPP), 10-12
isoindigo (IID)"* and benzodifurandione-based oligo(p-phenylene vinylene) (BDOPV).'

s, S
CiHas NN Crabas . . CizHzs CigHas  N.° N CizHzs
1 & Varying linkage pattern s WM 7\
CyzHzs CizHas [ |(\ /. 5 s |n
12Hzs Ny s
CyHs 7 i CzHs
C4Hg Cy4Hg
PBDTTQ-2
. 12Hzs
PBDTTQ-1 pp =1.2X 103 em? v st
Mo FET respone Tuning side He =0.6 X103 cm? V1™

chains

C2Ms Contrast the condensed aromatic CizHas C1zMas

CizHas
CioHz1 g CioHa . _ i CioHz1 g CioHas
m_o_g NN units of in TQ moiety NN
S 7\ i\ i\ S i\ i\
LS S% - < > 4 R
I/ N N
PAPhTQ PBDTTQ-3 N
- 2 41 -1
Hp = 0.11 cm2 v g1 OG Hp =0.22 em® Vst N
He =0.21cm“ Vs’ ]

He =0.02cm? Vs

Figure 4.1 Rational design changes for improving the device perfor-mance of TQ-containing
polymers.

Long branched alkyl chains with one methylene group past the branching point have
been proven to play a key role not only in increasing the molecular weight and the solubility
of the polymers but also in influencing the microstructural morphology and charge carrier

transport.”® To develop high performance of ambipolar BDTTQ-based polymer
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semiconductors, we optimized previous BDTTQ core and modified a new benzodithiophene
condensed TQ unit (BDTTQ-3) with excellent solubility in common organic solvents, by
removing all the alkyl chains from the TQ unit and replacing linear alkyl chains using a pair
of 2-decyl-tetradecyl alkyl chains in the neighboring thiophene units (Figure 4.1).
Additionally, another new acenaphthylene condensed TQ core (APhTQ) was also developed
for comparison with BDTTQ-3 (Scheme 4.1).

In this chapter, we report the design and synthesis of two D-A polymers PBDTTQ-3
and PAPhTQ (Figure 4.1) and their significantly enhanced device performance compared to
PBDTTQ-2. For both polymers, 2-decyl-tetradecyl alkyl chains with branching positions one
carbon away from the polymer main chain on thiophenes adjacent to the acceptors are crucial
for tuning the attractive forces and improving the solubility of the macromolecules. More
importantly, this approach minimizes steric interactions and promotes the polymer backbone
coplanarity, which facilitates charge carrier transport. PBDTTQ-3 shows significantly
improved and balanced holes and electrons mobilities as high as 0.22 and 0.21 cm® V' s,
respectively. PAPhTQ exhibits also ambipolarity with slightly lower maximum mobilities of
0.11 cm® V! 5! for holes and 0.02 cm? V™! s™! for electrons. Additionally, the influence of the

fused aromatic system in the TQ moiety on the device performance was studied.

4.2 Synthesis and characterization

The synthesis of the both polymers is illustrated in Scheme 4.1. 4,7-Bis(4-(2-
decyltetradecyl)thiophen-2-yl)-5,6-dinitrobenzo[c][1,2,5]thiadiazole =~ (1) was  prepared
according to Chapter 3. The compound 1 was reduced using iron and acetic acid to give
corresponding diamine 2, which was directly used without purification and converted to the
monomers BDTTQ-3 and APhTQ via a condensation coupling with benzo[2,1-b:3,4-
b'ldithiophene-4,5-dione (3) and acenaphthylene-1,2-dione (6), respectively. Consequently,
precursors Br,-BDTTQ-3 and Br,-APhTQ were then obtained by dibromination of BDTTQ-
3 and APhTQ. Both polymers were prepared via Stille coupling between Br,-BDTTQ-3 or
Br;-APhTQ and distannylbithiophene 9.
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Scheme 4.1 Synthetic route to polymers PBDTTQ-3 and PAPhTQ.

Polymers PBDTTQ-3 and PAPhTQ possess good solubility in chloroform,
tetrahydrofuran and chlorobenzene. The number-average molecular weights (M;) of the
polymers were 76.3 kg mol™ and 100.9 kg mol™, with a polydispersity index (PDI) of 3.64
and 6.48 for PBDTTQ-3 and PAPhTQ, respectively, determined by GPC method using
polystyrene as standard and tetrahydrofuran as eluent at 30 °C (Table 4.1). The relatively large
polydispersity index (PDI) of both polymers could originate from the aggregation in solution
(see 4.3 section). The same issue was also reported for other polymers.”'° Additionally, both
polymers demonstrated excellent thermal stability, with 5% weight loss upon heating at 415
°C (Figure 4.2). In the next region from 415 to 500 °C, the polymer side chains were firstly

decomposed as previously discussed (Chapter 2 and 3).
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Figure 4.2 TGA curves for PBDTTQ-3 and PAPhTQ measured under a nitrogen atmosphere at a
heating rate of 10 °C/min.

N N NBS, THF,
CH3COOH, 80 °C, rt,5h, 89 %
Overnight 68 % (two steps) 7 N/ \

2 N N=
PhNTQ (11)

7 N/ \ Chlorobenzene,
=N N=— Pd,(dba) 3,

i I 7 N\_¢ N\
Tri(o-tolyl)phosphine,
Br2'PhNTQ (12) 110 °C,3 days, —N N=—

PPhNTQ

Scheme 4.2 Synthetic route to polymer PPhNTQ.

PhNTQ core is stronger acceptor than BDTTQ core as confirmed by cyclic
voltammetry." In order to pursue higher electron affinity condensed TQ acceptor containing
polymer, the PhANTQ was prepared according to the similar synthetic apporach of BDTTQ-3
and APhTQ as shown in Scheme 4.2. The bromination was performed for PANTQ to make
higher electron affinity polymer PPhNTQ, which was expected as n-type semiconductor.
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Unfortunately, the PPhNTQ wasn’t obtained through Stille coupling after 3 days at 110 °C. In
order to clearity the reason of failure in this coupling, one unknown compound was recycled
after polymerization. The FD-MS and 'H-NMR were carried out to analyze the structure of
unknown compound. FD-MS displayed that this compound had the same signal with Br,-
PhNTQ. 'H-NMR spectra of both compounds are presented in Figure 4.3. In comparison to
Br,-PhNTQ, the aromatic proton chemical shift of unknown compound went down field,
implying that the phenanthroline part of Br,-PhNTQ could be coordinated with palladium
from the catalyst (Pd,(dba)s), leading to the catalyst deactivation in this system. However, the
palladium will be removed from Br,-PhNTQ in a high-potential electric field. That is why

both compounds exhibit the same peak values by FD-MS measurements.

m
Before Polymerization il|1 ‘ ‘

! |
ll\.._a'"' I\
LS

After Polymerization

95 90 85 80 75 70 65 6.0 50 45
f1 (ppm)

Figure 4.3 The "H-NMR spectra before (black) and after (red) polymerization of Br,-PhNTQ.

4.3 Optical properties

To figure out aggregation behaviour of both polymers in dilute chloroform solutions
(10° M), UV-vis-NIR absorption spectra of both polymers were recorded in chloroform
solution at the two different temperatures (room temperature and 45 °C). The absorption
profiles are shown in Figure 4.4. Both polymers showed absorption maximum (Any.x) at 1206

nm and 1005 nm at room temperature for PBDTTQ-3 and PAPhTQ, respectively. When the
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temperature was raised to 45 °C, the Ap,y of both polymers shifted to 1163 nm for PBDTTQ-
3 and 982 nm for PAPhTQ. This suggests both polymers have aggregation even in dilute

solution. This result is in good agreement with their large PDI.
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Figure 4.4 UV-visible-NIR absorption spectra of the polymers in chloroform solutions.

UV-vis-NIR absorption spectra of the polymers in solutions and in films are shown in
Figure 4.5. The relevant data are summarized in Table 4.1. PBDTTQ-3 exhibits an absorption
maximum (Agax) at 1206 nm in solution corresponding to a large red-shift of 278 nm as
compared to that of PBDTTQ-2. This was related to different alkyl chain substitution
positions and architectures which affect intramolecular interactions in the polymer backbone,
thereby changing their optical behavior. Compared to PBDTTQ-3, the An.x of PAPhTQ
reveals a blue shift of 201 nm indicating that the condensed acenaphthylene, APhTQ, has a
larger HOMO-LUMO gap than the benzo[2,1-b:3,4-b']dithiophene condensed TQ in
BDTTQ-3. This leads to the larger bandgap of PAPhTQ compared to PBDTTQ-3.

Thin films were prepared by drop-casting onto glass slides from chloroform solutions.
Both polymers displayed red-shifts of 64 and 67 nm at A,,,x compared with those in solutions
suggesting aggregation in solid state. The optical bandgaps are 0.76 and 0.99 eV, calculated
according to the absorption onset of the solid films for PBDTTQ-3 and PAPhTQ,

respectively. These results demonstrate that changing the aromatic rings condensed TQ core
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are effective tools in tuning the bandgaps of the polymers. On the other hand, PBDTTQ-3
(0.97) has is higher OD,/OD; value (see in Chapter 2) than previous PBDTTQ-2 (0.78),
suggesting that PBDTTQ-3 has stronger charge carrier transfer ability than previous
PBDTTQ-2. As discussed in Chapter 3, this value of PBDTTQ-3 could have excellent

charge carrier mobility in OFETs.
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Figure 4.5 UV-visible-NIR absorption spectra of the polymers in chloroform solutions and in films
4.4 Electrochemical properties

The electrochemical behaviour of both monomers was determined from cyclic
voltammetry (CV) as shown in Figure 4.6. The corresponding data are collected in Table 4.1.
To avoid the electron withdrawing effects of bromine, CV of the acceptors BDTTQ-3 and
APhTQ were carried out. The electron affinity (EA) of BDTTQ-3 estimated from the
reduction onset potential is -3.92 eV, which is lower lying than that of APhTQ (-3.73 eV).
This proved that BDTTQ-3 is a stronger electron acceptor than APhTQ.
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Figure 4.6 Reduction curves of BDTTQ-3 and APhTQ in dichloromethane solutions.
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Figure 4.7 Reduction (left) and oxidation (right) of two polymers films deposited from chloroform
solutions.

Polymers thin film CV provided the EA values of -4.08 and -3.94 ¢V for PBDTTQ-3
and PAPhTQ, respectively, whereas the ionization potential (IP) values of -5.05 eV for
PBDTTQ-3 and -5.10 eV for PAPhTQ (Figure 4.7). These results proved that the
benzodithiophene condensed TQ derivative is a stronger electron acceptor than
acenaphthylene on the TQ segment, resulting in the lower EA of PBDTTQ-3 compared to
PAPhTQ. The EA of PBDTTQ-3 was found around 0.14 eV lower than that of PAPhTQ,
while the IP of the two polymers were nearly equivalent due to a dominant contribution of the

tetrathiophene units to the IP for each polymer. Both polymers exhibit two reversible
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reductions and low EA, indicating their potential for electron charge carrier transport. The
electrochemical band gaps of the polymers are larger than the optical band gaps, which is

attributed to the exciton binding energy of conjugated polymers.

Table 4.1 Molecular weights, optical absorption, electrochemical properties and field-effect mobilities
of PBDTTQ-3 and PAPhTQ.

Polymer M,/M,, Maps (M) Agp(nm)  ES IP EA

MUh max, ave p-e, max, ave
(kg/mol)* soln.® film® (V)  (eV) (ev) (cm?> V'sh (cm?> V'sh
PBDTTQ-3 76.3/277.3 1206 1270 0.76 -5.05 -4.08 0.22, 0.21,
0.19(+ 0.03) 0.10(x 0.07)
PAPhTQ 100.9/654.5 1005 1072 0.99 -5.10 -3.94 0.11, 0.02,

0.10(£0.02)  0.02(x0.01)

"Determined by GPC in THF using polystyrene standards; "Dissolved in choloform (c = 10° M);
“Drop-cast from choloform solution (2 mg/mL); “IP and EA were estimated from the onsets of the first
oxidation and reduction peak, while the potentials were determined using ferrocene (Fc) as standard by
empirical formulas Eppga= - (Eoxrea™™ " - Ererer > + 4.8) €V wherein Erpe:> = 0.40 eV.

4.5 Density functional theory calculations

Figure 4.8 LUMO and HOMO of BDTTQ-3 (-3.70, -5.07 ¢V) and APhTQ (-3.38, -5.05 V). DFT
(B3LYP, 6-31G).

To further understand the electronic structures and optical properties of the polymers,

density functional theory (DFT) calculations were carried out. In agreement with the CV
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results similar HOMO levels were found for the two monomers APhTQ and BDTTQ-3, but
striking differences in the LUMO values (Figure 4.8) with lower LUMO for BDTTQ-3.
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Figure 4.9 LUMO (left) and HOMO (right) distributions for the dimers of (a) BDTTQ-2, (b)
BDTTQ-3, (¢) APhTQ and (d) BDTTQ-2 with strong twist. DFT (B3LYP, 6-31G%).

The electronic density distributions of the LUMO and HOMO of the dimers of
BDTTQ-2, BDTTQ-3 and APhTQ were derived from DFT analysis as shown in Figure 4.9.
The dihedral angle for the 3, 3’-dimethyl-2, 2’-bithiophene in the dimer of BDTTQ-2 is
slightly larger, while it is computed to be only ~7° for 2,2’-bithiophene in BDTTQ-3. The
more effective extension of the m-conjugation in the latter case is due to the reduced number
of alkyl chain interactions and therefore affording the smaller band gap as also confirmed by
UV-vis-NIR. The HOMO and LUMO levels of three polymers, on the other hand, show very
similar degrees of delocalization. In order to make clear whether the electron density was
affected by a large dihedral angle between the central two alkylated bithiophene or not, we
calculated the the dimer BDTTQ-2 with the 60 degree of 3, 3’-dimethyl-2, 2’-bithiophene as
shown in Figure 4.9d. The result demonstrate electron density of dimer BDTTQ-2 with a
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large dihedral angle between 3, 3’-dimethyl-2, 2’-bithiophene are still nearly equivalent to
BDTTQ-3, but difference were found in the HOMO and LUMO values. It should be
mentioned that the twisting angle of these polymers will be smaller in the solid state than

determined by DFT calculations.

4.6 OFET properties

Bottom contact, bottom gate transistors were fabricated to investigate the charge carrier
transport for both polymers. This was in collaboration with ||| il (Max Planck
Institute for Polymer Research, Mainz). The transfer and output characteristics of both
polymers are presented in Figure 4.10. The ambipolar behavior of PBDTTQ-3 was clearly
evident from the transfer curves in both p- and n-type operation modes for negative and
positive gate voltages, with average mobilities of 0.19 £+ 0.03 cm” V™' s for holes and 0.10 +
0.07 cm® V' 5! for electrons (Table 4.1). In the negative drain mode for Vp < 0 V (Figure
4.10a) the crossover point was located at around Vg = -20 V, indicating a change from
electron- to hole-dominated current. Below this gate voltage the transistor exhibited a typical
hole transport behavior in the accumulation mode. In the positive regime at Vp > 0 V (Figure
4.10a) the electrons dominate the device operation up from approximately Vg = 70 V. The
high crossover voltage can be attributed to two parallel existing effects: charge trapping at
semiconductor/dielectric interface and contact resistance. The proposed mechanism for the
trapping of electrons in the conductive channel is the formation of immobile Si—O" ions at the
dielectric surface. Self-assembled monolayers (SAMs) lead to a reduced number of hydroxy
groups and thus to an increase of the electron current.” The hexamethyldisilazane (HMDS)
surface modification can reduce the trapping effect but not hinder it completely. Moreover, the
contact resistance is evident on the output characteristic (Figure 4.10b) from the nonlinear
behavior of the current at low Vp. In spite of this negative effect, the an ambipolar device
behavior was observed due to the low band gap and LUMO level, reaching highest values of
022 ecm® V' s and 0.21 em? V' s for holes and electrons, respectively. A well-balanced
transport of holes and electrons for PBDTTQ-3 was observed, whereas significant differences
in threshold voltage were attributed to the deep traps existing in the semiconducting layer."
Polymer PAPhTQ revealed also ambipolarity but with slightly lower average mobilities for
holes of 0.10 + 0.02 cm” V' s and with significant difference for electrons of 0.02 + 0.01
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cm® V' s (Figure 4.10c and 4.10d).
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Figure 4.10 The transfer and output curves of (a and b) PBDTTQ-3 and (¢ and d) PAPhTQ.

The air stability of both polymers was also investigated. The devices were moved from
glove box to air ambience and exposed 1 hour. The mobilities were measured under air. Only
a hole transport was observed with highest mobilities of 0.11 and 0.09 cm® V' s for
PBDTTQ-3 and PAPhTQ, respectively (Figure 4.11). The air unstable behaviors of both
polymers were related to their high lying EA , which are not in air stable region below around

-4.3 eV of materials.'?
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Figure 4.11 Transfer and output curves of (a, b) PBDTTQ-3 and (¢, d) PAPhTQ under air.

4.7 Self-organization

To gain an insight into the organization of both polymers in the bulk, 2DWAXS (Figure
4.12a and 4.12b) was carried out in collaboration with ||| GGG (Vax Planck
Institute for Polymer Research, Mainz). The 2DWAXS measurements were performed on
extruded fibres which were subsequently thermally annealed at 180 °C. The 2D patterns are
quite identical for both compounds where reflections at small-angles on the equatorial plane
of the pattern are ascribed to polymer chains oriented along the alignment direction of the
fiber. The chain-to-chain distance between lamellas of 2.73 nm for PBDTTQ-3 and 2.5 nm
for PAPhTQ were determined from the main peak positions. Meridional reflections
corresponding to a d-spacing of 1.80 nm are equal for both systems and are attributed to the
length of a single repeat unit. More crucially, wide-angle, equatorial scattering intensities are
assigned to a relatively small n-stacking distance of 0.36 nm for both polymers which might

be one factor responsible for the good charge carrier transport. However, this reflection is
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significantly weaker for PAPhTQ than for PBDTTQ-3 (Figure 4.12a and 4.12b), which
indicates slightly less ordering. This might be one of the reasons for the lower mobility of

PAPhTQ.

T e I o It |
00 03 06 09 12 15 18

q, /A’

f)

Figure 4.12 2DWAXS patterns for extruded fibers of a) PBDTTQ-3 and b) PAPhTQ. The fiber
sample was mounted vertically towards the detector. GIWAXS patterns for ¢) PBDTTQ-3 and d)
PAPhTQ thin films. SFM topography images of PBDTTQ-3 (¢) and PAPhTQ (f) thin film in the
transistor channel. The RMS roughness values are 1.3 nm for PBDTTQ-3 film and 3.3 nm for
PAPhTQ film, respectively.

To understand the surface organization in thin film, GIWAXS was additionally
performed in collaboration with ||| | || A (Max Planck Institute for Polymer
Research, Mainz) (Figure 4.12c and 4.12d). For these measurements the same procedure for
the film preparation was used as for the transistor devices. The GIWAXS pattern for
PBDTTQ-3 revealed only one isotropic reflection which correlates well with the chain-to-

chain spacing of 2.73 nm of randomly arranged lamellas towards the surface. The thin film of
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PAPhTQ displayed a slightly higher order and enhanced orientation of the polymer chains.
The meridional scattering intensity at qyy = 0 A and q, = 0.27 A" was attributed to the chain-
to-chain spacing of 2.33 nm of edge-on arranged polymer backbones. The reflection at qxy
=0.31 A" and q.=0 Al corresponded to the length of a single repeat unit. In both cases, the
HMDS modified silicon dioxide surface slightly decreased the chain-to-chain distance,
however, the lack of a m-stacking reflection was an evidence for poor packing of the polymers
on the surface in comparison to the bulk. This indicated that strong 7t-n stacking might not be
always necessary for reaching high charge carrier mobilities. Some high performing
semiconducting polymers also were reported with less ordered or disordered morphology.13 In
order to investigate the film structure in the nanometer scale, the scanning force microscopy
(SFM) measurements were performed in collaboration with - (Max Planck Institute for
Polymer Research, Mainz). The transistors were directly used for active layer morphology
investigation (Figure 4.12e and 4.12f). The root-mean-square (RMS) surface roughness of the
PAPhTQ film was determined to be 3.3 nm being significantly higher than that one of a
PBDTTQ-3 film (RMS = 1.3 nm). This difference indicates that PBDTTQ-3 shows better
order at the air interface. As reported in the literature,'* a high surface roughness indicates that
large domains form an only non-uniform transport layer is limiting the conduction. On the
other hand, smoother polymer films provide a higher uniformity due to smaller grain
microstructures and finally higher charge carrier mobilities. This may be one reason why

PBDTTQ-3 has a higher mobility than PAPhTQ.

4.8 Summary

In this chapter, we have presented two new D-A copolymers based on extended TQ
derivatives with a high molecular weight and good solubility in common solvents. Changing
the electron-donor of the fused aromatic system from acenaphthylene to benzodithiophene in
the TQ moiety played a significant role on the optoelectronic properties and the device

performance. PBDTTQ-3 exhibited a very low bandgap of 0.76 eV with high EA of -4.08 eV.

Although both polymers had quite disordered thin films as evident from GIWAXS
measurement, their device performances are far higher than other TQ-based polymers.
PBDTTQ-3 exhibited balanced ambipolar charge carrier transport with transistor mobilities

up to 0.22 cm® V' s for holes and 0.21 cm® V' s™ for electrons. PAPhTQ revealed also
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ambipolarity with slightly lower average mobilities for holes of 0.10 + 0.02 cm® V™' s and
with significant difference for electrons of 0.02 £ 0.01 cm? Vgt However, the mobilities of

both polymer were significantly decreased when the transistors was moved to air 1 hour.

4.9 Synthetic details

The intermediate compounds benzo[2,1-b:3,4-b']dithiophene-4,5-dione (3) was
prepared as description in Chapter 2. 4,7-bis(4-(2-decyltetradecyl)thiophen-2-yl)-5,6-
dinitrobenzo[c][1,2,5]thiadiazole (1) and 5,5 -bis(trimethylstannyl)-2,2’-bithiophene (9) were
synthesized following Chapter 3.

8,12-Bis(4-(2-decyltetradecyl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-i]dithieno[3,2-a:2',3'-
c]phenazine (BDTTQ-3) (4)

1 2 BDTTQ-3 (4)

A mixture of compound 1 (0.5 g, 0.47 mmol) and fine iron powder (311 mg, 5.55
mmol) in acetic acid (15 mL) was stirred for 5 h at 75 °C under argon. The reaction mixture
was cooled to room temperature, precipitated in 5% aqueous NaOH and extracted with diethyl
ether (3x20 mL). The combined organic layers were washed with brine, dried with MgSO,.
After removal the solvent, this crude product diamine 2 was added into acetic acid (15 mL)
solution of benzo[2,1-b:3,4-b'|dithiophene-4,5-dione (3, 103 mg, 0.47 mmol). The mixture
was heated to 80 °C overnight under argon. After cooling to room temperature, the mixture
was poured into 100 mL 5% aqueous NaOH and extracted with dichloromethane (3x50 mL).
The combined organic phases were dried with MgSO, and filtered. The filtrate was
concentrated and purified by column chromatography eluting with hexane dichloromethane

(3:1) to give 0.4 g (green solid, two steps 71%) of BDTTQ-3. '"H NMR (250 MHz, CD,Cl,,
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ppm) & 8.86 (d, J = 1.25 Hz, 2H), 8.22 (d, J = 5.0 Hz, 2H), 7.40 (d, J = 5.0 Hz, 2H), 7.13 (d, J
=2.5 Hz, 2H), 2.65 (d, J = 7.50 Hz, 4H),1.82-1.75 (m, 2H), 1.41-1.23 (m, 80H), 0.88-0.82 (t,
J = 7.50 Hz, 12H). >C NMR (62.5 MHz, CDCls, ppm) & 151.00, 141.44, 139.73, 137.38,
136.09, 135.58, 135.15, 134.76, 128.13, 127.15, 124.56, 120.42, 39.21, 35.18, 33.60, 32.09,
30.38, 29.96, 29.92, 29.90, 29.87, 29.84, 29.56, 29.53, 26.94, 22.85, 14.28. HRMS (ESI+):
m/z calc. 1187.7099, found 1187.7086.

8,12-Bis(5-bromo-4-(2-decyltetradecyl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-
i]dithieno[3,2-a:2',3'-c]phenazine (Br,-BDTTQ-3) (5)

BDTTQ-3 (4) Br,-BDTTQ-3 (5)

BDTTQ-3 (4, 150 mg, 0.126 mmol) was dissolved in THF (15 mL) at room
temperature. NBS (51.7 mg, 0.29 mmol) was carefully added into the solution in small
batches. The mixture was stirred for 5 h. After removal the solvent under reduced pressure,
the residue was purified by column chromatography using hexane dichloromethane (3:1) as
eluent to give Br,-BDTTQ-3 as a green solid (154 mg, 91%). "H NMR (250 MHz, CDCl;,
ppm) 6 8.56 (s, 2H), 7.62 (d, J = 5.0 Hz, 2H), 7.10 (d, J = 5.0 Hz, 2H), 2.50 (d, J = 7.50 Hz,
4H),1.82-1.74 (m, 2H), 1.25-1.23 (br, 80H), 0.88-0.83 (t, J = 7.50 Hz, 12H). °C NMR (62.5
MHz, CDCl3, ppm) 6 149.98, 140.17, 138.66, 137.20, 135.56, 134.60, 133.78, 133.71, 126.66,
124.29, 119.34, 118.72, 38.78, 34.30, 33.59, 32.13, 32.11, 30.49, 30.08, 30.03, 29.98, 29.94,
29.88, 29.60, 29.57, 26.86, 22.87, 14.30. HRMS (ESI+): m/z calc. 1343.5310, found
1343.5322.
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8,12-Bis(4-(2-decyltetradecyl)thiophen-2-yl)acenaphtho[1,2-b][1,2,5]thiadiazolo[3,4-
glquinoxaline (APhTQ) (7)

o O

N/ CazHas CroHot CioHa21._C12H2s
‘l‘ SN
CqoH: C1oH o) N\/N
12H25 ¢ oHay s 10H21 12Hz2s C12Hzs C1oH21 CioHz1_ CizHos 1\ J \
NN Fe, CH;COOH Naa Y 6 S s
\
— .
/\ / \ /R Y N N
S S S S

CH3COOH .
90
1

APhTQ (7)

Following the procedure for the preparation of BDTTQ-3, APhTQ was obtain as a
green solid (0.34 g, two steps 62%). '"H NMR (250 MHz, CD,Cl,, ppm) 6 8.86 (s, 2H), 8.32
(d, J=5.0 Hz, 2H), 8.09 (d, J = 7.5 Hz, 2H), 7.81 (t, J = 7.5 Hz, 2H), 7.23 (s, 2H), 2.71 (d, J =
7.50 Hz, 4H), 1.82-1.77 (m, 2H), 1.26-1.23 (br, 80H), 0.87-0.82 (t, J = 7.50 Hz, 12H). °C
NMR (62.5 MHz, CDCl3, ppm) & 153.19, 151.91, 141.41, 139.34, 135.78, 135.54, 135.50,
131.56, 130.27, 129.64, 128.84, 127.82, 122.64, 122.27, 39.19, 35.16, 33.57, 32.08, 30.33,
29.96, 29.92, 29.89, 29.85, 29.83, 29.54, 29.52, 26.91, 22.84, 14.28. HRMS (ESI+): m/z calc.
1149.7814 found 1149.7826.

8,12-Bis(5-bromo-4-(2-decyltetradecyl)thiophen-2-yl)acenaphtho[1,2-
b][1,2,5]thiadiazolo[3,4-g]quinoxaline (Br,-APhTQ) (8)

CqoH
CizHas Ci1oHar s CioHa1_ CizHas 12BN CooHa s Crotlar | Crattas

NN NN

7\ /' \

7\ I\ Br B
s s NBS s s
B

N N
N\ /N THF N/

0 A0

APhTQ (7) Br,-APhTQ (8)

Following the procedure for the preparation of Br,-BDTTQ-3, Br;-APhTQ was
obtain as a green solid (200 mg, 91%). '"H NMR (250 MHz, CD,Cl,, ppm) o 8.43 (s, 2H),
7.71 (d, J = 10.0 Hz, 2H), 7.42 (d, J = 5.0 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 2.36 (d, J = 5.0
Hz, 4H), 1.75-1.67 (m, 2H), 1.35-1.24 (br, 80H), 0.89-0.80 (t, J = 7.50 Hz, 12H). °C NMR
(62.5 MHz, CDCl3, ppm) 6 152.34, 150.98, 140.17, 138.95, 135.65, 134.67, 134.26, 130.75,
129.98, 129.53, 128.71, 122.73, 120.72, 119.20, 38.73, 34.28, 33.60, 32.11, 32.09, 30.40,
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30.01, 29.98, 29.94, 29.91, 29.89, 29.85, 29.57, 29.54, 26.83, 22.85, 14.28. HRMS (ESI+):
m/z calc. 1305.6025, found 1305.6067.

10,14-Bis(4-(2-decyltetradecyl)thiophen-2-yl)dipyrido[3,2-a:2',3'-c][1,2,5]thiadiazolo[3,4-
iJphenazine (PhNTQ)

Following the procedure for the preparation of BDTTQ-3, PhANTQ was obtained as a
green solid (0.36 g, two steps 65%).

CioHa1,_ C12Has

CioHz1._C12H2s

0, o]
I~ Cratas CoHz1
o 7 N\ N\ NN
Ca2Has Crokat . CioHa1,_,CraHos 12725 CaoHar s =N N= /o \ I\
O Fe, CH3COOH o
NS 5 NN 10 5 S
N B / [\ NN
S S S S CH3COOH

O,N NO, HzN NH, 7 N N\
=N N=
PhNTQ (11)

1 2

PhNTQ: 'H NMR (250 MHz, CD,Cl, ppm) & 9.20 (d, J = 7.5 Hz, 2H), 9.00 (d, J = 2.5 Hz,
2H), 8.67 (s, 2H), 7.49 (dd, J = 7.5 Hz, J = 50 Hz, 2H), 7.11 (s, 2H), 2.65 (d, J = 7.50 Hz,
4H), 1.77 (br, 2H), 1.42-1.23 (br, 80H), 0.87-0.82 (m, 12H). °C NMR (62.5 MHz, CDCl,
ppm) & 152.73, 151.55, 149.60, 143.38, 141.90, 135.82, 135.75, 135.70, 127.92, 127.24,
124.35, 121.40, 120.62, 39.29, 35.16, 32.34, 30.59, 30.21, 30.19, 30.16, 30.14, 30.12, 30.08,
29.81,29.78, 27.12, 23.10, 14.29. FD-MS: m/z calc. 1177.90 found 1177.86.

10,14-Bis(5-bromo-4-(2-decyltetradecyl)thiophen-2-yl)dipyrido[3,2-a:2',3'-
c][1,2,5]thiadiazolo[3,4-i]phenazine (Br,-PhNTQ)

CioHas CaoH21._ Ci2Hzs

CroHa s CioH21,_Ci2Hos CioH21 s,
NN NN
\_/
/A / 7\ /\
s s NBS B s~ Br
— >
N\ /N THF N\ /N
/< \<j //\> \> </ \i 2/ \>
=N N= N NT

PhNTQ (11) Br-PhNTQ (12)

CizHos

Following the procedure for the preparation of Br,-BDTTQ-3, Br;-PhNTQ was
obtained as a green solid (340 mg, 85%). '"H NMR (250 MHz, CD,Cl,, ppm) ¢ 8.70 (dd, J =
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2.5Hz,J=5.0Hz, 2H), 8.45 (dd, J =2.5 Hz, J = 5.0 Hz, 2H), 8.27 (s, , 2H), 7.09 (dd, J = 2.5
Hz, J = 5.0 Hz, 2H), 2.45 (d, J = 7.5 Hz, 4H), 1.73 (m, 2H), 1.36-1.24 (br, 80H), 0.88-0.83
(m, 12H). °C NMR (62.5 MHz, CDCl;, ppm) & 151.73, 151.62, 149.81, 141.06, 140.12,
135.85, 134.02, 133.74, 12991, 126.12, 124.13, 119.70, 119.13, 38.86, 33.48, 32.13, 32.10,
30.52, 30.07, 30.02, 29.99, 29.94, 29.88, 29.59, 29.56, 26.78, 22.86 , 14.29. FD-MS: m/z
calc. 1335.69, found 1335.60.

PBDTTQ-3

Pdy(dba);
tri(o-tolyl)phosphine

Chlorobenzene

N N N
N\ / S\ﬂ/\@/@\s\/ N\ //
1 \ SRR S | I

S S 9 S S
Br,-BDTTQ-3 (5) PBDTTQ-3

Br,-BDTTQ-3 (5, 0.1 mmol), 5,5’-bis(trimethylstannyl)-2,2’-bithiophene (9, 0.1
mmol) and chlorobenzene (8 mL) were placed in a 50 mL Schlenk tube. The mixture was
purged with argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetone)dipalladium(0)
(Pdy(dba)s) and 7.3 mg of tri(o-tolyl)phosphine (P(o-tolyl);) were added. Then the mixture
was heated up to 110 °C under argon for 3 days. The polymer was end-capped with
tributylphenylstannane and bromobenzene in sequence. After cooling to room temperature,
the reaction mixture was poured into methanol. The polymer was filtered and subjected to
Soxhlet extraction with methanol, acetone, hexane, dichloromethane and chloroform. The
chloroform fraction was collected and added 30 mL of sodium diethyldithiocarbamate
aqueous solution (1 g/100 mL) to remove residual palladium catalyst, the mixture was heated
to 60 °C with vigorous stirring for 2 h. The mixture was separated and organic phase was
washed with water for 3 times. The chloroform solution was concentrated and precipitated in
methanol. The target polymer was collected by filtration and dried in vacuum to afford a
black solid 102.7 mg (76%). Molecular weight by GPC (30 °C): M, = 76.3 kg mol™, PDI =
3.64.

Elemental analysis: Calcd. For CgoH0sN4S7: C, 71.20; H, 8.07; N, 4.15; S, 16.58. Found: C,
70.66; H, 8.38; N, 3.98; S, 16.04.
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PAPhTQ

sz(dba);;
tri(o-tolyl)phosphine

Chlorobenzene

o O

9

Bry-APhTQ (8) PAPhTQ

This polymer was prepared from Br,-APhTQ (8, 0.lmmol) and 5,5’-
bis(trimethylstannyl)-2,2’-bithiophene (9, 0.1 mmol) in similar procedure to PBDTTQ-3 as a
black solid 94.6 mg (72%).

Molecular weight by GPC (30 °C): M,, = 100.9 kg mol™, PDI = 6.48.
Elemental analysis: Calcd. For Cg;H 10N4Ss: C, 75.09; H, 8.45; N, 4.27; S, 12.19. Found: C,
74.73; H, 8.91; N, 4.01; S, 11.61.
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Chapter 5. Phenanthrene Condensed

Thiadiazoloquinoxaline Polymer as Phototransistor
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A new acceptor (PhTQ) was designed by attachment a photosensitizer group, phenanthrene, onto

thiadiazoloquinoxaline moiety. Subsequently, the corresponding polymer (PPhTQ) was synthesized

via Stille coupling between dibromo-PhTQ and distannyl-bithiophene. This polymer exhibits a

balanced ambipolar behavior in field-effect transistor, with mobilities of 0.09 cm®V™'s™ for holes and

0.06 cm® V™' s for electrons. More interesting is the new application as a phototransistor of PPhTQ

with a maximum photoresponsivity of 400 A/W.

Note: Large part of this chapter has been published in Chem. Mater., 2015, 27, 2218-2223.
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5.1 Introduction

Organic phototransistors (OPTs) are a type of photosensitive transistors that use the
incident light intensity to modulate the charge-carrier density in the transistor channel.' The
first OPT was traced back to 2011, regioregular poly(3-octylthiophene-2,5-diyl) as active
layer with photoresponsivity (Pg) of 100 A/W.” Up to now, the Py of small molecules have
been improved up to 10° A/W.,** one order of magnitude higher than that of their single-
crystal silicon counterpart (~300 A/W ).> In particular, single-crystal OPTs, the Pr value is as
high as 10* A/W.%7 However, donor-acceptor (D-A) conjugated polymers as the
semiconductors for OPTs were rarely reported, especially D-A ambipolarity polymers.
Several key issues limited polymers application in OPTs, such as light induced carriers
generation, carriers transport and collection.® Although the highest Pg values have been
achieved to 1000 A/W in D-A copolymers,”'” they only exhibited hole mobilities in OFETs.
However, the ambipolar polymers as OPTs should be more interesting, due to their potential

applications in complementary metal-oxide semiconductors logic circuits.

PBDTTQ-3 p(tPA/Phen)
Ambipolar FET without photoresponse Photoswitching

PPhTQ
Ambipolar FET and Phototransistor

Figure 5.1 Design map for multifunctional condensed TQ polymers.
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Due to the ability to easily vary the chemical structures of thiadiazoloquinoxaline (TQ)
based materials, it is possible to manipulate their electronic properties. In particular, polymers
containing different combinations of donors and TQ-functionalized moieties have been
extremely effective in many applications, such as OPVs,'"'? OFETs,' ! light emitting FETs
(LEFETs),"” polymer light emitting diodes (PLEDs),'® near-infrared electroluminescence'’
and photoacoustic vascular imaging.'® However, to date there has been limited efforts towards
applying TQ-containing polymers in the field of OPTs.

Miyashita and coworkers have had interesting preliminary results when they attached
phenanthrene group to a non-conjugated polymer (p(fPA/Phen), Figure 5.1) and used it as the
active component in molecular photoswitching devices.'*' Inspired by this work, to enhance
the practical applications of TQ polymers in organic electronics, a photosensitizer group,
phenanthrene, is attached onto the TQ moiety to replace the benzodithiophene group in
PBDTTQ-3. Polymer PPhTQ was, therefore, synthesized. PhTQ core is a known
functionality that has shown promise as an active component for OPVs, and has been
incorporated into oligomeric materials with low degrees of polymerization (DP) ranging from
39,2 However, it is imperative to increase the macromolecular size of these kinds of
polymers to improve their processability and optoelectronic properties. Indeed, the new
polymer PPhTQ has a high DP as high as 28. This enabled such polymer to achieve high
charge transport properties with mobilities of 0.09 em”V's! for holes and 0.06 cm? V™' s™ for
electrons in OFETs. Additionally, PPhTQ was used as the active layer in an OPT that achieve
a maximum value of 400 A/W and 0.5 for photoresponsivity (Pr) and photosensitivity (Ps),

respectively.

5.2 Synthesis and Characterization

The synthesis of PPhTQ is shown in Scheme 5.1. The 4,7-bis(4-(2-
decyltetradecyl)thiophen-2-yl)-5,6-dinitrobenzo[c][1,2,5]thiadiazole (1) was converted to the
corresponding diamine 2, which was directly used without purification. The monomer PhTQ
was prepared by condensation reaction between crude compound 2 and phenanthrene-9,10-
dione. Afterwards, the dibromination was carried out to obtain polymerization precursor Br;-
PhTQ. Finally, PPhTQ was synthesized via a Stille coupling between Br,-PhTQ and 5,5'-
bis(trimethylstannyl)-2,2'-bithiophene (6). PPhTQ exhibited a good solubility in common
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solvents such as chloroform, THF and toluene. A M, of 37.2 kg/mol and PDI of 1.88 were
determined by GPC using polystyrene as standard and THF as eluent at 30 °C. Additionally,
the thermal stability of this polymer was investigated by TGA. The TGA curve of PPhTQ is
shown in Figure 5.2. PPhTQ exhibited an excellent thermal stability at 402 °C with 5%
weight loss. The polymer side chains decomposed between 400 and 500 °C.

Fe, CH;COOH
—_—

75 OC, 5h CHaCOOH N\ /N
80 °C, ovemight .
58% for two steps O Q
1 2 PhTQ (4)

NBS, THF A s s

r.t, 5h,87% N N 6 Nane
»4 Chlorobenzene, Pdx(dba)s, 4

Q. Tri(o-tolyl)phosphine, .

110 °C, 3 days, 50% Q O
Bro-PhTQ (5) PPhTQ
Scheme 5.1 Synthetic route for PPhTQ.
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Figure 5.2 TGA curve of PPhTQ measured under a nitrogen atmosphere at a heating rate of

10 °C/min.
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5.3 Optical and electrochemical properties

UV-vis-NIR absorption spectra of PPhTQ were recorded in dilute toluene solution as
well as thin film as shown in Figure 5.3. A maximum absorption peak at 1143 nm in solution
is significant a large red-shift of 138 nm as compared to PAPhTQ, while blue-shift of 127 nm
in comparison with PBDTTQ-3 (see Chapter 4). It was related to their different
intramolecular charge transfer (ICT) abilities between donors and acceptors in resulting
polymers. The film was prepared by drop-casting onto a glass slide from 2 mg/mL toluene
solution. PPhTQ displayed slightly broadened bands compared to those in solution,
indicating aggregation in solid state. The optical bandgap of 0.80 eV was estimated according

to the absorption onset of the solid film.

4x10* -—— - ¥
——PPhTQ solution | 1.00
——PPhTQ film
3x10* E
— -0.75
£ z
‘_o 2x10* E
f X
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Figure 5.3 UV-vis-NIR absorption spectra of PPhTQ in toluene solution and thin film.

According to the first onset of reduction peaks, the electron affinity (EA) of PhTQ was
estimated to be around -3.84 eV from cyclic voltammetry (CV) in dichloromethane solution
(Figure 5.4a). This value is higher than that of APhTQ (-3.73 eV), but lower than that of
BDTTQ-3 (-3.92 eV), suggesting that the electron withdrawing nature of PhTQ was stronger
than APhTQ, but weaker than BDTTQ-3. The ionization potential (IP) and EA of PPhTQ
were calculated according to the first onsets of oxidation and reduction peaks in the CV

plots,” with values of -5.08 and -4.01 eV, respectively (Figure 5.4b). The EA value of
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PPhTQ was still in between values of PAPhTQ and PBDTTQ-3. This is in agreement with
their corresponding EA values of monomers. On the other hand, density functional theory
(DFT) calculations were also carried out to describe the electron density distribution along the
conjugated backbone of PPhTQ. The HOMO and LUMO levels are shown in Figure 5.5. The
electron density distributions of dimer PPhTQ repeat units are well delocalized over both
LUMO and HOMO levels. These similar results as PAPhTQ and PBDTTQ-3 indicated a
potential ambipolarity for PPhTQ as semiconductor. In comparison with the optical bandgap,
the electrochemical bandgap increases by 0.27 eV, which might result from the exciton

bonding energy of the conjugated polymer.*®
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Figure 5.4 The cyclic voltammograms of PhTQ (a) and PPhTQ (b).
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Figure 5.5 LUMO and HOMO diagrams of methyl substituted dimer of the PPhTQ repeat unit
calculated by DFT (B3LYP, 6-31G¥).
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5.4 OFET properties

To evaluate the charge carrier transport of PPhTQ, thin-film transistors were fabricated
with bottom-gate bottom-contact configurations. This was in collaboration with ||| Gz
(Max Planck Institute for Polymer Research, Mainz). Heavily doped silicon covered by 300
nm thick thermally grown oxide dielectric acts as gate electrode. The hexamethyldisilazane
(HMDS) was employed to functionalize the dielectric surface in order to minimize interfacial
trapping sites. Au was evaporated as source and drain electrodes. The thickness of 1-5 um of
PPhTQ films were deposited by drop-casting from 10 mg/mL chloroform solution. The
transfer and output characteristics are presented in Figure 5.6, showing a typical
linear/saturation behavior. More importantly, a well-balanced ambipolar charge carrier
transport was evident from the transfer curve in both p- and n-type operation modes for
negative and positive gate voltages. In the negative drain mode for a source-drain voltage
(Vp) of -120 V, the crossover point was located at around Vg = -40 V indicating a change
from electron- to hole-dominated current (Figure 5.6a). Below this gate voltage the transistor
exhibited a hole transport in the accumulation mode. In the positive regime at Vp= 120 V the
electrons dominate the device operation from approximately Vg = 60 V, which was slightly
improved in comparison to PBDTTQ-3 (70 V). It might result from the immobile Si—O" ions
at the semiconductor/dielectric interface caused by electrochemically trapping the injected
electrons.”” Although the charge trapping could be reduced by HMDS, it did not completely
eliminate. It has been proven that this negative effect influences only the threshold voltage,
but not the mobility.28 On the other hand, at low Vp the output plots exhibited a nonlinear
behavior clearly indicating contact resistance and charge injection limitation, as shown in
Figure 5.6b.*° The field-effect mobilities of PPhTQ reached 0.09 cm”® V' s for holes and
0.04 cm® V' s for electrons, which are among the best transistor performances in TQ-
containing polymers. In addition, the electron transport was slightly enhanced reaching a
mobility of 0.06 cm” Vs when chlorobenzene was used as solvent. The on/off ratio of the
devices was as low as 10-10%, which could be ascribed to the adventitious doping due to the
high IP value of this polymer.”> Because glovebox conditions consist of an oxygen
concentration from 0.5 to 1 ppm and moisture concentration of around 0.2 ppm. As recently
reported, moderate doping of organic semiconductors by “dilute air” (O, ~1 ppm and H,O ~1

ppm) dramatically decreased the field-effect performance.”
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Figure 5.6 Transfer (a) and output (b) curves of PPhTQ.

5.5 Self-organization

In order to elucidate the PPhTQ organization in thin films, the grazing-incidence wide-

angle X-ray scattering (GIWAXS) was performed by || [ |GGG (Vax Planck

Institute for Polymer Research, Mainz), as shown in Figure 5.7.
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Figure 5.7 GIWAXS pattern for PPhTQ thin films on a HMDS-modified substrate.

The GIWAXS pattern exhibits a pronounced order which was evident from reflections up
to second order appearing in the out-of-plane pattern. From the first order peak at ¢,= 0.25 A
and gx,=0 A" an interlayer distance of 2.51 nm was determined. Additional reflections at ¢,=
0 A! and gxy= 0.32 At correspond to a d-spacing of 1.96 nm, which was assigned to the
length of the repeating unit along the backbone. The reflection at the wide-angle out-of-plane

was related to the m-stacking distance of 0.375 nm. The appearance of the interlayer and =-
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stacking reflection on the same plane indicates the coexistence of the face- and edge-on
organization, whereby the first type of arrangement revealed a m-stacking peak in the
GIWAXS pattern. However, the similar structures PAPhTQ and PBDTTQ-3 possess poor
ordering in thin films (Chapter 4), it was related to the different acceptor cores of these three

polymers, considering they differ only in the acceptor units.

5.6 Phototransistor properties

Based on previous design concept (Chapter 3 and 4), the PPhTQ exhibited good
ambipolar transistor performance. More interesting, the introduction of the phenanthrene
group resulted in an additional high photoresponsivity opening great potential for OPT
applications as expectation. This was in collaboration with _ (Max Planck

Institute for Polymer Research, Mainz).
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Figure 5.8 (a) On-off characteristics of the phototransistor at Vg=-80 V and Vp=-80 V. “On” and
“off” are related to light switching. (b)The single cycle of the photoresponse of phototransistor at
Vg=-80V and Vp=-80 V.

Figure 5.8a exhibits its device performance as a phototransistor. At Vg=Vp= -80 V, the
absolute value of the drain current is around 200 pA in the dark. When light was switched on,
the absorption of the light generates hole-electron pairs. The photogenerated holes could
easily move to the drain electrode under the action of the electrical field between source and
drain.’' As reported in the literature,”' the photogenerated electrons were trapped under the

source electrode. Interestingly, the electrons lower the potential barrier between the source
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and channel could consequently facilitate the injection of excess holes from the source
electrode into the organic semiconductor layer. As a result, a photocurrent (/) of ~100 pA
was generated so that -Ip increased to ~300 pA. After switching off the light, the drain current
recovered to the original level. The stability of PPhTQ phototransistors was confirmed by 7
on-off cycles (Figure 5.8a). A single cycle of the photoresponse behavior is presented in
Figure 5.8b.

Pr and Ps are key parameters for assessing the performance of phototransistors. The values
of Pr and Ps are typically defined as: Pr= (finc-Laark)/Pinc = Iph/Pine, Ps= (linc-Idari)/laark =
Ion/lgarc, Where Py 1s the incident illumination power on the device channel, fi,c and ga« are
the drain current under the incident illumination and in the dark, respectively. Pg is plotted as
a function of the gate voltage (V) with Vp= -80 V in Figure 5.9a. At Vg< 0 V, Py is only
around 0.1 A/W, while this parameter significantly grows to 400 A/W with increasing Vg to -
80 V. To the best of our knowledge, this value exceeds that of single-crystal silicon and is
among the highest photoresponsivity for thin film phototransistors based on conjugated
polymers. The high performance of PPhTQ was attributed to (1) the wide absorption feature
from 250 to 1600 nm which is beneficial for generating carriers, (2) the high mobility of thin
film which make transistor efficient collection and transportation carriers.® In addition, the
value of Pg is comparably low, with a maximum value of about 0.5 (Figure 5.9b), which is
primarily attributed to the high off-current and subsequent low on/off ratio of PPhTQ.
Considering previous PAPhTQ and PBDTQ-3 without photoresponse behavior, it is assumed

that such photoelectric property of this polymer originates from the phenanthrene condensed

TQ moiety.
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Figure 5.9 (a) Variation of photoresponsivity Pr with Vg at Vp=-80 V. (b) Variation of
photosensitivity Ps with Vg at Vp=-80 V.
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5.7 Summary

A new TQ-based conjugated polymer, PPhTQ, was synthesized. PPhTQ exhibited a
well-balanced ambipolor field-effect behavior with mobilities of 0.09 cm” V's™ for holes and
0.06 cm® V' s for electrons. It had only a slight influence on the charge carrier transport in
comparison to PAPhTQ and PBDTTQ-3. Interestingly, introduction of a phenanthrene group
into the TQ moiety made PPhTQ as an active layer in OPT devices. The resulting thin film
phototransistor showed a maximum photoresponsivity of 400 A/W, which not only exceeds
that of single-crystal silicon-based OPTs (~300 A/W), but is also among the best OPT

performances for conjugated polymers.

Additionally, interestingly, PPhTQ has the best ordered arrangement in films, PAPhTQ
has slightly higher ordered film than PBDTTQ-3 among these three polymers as confirmed
by GIWAXS. It is very important to investigate this question by studying the arrangement of
the monomeric subunits, because these polymers differ only in the acceptor cores. Such work

is investigated in Chapter 7.

5.8 Synthetic details

The intermediate  compounds 4,7-bis(4-(2-decyltetradecyl)thiophen-2-yl)-5,6-
dinitrobenzo[c][1,2,5]thia diazole (1) and 5,5’-bis(trimethylstannyl) -2,2’-bithiophene (6)

were prepared as descripted in Chapter 3.

10,14-Bis(4-(2-decyltetradecyl)thiophen-2-yl)dibenzo[a,c][1,2,5]thiadiazolo[3,4-
i]Jphenazine (PhTQ)
Ci2Has

CioHpy  Crobiy CraHos

PhTQ (4)
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A mixture of compound 1 (0.5 g, 0.47 mmol) and fine iron powder (311 mg, 5.55
mmol) in acetic acid (15 mL) was stirred for 5 h at 75 °C under argon. The reaction mixture
was cooled to room temperature, precipitated in 5% aqueous NaOH and extracted with diethyl
ether (3x20 mL). The combined organic layers were washed with brine, dried with MgSO,.
The solvent was removed under reduced pressure to give corresponding diamine 2 with deep
dark oil. This crude product was added into acetic acid (15 mL) solution of phenanthrene-
9,10-dione (3, 98 mg, 0.47 mmol). The resulting mixture was heated to 80 °C overnight under
argon. After cooling to room temperature, the mixture was poured into 100 mL 5% aqueous
NaOH and extracted with dichloromethane (3x20 mL). The combined organic phases were
dried with MgSO, and filtered. The filtrate was concentrated and purified by column
chromatography eluting with hexane dichloromethane (3:1) to give 0.32 g (green solid, two
steps 58%) of PhTQ: 'H NMR (250 MHz, CD,Cl,, ppm) & 9.30 (dd, J = 2.5 Hz, J = 7.5 Hz,
2H), 8.78 (s, 2H), 8.38 (dd, J = 2.5 Hz, J = 7.5 Hz, 2H), 7.74-7.61 (m, 4H), 7.27 (d, J = 2.5
Hz, 2H), 2.70 (d, J = 7.50 Hz, 4H), 1.80 (br, 2H), 1.40-1.22 (br, 80H), 0.87-0.82 (m, 12H).
BC NMR (62.5 MHz, CD,Cl,, ppm) & 151.58, 143.65, 141.82, 136.07, 135.88, 135.85,
133.17, 131.33, 130.61, 129.15, 128.49, 127.95, 123.20, 121.06, 39.49, 35.26, 32.34, 30.59,
30.21, 30.19, 30.16, 30.14, 30.12, 30.08, 29.81, 29.78, 27.12, 23.10, 14.29. HRMS (ESI+):
m/z calc. 1175.7971 found 1175.7993.

10,14-Bis(5-bromo-4-(2-decyltetradecyl)thiophen-2-yl)dibenzo[a,c][1,2,5]thiadiazolo[3,4-
i]Jphenazine (Br,-PhTQ)

CizHas CioH21, Ci2Has

CioHas s CioHz1_C12Ha2s C10H21,S\
NN NN
\/ \
B B — [ )
s s NBS T s s~ TBr
B
NG N THF Ni\ /iN

PhTQ (4) Br,-PhTQ (5)

Ci2Has

PhTQ (4, 284 mg, 0.24 mmol) was dissolved in 15 mL THF at room temperature.
NBS (94 mg, 0.53 mmol) was carefully added into the solution in small batches in dark. The
mixture was stirred for 5 h. After removing the solvent under reduced pressure, the residue

was purified by column chromatography with dichloromethane/hexane (1:3) as the eluent to
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give Br,-PhTQ as a green solid (280 mg, 87%). '"H NMR (250 MHz, CD,Cl,, ppm) 6 8.48 (d,
J =5.0 Hz, 2H), 8.34 (s, 2H), 7.84 (s, 2H), 7.30 (t, J = 7.5 Hz, 2H), 7.12 (t, J = 7.5 Hz, 2H),
2.36 (d, J = 7.5 Hz, 4H), 1.71 (m, 2H), 1.36-1.24 (br, 80H), 0.87 (t, J = 7.50 Hz, 12H). "*C
NMR (62.5 MHz, CD,Cl,, ppm) & 150.38, 142.95, 140.40, 135.20, 135.01, 134.75, 132.46,
130.85, 129.51, 128.92, 127.81, 122.46, 119.22, 118.74, 38.95, 34.16, 33.76, 32.41, 32.38,
30.72, 30.32, 30.29, 30.25, 30.22, 30.20, 30.15, 29.88, 29.84, 27.02, 23.15, 23.13, 14.35.
HRMS (ESI+): m/z calc. 1331.6181, found 1331.6171.

Synthesis of PPhTQ

C12H2s C1oHa1. CioHos CizHas c CioH21,_C12H2s

C10H21 10H21
Pdy(dba)s
tri(o-tolyl)phosphine
S
n

Chlorobenzene

6
Br,-PhTQ (5) PPhTQ

Br,-PhTQ (5, 0.1 mmol), 5,5 -bis(trimethylstannyl)-2,2’-bithiophene (6, 0.1 mmol),
and chlorobenzene (8 mL) were placed in a 50 mL Schlenk tube. The mixture was purged
with argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba)s)
and 7.3 mg of tri(o-tolyl)phosphine (P(o-tolyl);) were added. Then the mixture was heated up
to 110 °C under argon for 3 days. The polymer was end-capped with tributylphenylstannane
and bromobenzene in sequence. After cooling to room temperature, the reaction mixture was
poured into methanol. The crude polymer was filtered and subjected to Soxhlet extraction
with methanol, acetone, hexane, dichloromethane and chloroform. The chloroform fraction
was collected and added 30 mL of sodium diethyldithiocarbamate aqueous solution (1 g/100
mL) to remove residual palladium catalyst, the mixture was heated to 60 °C with vigorous
stirring for 2 h. The mixture was separated and organic phase was washed with water for 3
times. The chloroform solution was concentrated and precipitated in methanol. The target

polymer was collected by filtration and dried in vacuum to afford a black solid 61 mg (50%).

Molecular weight by GPC: Mn = 37.2 kg mol™, PDI = 1.88.
Elemental analysis: Calcd. For Cg4H;12N4sSs: C, 75.42; H, 8.44; N, 4.19; S, 11.95. Found: C,
75.08; H,9.41; N, 3.91; S, 11.56.
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Chapter 6. Tuning Optoelectronic Properties of Dual-
acceptor Based Low Bandgap Ambipolar Polymers by
Thiophene-bridge Length
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In this chapter, three DPP-TQ-based very low bandgap polymers were prepared. Both acceptors of

these polymers were separated by one, two, and three thiophenes. Only inserting one thiophene

between DPP and the benzodithiophene condensed TQ, polymer PDPP-T-TQ has a very low optical

bandgap of 0.60 eV. When increasing the thiophene bridge length between both acceptors, the optical
bandgaps of the polymer were enlarged. From polymers PDDP-T-TQ to PDPP-3T-TQ, the

coplanarity were significantly improved as confirmed by GIWAXS, thereby the PDPP-3T-TQ has the

best ambipolar device performance with 5.0 x 10 cm® V s for holes and 5.0 x 10” cm® V s™' for

electrons among these polymers.

Note: Large part of this chapter has been submitted to Polym. Chem., 2015, Revision.
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6.1 Introduction

Conjugated polymers with a very low bandgap ( < 1 eV) have been drawing substantial
attention due to their broad and near-infrared (NIR) absorption, multiple redox states in a
small potential window, ambipolar charge carrier transport, and potential use in sensors,
batteries, and supercapacitors.1 As a significant breakthrough work, Wudl and coworkers
reported a poly(isothianaphthene) with an energy bandgap of ~1 eV due to a strong quinoid
character in the thiophene ring.>® Recently, tailoring donor-acceptor interactions in D-A
copolymers has proven to be an effective strategy for developing very low bandgap polymers.
The combination of strong donors and acceptors with quinoidal character has produced many
soluble polymers with optical bandgaps (E,™) lower than 0.70 eV, such as P(DTP-BThBTT)
and P(CPDT-TQ) (Figure 6.1).*”

OCi2H2s C12H25

(o] N
Ci2H250 OC12Hos N N N Re NN Ry
a%a \_ S5 0 [
N S s ‘A s
Ns N
/ \ / \ n NN CsH17\8 S
CyoH
o Rq = Hexyl
Dodecyl
P(DTP BThBBT) P(CPDT-TQ) PDPP-BBT

Figure 6.1 The very low bandgap polymer structures were reported in the literatures.

However, many low bandgap polymers containing one strong acceptor have higher hole
than electron mobility, such as those derived from benzobisthiadiazole (BBT)*® and
diketopyrrolopyrrole (DPP)*’. To improve electron transport and thus obtain balanced charge
carrier transport, a dual-acceptor design strategy has been proposed to construct D-A1-D-A2
polymers.'*" For example, PDPP-BBT (Figure 6.1) exhibited an E,™ of around 0.65 eV and
well-balanced ambipolar charge transporting behavior with mobilities of 1.17 em® V' s for
holes and 1.32 cm? V™' s for electrons.' Compared to the polymers composed of only one
strong acceptor, dual-acceptor polymers with very low bandgap and balanced charge carrier
transport are rarely studied.

In this chapter, we report two high electron affinity acceptors, DPP and new condensed
TQ derivative (compound 3 in Scheme 6.1), as building blocks which are combined in one

polymer backbone. As previously demonstrated (Chapter 2 and 4), this new TQ derivative is
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a new strong acceptor, the corresponding D-A copolymer exhibits a very low E,™ of 0.76 eV
and hole-dominant ambipolar behavior. On the other hand, DPP has been widely studied as a
strong acceptor in low bandgap polymers because numerous DPP-based polymers have

1617 Therefore, it can be expected

revealed excellent performance as ambipolar semiconductor.
that the combination of the two acceptors could endow the resulting dual-acceptor polymers
the desired characteristics of both very low bandgap and balanced ambipolarity. Three
copolymers (PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ in Scheme 6.1) were designed
and synthesized, in which the two acceptors are separated in the polymer backbone by
oligothiophene bridges with varying lengths in order to elaborately tune the optoelectronic

properties and charge carrier transport.

6.2 Synthesis and characterization

o 0 s
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S \_/
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I/ ! ! Br Br
Br Br CaHs S 2 s CaHg
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HN - NH 80 °C, CH3COOH
1 CoHs I 0 CoHs
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5—»
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o M\ s g (tBu),P - HBF
i‘,ﬁ Y U o + 34007 ————— PDPP-2T-TQ
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Scheme 6.1 Synthetic routes for the three polymers.
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The synthesis of the three polymers is outlined in Scheme 6.1. In order to introduce
different oligothiophenes between DPP and condensed TQ derivative, the three TQ
precursors (3, 4 and 7) were synthesized by flanking thiophenes onto condensed TQ at both
sides. Monomer 3 was synthesized from 4,7-dibromobenzo[c][1,2,5]thiadiazole-5,6-diamine
(1) and 7-bis(2-ethylhexyl)benzo[2,1-b:3,4-b']dithiophene-4,5-dione (2) via a condensation
reaction. Monomer 4 was obtained as description in Chapter 4. Monomer 7 was prepared
from Br,-BDTTQ-3 after two-steps reaction, Stille coupling and bromination. Suzuki
coupling reactions were carried out between precursors 3, 4 and 7, and 3,6-bis-(5-(4.,4,5,5-
tetramethyl-1,3,2-dioxaborolan-thiophen-2-yl))-N,N-bis(octyldodecyl)-1,4-dioxo-pyrrolo[ 3,4-
clpyrrole (8)'® to give corresponding PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ,
respectively. The number-average molecular weight (M,) and polydispersity index (PDI) of
the three polymers were determined by GPC method using polystyrene as standard and
tetrahydrofuran as eluent at 30 °C. The data are listed in Table 1. PDPP-T-TQ and PDPP-
2T-TQ have the low M, of 7.4 and 7.3 kDa, respectively, which might arise from the low
reaction activity and the steric hindrance preventing to produce higher M, during
polymerization. Similar low M, (8.7 kg mol™) reported for PDPP-BBT (Figure 6.1)."> After
introducing one more electron-rich thiophene onto monomer 4 at both sides, the steric
hindrance between DPP and compound 7 was reduced so that the PDPP-3T-TQ possessed a

higher M,, than the other two polymers.

100 — PDPP-T-TQ
I e —— PDPP-2T-TQ

90 '\ —— PDPP-3T-TQ
80 I

70+

Weight (%)

60
50 4

40 -

—

— T T T T
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Figure 6.2 TGA curves for PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ measured under a
nitrogen atmosphere at a heating rate of 10 °C/min.
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The three polymers exhibited excellent solubility in common organic solvents such as
chloroform and tetrahydrofuran at room temperature. Additionally, the thermal stability of
three polymers was measured by thermogravimetric analysis (TGA) (Figure 6.2). They
exhibited good stability with 5% weight loss up to 380 °C for PDPP-T-TQ and PDPP-2T-
TQ, and 390 °C for PDPP-3T-TQ. When the temperature was raised to 500 °C, the side

chains of three polymers were decomposed as previously discussed in Chapter 2.

6.3 Optical properties

UV-vis-NIR absorption spectra of the polymers were recorded in chloroform solutions
(c = 107 M) as well as in films. The relevant data are summarized in Table 6.1. In dilute
chloroform solutions, all polymers exhibit three absorption bands as shown in Figure 6.3a.
The first intense band, between 300 and 500 nm, contains double peaks which were typical

7,19,20

for many TQ polymers, suggesting that this band could be contributed by the TQ moiety.

The second one ranges from 500 to 800 nm, similar to the region of long wavelength

absorption profile in DPP-based polymers,ﬂ’22

it could origin from the intramolecular
interaction between DPP and adjacent thiophene units. The last band broadly covers from 800
to 2250 nm, which was attributed to the intramolecular charge transfer (ICT) between donors
and acceptors in the polymer main chains. PDPP-T-TQ exhibited inconspicuous TQ and
DPP absorption characters but had a A, value up to 1343 nm, indicating a very strong ICT
process within this polymer. Increasing the thiophene bridge to two units between the DPP
and TQ led to a blue shift of 324 nm in Ay, for PDPP-2T-TQ. Meanwhile, the absorption
profile is much more dominated by the TQ and DPP moieties. When introducing another
thiophene between DPP and TQ, the Ay, of PDPP-3T-TQ further shifted to 970 nm and
more remarkable TQ and DPP absorption features were observed. Thin films were prepared
by drop-casting chloroform solutions of the three polymers onto glass slides. The films
displayed slightly broadened spectra but with only small red-shifts of 1, 5 and 25 nm at Ay
compared with those in solutions (Figure 6.3b), indicating that the obvious red-shift occurs
along with the increased backbone coplanarity of the polymers. The optical bandgaps of
PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ were calculated to be 0.60, 0.75 and 0.88 eV,
according to the onset of solid absorption spectra, respectively, which stems from the

electronic changes in the HOMO and LUMO (see DFT calculations). These results
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demonstrate that changing the distance between DPP and TQ acceptors by the oligothiophene
bridge length is an effective strategy for tuning the optoelectronic properties of the DPP-TQ

dual-acceptor polymers.

(a) asxi0* (b)

—— PDPP-T-TQ 1.00 —— PDPP-T-TQ
—— PDPP-2T-TQ —— PDPP-2T-TQ
—— PDPP-3T-TQ —— PDPP-3T-TQ
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3.0x10* -

1 cm-‘i

e
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Figure 6.3 UV-visible-NIR absorption spectra of three polymers (a) in chloroform solutions and (b) in

films.

6.4 Electrochemical properties

The electrochemical properties of three polymers were determined by cyclic voltammetry
(CV). The films were drop-casted from chloroform solutions of these polymers onto glassy
carbon electrode. Cyclic voltammograms of these polymers are presented in Figure 6.4. The
corresponding data are summarized in Table 6.1. The electron affinities (EA) and ionization
potentials (IP) of the polymers were calculated according the onset of first reduction and
oxidation potentials.23 The values of EA are -4.23, -4.13 and -4.07 eV for PDPP-T-TQ,
PDPP-2T-TQ and PDPP-3T-TQ, respectively, while the corresponding IP values are -5.12, -
5.06, and -5.08 eV. Interestingly, the different thiophene numbers can significantly alter the
EA values compared to their similar IP values. The PDPP-T-TQ had a lowest EA level,
which was related to its strongest ICT ability, led to a narrowest HOMO-LUMO bandgap
among these three polymers. The electrochemical bandgap of three polymers were calculated
to be 0.89, 0.93 and 1.01 eV for PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ, respectively.

It is the same tendency with their optical bandgap. The only difference is that the electronic
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bandgaps are larger than their optical bandgaps, which is attributed to the exciton binding

energy of conjugated polymers.24

Reduction

PDPP-3T-TQ

PDPP-2T-TQ

T T y T
-1.5 -1.0 -0.5

T
0.0

T
0.5

Potential vs Ag/Ag” (V)

1.0

Oxidation

Figure 6.4 Cyclic voltammograms of PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ in films.

Table 6.1 Molecular weights, decomposition temperature, optical absorption, electrochemical

properties and field-effect mobilities of PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ.

Polymer M,/M, Ty Aaps(nm)  Agp(nm) B 1P EA U Ue
(kg/mol)*  (°C)*  soln.t film*  (V)* (V) (V) (em’V's!) (em’V'sh)

PDPP-  263/74 380 1434 1435 0.60 -512 -4.23 2% 107 3% 107
T-TQ

PDPP-  23.1/73 380 1110 1115 0.75 -5.06 -4.13 1x107° 4x10°
2T-TQ

PDPP-  43.9/132 390 970 995 0.88 -5.08 -4.07 5%x10* 5x107
3T-TQ

“Determined by GPC in THF using polystyrene standards; "Temperature of decomposition
corresponding to 5% weight loss from TGA analysis under N, with the heating rate of 10 °C/min;
“Dissolved in chloroform (¢ = 10”° M); ‘Drop-cast from chloroform solution (2 mg/mL); °IP and EA
were estimated from the onsets of the first oxidation and reduction peak, while the potentials were

determined using ferrocene (Fc) as standard by empirical formulas Epea = - (Eoxred™ " - Ereres +
4.8) eV, wherein Ergre; > = 0.40 eV.

6.5 OFET properties

In order to evaluate the charge transport properties of all three polymers, bottom-gate

bottom-contact field effect transistors were fabricated in collaboration with |Gz
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_ (Max Planck Institute for Polymer Research, Mainz). All polymers were deposited
by drop-casting 5 mg/mL chloroform solution on silicon/silicone dioxide (SiO;) substrates in
nitrogen atmosphere, followed by annealing at 150 °C for 1 h. The 300 nm thick SiO,
dielectric covering the highly doped Si and acting as the gate electrode was functionalized

with hexamethyldisilazane (HMDS) to minimize interfacial trapping sites.
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Figure 6.5 The transfer and output curves of (a and b) PDPP-T-TQ, (¢ and d) PDPP-2T-TQ and (e
and f) PDPP-3T-TQ.

The transfer and output characteristics of three polymers are shown in Figure 6.5. The

corresponding data are collected in Table 6.1. All the polymers exhibited ambipolar device
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behavior. Polymer PDPP-T-TQ possessed balanced charge transport with hole and electron
mobilities of 2 x 10° cm? V! s?and 3 x 10° cm® V' s”'. One more thiophene units in the
bridge between DPP and condensed TQ acceptors (PDPP-2T-TQ) did not influence polymer
hole and electron mobility in comparison to PDPP-T-TQ. A significant difference in
transport behavior was observed for PDPP-3T-TQ, which exhibited a hole-dominant
ambipolar behavior with 5 x 10* cm? V! s7! for holes and 5 x 10° cm? V! s! for electrons,
the hole mobility was one order of magnitude higher than for the other polymers PDPP-T-TQ
and PDPP-2T-TQ. These results implied that the thiophene bridge length between DPP and
condensed TQ can transform the DPP-TQ based polymers from well-balanced ambipolar to
hole-dominant ambipolar behavior. Additionally, for all polymers a contact resistance is
observed in the transfer and output curves. This effect is probably caused by the disorder at
the semiconductor/electrode interface which significantly reduces the injection of the charge

carriers from metal electrode to the active layers.

6.6 Self-organization in films

To understand the molecular organization of PDPP-T-TQ, PDPP-2T-TQ and PDPP-
3T-TQ in thin films, grazing incident X-ray wide angle scattering (GIWAXS) was carried out
in collaboration with ||| | | | B (Max Planck Institute for Polymer Research,
Mainz). For these measurements the same procedure for the film preparation was used as for
the transistor devices. Figure 6.6 presents the GIWAXS patterns of the three polymers. The
GIWAXS patterns revealed slight variations between PDPP-T-TQ and PDPP-2T-TQ. For
both polymers, an interlayer distance of 1.60 nm and 2.17 nm was determined from the
position of the main reflection in small-angle range. The larger interlayer spacing for PDPP-
2T-TQ was directly related to longer side chains. The isotropic distribution of these
reflections suggested a lack of long-range order and a random arrangement of the crystallites
towards the surface. A characteristic n-stacking reflection was missing indicating a disordered
organization of the polymer chains within the layer structures. In contrast, the GIWAXS
pattern of PDPP-3T-TQ (Figure 6.6c) exhibited more distinct reflections. In the small-angle
region, the maximum intensity of the reflection was located on the equatorial plane of the

pattern, whereby an interlayer distance of 2.65 nm was found. This reflection position in the
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pattern was indicative for a face-on orientation of the polymer on the surface. This conclusion
was verified by the appearance of a n-stacking scattering intensity on the meridional plane at
q = 1.7 A" (0.36 nm). The n-stacking reflection implied a better order arrangement of thin
films for PDPP-3T-TQ in comparison to the other two polymers. This was the main reason
that PDPP-3T-TQ has better charge carrier mobilities. However, it could not provide an
explanation why increasing the thiophene bridge length made the polymer transformation
from well-balanced ambipolar to hole-dominant ambipolar behavior. Therefore, density

functional theory (DFT) calculations were carried out.

0.0 _ : r .
025 0 05 1 15 2

q, /A" q, /A’ q, /A’

Figure 6.6 GIWAXS patterns of a) PDPP-T-TQ, b) PDPP-2T-TQ and c) PDPP-3T-TQ thin films.

Reflections corresponding to m-stacking are indicated by dashed circles.

6.7 Density functional theory calculations

DFT calculations were carried out based one repeat unit of polymer, named DPP-T-TQ,
DPP-2T-TQ and DPP-3T-TQ, carrying methyl substituents. The electron density
distributions of the LUMO and HOMO of geometry optimized structures are shown in Figure
6.7. All HOMO levels of three monomeric units were very similar with delocalization over
the conjugated repeat unit. However, the electron density distribution decreased in LUMO
levels of the DPP segment as we increased thiophene bridge length. As found in previous
discussion in Chapter 2, the distribution of electron density in HOMO and LUMO levels of
polymers are very important for their hole and electron carrier mobilities. Therefore, the
electron density of DPP-3T-TQ was further reduced in its LUMO levels, it can be explained
why hole charge transport was dominant in this polymer. In addition, the results from DFT
calculations were well consistent with the observations from CV results, demonstrating that

the thiophene bridge length can significantly alter the EA in comparison with IP. It can hence
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be concluded that the thiophene bridge length not only tune the organization behavior in thin

films but also can strongly influence the ratio of electron and hole carrier mobilities.
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Figure 6.7 DFT calculation (B3LYP, 6-31G), the electron density distribution on one repeat unit of
PDPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ.

6.8 Summary

In this chapter, we have successfully synthesized three D-A1-D-A2 architecture
polymers with very low optical bandgaps. The two acceptors of these polymers were
separated by one, two and three thiophenes. Three polymers exhibited excellent thermal
stability and solubility. These polymers possessed very low optical bandgaps, in particular,
the optical band gap of PDPP-T-TQ achieved 0.60 eV! To the best of our knowledge, it is
one of lowest optical bandgap among TQ-based polymers. By increasing the thiophene bridge

length between both acceptors, the optical bandgaps of polymers were significant enlarged.

The cyclic voltammetry indicated their high electron affinity (from -4.07 to -4.23 eV),
they are deeper than their single acceptor based polymers. From polymers PDDP-2T-TQ to
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PDPP-3T-TQ, although the intramolecular charge transfer abilities of polymers were
decreased, the coplanarities of polymers were significantly improved as confirmed by
GIWAXS. PDPP-3T-TQ exhibited a hole-dominant ambipolar behavior with 5 x 10 cm? V-
U's! for holes and 5 x 107 ¢cm® V' s for electrons, the hole mobility is one order of
magnitude higher than for the other polymers PDPP-2T-TQ. These results implied
improvement of coplanarity of polymer is more important than enhancement of ICT of

polymers in improving the molecular charge transport.

6.9 Synthetic details

The intermediate compounds 4,7-dibromobenzo[c][1,2,5]thiadiazole-5,6-diamine
(1),25 2,7-bis(2-ethylhexyl)benzo[2,1-b:3,4-b']dithiophene-4,5-dione (2) and Br,-BDTTQ-3 (4)
were according to Chapter 2 and 4. 3,6-bis-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
thiophen-2-yl))-N,N-bis(octyldodecyl)-1,4-dioxo-pyrrolo[3,4-c] pyrrole (8) were prepared

according to the literature procedure as shown in scheme below.

@ /L Q +BuOK RN
s~ CN * O)Woj/ i\ P S K,COg; DMF; KI; 145 °C
e
o] \/k s ¢ W/
OH HN CgHy7
65°C o) N
C1oH21
CsH17\SC10H21 Cattyy— Ciotar
o)

o
N N 0
[ N A~ Fresh LDA; THF; -25 °C o. I\ IS\ _B.
S \ /) > B™ g d \ / 0
N o N
-0
S YO °
CgH17 % CeH
CioH21 CioH21 g7

8

Scheme 6.2 Synthetic route for compound 8.'**°
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8,12-Dibromo-2,5-bis(2-ethylhexyl)-[1,2,5]thiadiazolo[3,4-i]dithieno[3,2-a:2',3'-

c]phenazine (3)
o 0 s
NN
N \
NN CoHs CaoHs
\ l \ Br Br
BrQBr Cabg S 2 S CaHo
NG N
HoN NH, 80 °C, CH3COOH
1 CoHs I \ CaoHs
C4Hg S S C4Hg

A suspension of 1 (0.40 g, 1.23 mmol), 2 (0.55 g, 1.23 mmol) and 35 mL acetic acid
were placed into a 50 mL Schlenk tube. The mixture was heated to 80 °C and stirred overnight.
After cooling to room temperature, the product was filtered and washed with methanol, then
purified by column using hexane/dichloromethane (2:1) as eluent to give 0.77 g of compound
3 (dark green solid, 85%). "H NMR (250 MHz, CD,Cl,) & 8.03 (s, 2H), 3.00 (dd, J = 2.5 Hz, J
= 5.0 Hz, 4H), 1.76 (m, 2H), 1.41 (br, 16H), 0.95 (br, 12H). >*C NMR (62.5 MHz, CDCl3) &
151.65, 145.10, 142.45, 137.39, 137.66, 133.30, 123.47, 113.40, 41.74, 34.87, 32.63, 29.09,
25.76, 23.19, 14.35, 11.03. HRMS (ESI+): m/z calcd 731.0547, found 731.0541.

8,12-bis(3-(2-decyltetradecyl)-[2,2'-bithiophen]-5-yl)-[1,2,5]thiadiazolo[3,4-
i]dithieno[3,2-a:2',3'-c]phenazine (6)

H
CizMzs CioH21 _s_ CioHzs Ciztzs /R Ci2Has
NN O\ _C4Hg
s~ Sn
1\ /| C4Hg CaHo
Br~ S S~ Br 5 ,
Ne N Pd(PPh3),Cl,
80 °C, THF
| |
S S
4
Br,-BDTTQ-3

Br,-BDTTQ-3 (4, 0.35g, 0.26 mmol), 2-tributylstanylthiophene (5, 0.30 g, 0.78 mmol)
and Pd(PPh3),Cl, (21 mg, 0.026 mmol) were dissolved in 15 mL of anhydrous THF under
argon. The resulting solution was stirred for 16 h at 80 °C. The solvent was removed under
reduced pressure to afford a dark-red oil, which was purified by column chromatography

using hexane/dichloromethane (4:1) as eluent to give 0.29 g (dark-green solid, 82%) of
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compound 6. "H NMR (250 MHz, CD,Cl,, ppm) & 8.62 (s, 2H), 7.79 (d, J = 5.0 Hz, 2H), 7.33
(t, J =5.0 Hz, J = 2.5 Hz, 2H), 7.08 (m, 6H), 2.67 (d, J = 7.50 Hz, 4H), 1.80 (m, 2H), 1.38-
1.23 (m, 80H), 0.89-0.84 (m, 12H). ?C NMR (62.5 MHz, CD,Cl,, ppm) & 150.67, 138.82,
137.89, 137.85, 137.77, 137.72, 137.04, 134.68, 134.45, 134.35, 127.92, 126.88, 125.29,
125.13, 124.40, 119.14, 38.77, 34.43, 33.77, 32.40, 32.37, 30.76, 30.32, 30.28, 30.25, 30.20,
30.15, 29.87, 29.83, 26.82, 23.13, 14.33. HRMS (ESI+): m/z calc. 1351.6854, found
1351.6850.

8,12-bis(5'-bromo-3-(2-decyltetradecyl)-[2,2'-bithiophen]-5-yl)-[1,2,5]thiadiazolo[3,4-
i]dithieno[3,2-a:2',3'-c]phenazine (7)

CioHos CizHzs

CioHas Ciothr _g. Croths CizHzs C10H21N,3\NC10H21
NN \ A y
B I o NBS s M b s
S _— = S S Br
] S S { ) Br: \ | N " \ /)
\ N, N R.T. \
p— THF
, T I i |

S S S S
6 7

Compound 6 (0.25 g, 0.18 mmol) was dissolved in 15 mL THF at the room temperature.
NBS (72.4 mg, 0.41 mmol) was carefully added into the solution in small batches under dark.
The mixture was stirred for 5 h. After removing the solvent under reduced pressure, the
residue was purified by column chromatography using hexane/dichloromethane (4:1) as eluent
to give monomer 7 as a dark-green solid (0.24 g, 86%). 'H NMR (250 MHz, CD,CL,) 'H
NMR (250 MHz, THF-ds, ppm) & 8.66 (s, 2H), 7.93 (d, J = 5.0 Hz, 2H), 7.38 (d, J = 5.0 Hz,
2H), 7.11 (d, J = 2.5 Hz, 2H), 6.92 (d, J = 5.0 Hz, 2H), 2.67 (d, J = 7.50 Hz, 4H), 1.81 (br,
2H), 1.39-1.22 (m, 80H), 0.88-0.83 (m, 12H). "*C NMR (62.5 MHz, THF-ds, ppm) & 150.97,
139.75, 139.48, 138.51, 138.13, 138.10, 137.79, 137.27, 135.12, 134.94, 131.38, 127.24,
126.00, 125.44, 119.47, 112.10, 39.21, 34.84, 34.22, 32.76, 32.73, 31.11, 30.67, 30.62, 30.57,
30.51, 30.24, 30.19, 27.26 (overlap by THF-dg) 23.41, 14.33. HRMS (ESI+): m/z caled
1507.5063, found 1507.5059.
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Synthesis of PDPP-T-TQ

o N’S‘N
I Pd,(dba); K3PO, N
Br Br (t-BU)3P' HBF4 /
/ -\ J S n

N, N Aliquat 336 S N N N

\ 4 CeHyr o \ 4
Toluene, H,0, 90 °C, 3 d 72 . o
H
CoHs l \ CoHs 8 CioHa1 2Hs \ 2Hs
CaH s s CaHo CaHg s" s CaHo

3 PDPP-T-TQ

To a solution of monomer 3 (0.05 mmol) and diboronyl ester-DPP (8, 0.05 mmol),
tri-tertbutylphosphoniumtetrafluoborate ((t-Bu);P-HBF,, 0.0067 mmol),
tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba);, 0.00335 mmol) and aliquat 336 (2 drops)
in 6 mL of toluene was added a solution of potassium phosphate (0.074 g, 0.35 mmol) in 0.46
mL of degassed water. The mixture was vigorously stirred at 90 ° C for 3 days. The polymer
was end-capped with phenyl units by adding phenyl boronic acid and bromobenzene in
sequence. After cooling to room temperature, the reaction mixture was poured into vigorously
stirred methanol (100 mL). The polymer was filtered and subjected to Soxhlet extraction with
methanol, acetone and hexane. The hexane fraction was collected and added 30 mL of sodium
diethyldithiocarbamate aqueous solution (1g/100 mL) to remove residual palladium catalyst,
the mixture was heated to 60 °C with vigorous stirring for 2 h. The mixture was separated and
organic phase was washed with water for 3 times. The hexane solution was concentrated and
precipitated in methanol. The resulting solid was collected by filtration and dried in vacuum
to afford black solid (55 mg, 77%). Molecular weight by GPC (30 °C): M, = 7.4 kg mol ',
PDI = 3.54. Elemental analysis: Calcd. for CggH1220NsO,Ss: C 72.12, H 8.59, N 5.87, S 11.19;
found: C 72.00, H 8.82, N 5.92, S 10.92.

Synthesis of PDPP-2T-TQ and PDPP-3T-TQ

PDPP-2T-TQ and PDPP-3T-TQ were prepared using monomer 4 and 7 instead of

monomer 3 in similar procedure and workup to PDPP-T-TQ.
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Pda(dba)s K3PO,
(t-Bu)sP* HBF,

N N Aliquat 336
\ 7
Toluene, H,0, 90 °C, 3d
S S
4
Br,-BDTTQ-3 PDPP-2T-TQ

PDPP-2T-TQ (black solid, 75 mg, 74%). Molecular weight by GPC (30 °C): M, = 7.3 kg
mol'l, PDI = 3.18. Elemental analysis: Calcd. for C;26H 90N6O2S7: C 73.99, H 9.36, N 4.11, S
10.97; found: C 73.60, H 9.65, N 3.99, S 10.92.

CioHz1 CizHas Ci2Hzs
CiaMas\_CyoHy s Crohan Crafls CaHi7 C1°H’2\:/S\S10H21
W Pdy(dba); KsPO, h
| A\ 7 \ (t-Bu);P- HBF 4
B~ S s Br > 4
NN Aliquat 336 N"Ng s
(Qj Toluene, H,0, 90 °C, 3 d S/ CaHoy (Qj
8 | |
/ s s | CioHa1 S S
4
Br,-BDTTQ-3 PDPP-3T-TQ

PDPP-3T-TQ (black solid, 88 mg, 80%). Molecular weight by GPC (30 °C): M, = 13.2 kg
mol'l, PDI = 3.31. Elemental analysis: Calcd. for C;34H;94N¢O,So: C 73.84, H 8.85, N 3.80, S
13.06; found: C 72.55, H9.15, N 3.73, S 12.88.
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Chapter 7. Condensed Derivatives of
Thiadiazoloquinoxaline as Strong Acceptors
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In this chapter, three novel condensed thiadiazoloquinoxaline (TQ) derivatives, TIPS-APhTQ,
TIPS-PhTQ and TIPS-BDTTQ, were synthesized by introducing two triisopropylsilylethynyl groups
and upon altering the aromatic-ring units in the condensed moiety of TQ. The synthetic route is very
efficient providing high yields. Cyclic voltammetry suggested high electron affinity value of them.
Single crystal X-ray diffraction revealed that three molecules form corresponding dimers by
intermolecular S-N interaction and have very similar two-dimensional (2D) 7 stacking. The m-stacking

distance of them are as close as 3.34-3.46 A.

Note: Large part of this chapter has been published in Cryst. Growth Des., 2015, 15, 1934-1938.
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7.1 Introduction

Since the first report on the synthesis of [1,2,5]thiadiazolo[3,4-g]quinoxalines (TQS)1 as
an o-quinoid strong acceptor unit, this buliding block has been explored in conjugated D-A
copolymers for electronics.” In chapter 4 and 5, we have synthesized and studied three
condensed TQ-based polymers as shown in Figure 7.1. They exhibited excellent ambipolar
behaviour in OFET. Interestingly, GIWAX measurements suggested that PAPhTQ displayed
more orderly morphology than PBDTTQ-3, while PPhTQ showed the best orderly
arrangment among these three copolymers. It should be attributed to their different TQ cores,
considering that the structures of three copolymers differ only in condensed TQ cores.
Therefore, the fundamental question arised as to whether it is possible to design and
synthesize new TQ monomers with strong crystallization ability, meanwhile they only differ
in these three TQ cores. In the past few years, TQs have been widely expanded by the
condensation reaction,” but the crystal structures of TQs with analysis of the molecular
ordering were rarely reported and studied. It is thus vital to develop new TQ small molecules
and study their 7-7 stacking in these crystals. Additionally, developing new TQ materials is

also important to broaden our understanding of their characteristics.

PBDTTQ-3 PAPhTQ PPITQ

Figure 7.1 Condensed TQ-based copolymers in our previous work.

Introducing triisopropylsilyl (TIPS)-ethynyl groups has proven to be successful not only
in improving solubility and stability of acenes and heteroacenes, but also in enhancing their

capability for m-stacked arralys.9'12

Two familiar methods were used to introduce TIPS-ethynyl
groups into acenes and heteroacenes. The first is the nucleophilic addition of TIPS-ethynyl

anion, which proceeds via the corresponding dione precursors.”” The second method is the
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Sonogashira coupling reaction which is carried out between the (triisopropylsilyl)acetylene
and corresponding dibromo precusors.'* The first method was employed and produced a TQ
molecule with four TIPS-ethynyl groups (Scheme 7.1, B1) by Bunz and his coworkers. The
problem here is that the dione precursor had a complex synthetic procedure from commercial
material 1, 4-dimethoxybenzene as shown in Scheme 7.1.15:16 Recently, substituted benzene
condensed TQ (Scheme 7.2, B2) with strong n-7 stacking were reported, although the steps of
synthesis were signifiacntly reduced, the step of introducing the TIPS-ethynyl group was only
achieved in a yield of 21%.'"1* Previously, our group also grafted the ethynyl groups into a
TQ core by a Sonogashira coupling reaction between 2-ethylnylthiophene and dibromo TQ
molecules as shown in Scheme 7.3. However, as a drawback after the coupling reaction was
finished, the palladium acted as a hydrogen-transfer catalyst, reducing the triple bonds."*? It

is, therefore, still a challenge to introduce TIPS-ethynyl groups into TQs aromatic backbone

to promote strong TT-T stacking structures.

OMe OMe OMe OMe
N02 NH2 /N\
—_— > —_— S —>»
NO, NH, N
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X .o
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OH o y o 4/PrSi § \ 0}
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S /N\ 3 | S
<\ - > 5 B ~ <\
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Scheme 7.1 Synthesis route of compound B1.
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Scheme 7.2 Synthesis route of compounds B2-4.

CazHzs
Pd(PPha),, Cul O N

THF: 'Pr,NH N
12h

Ci2Has
CizHas

Scheme 7.3 The route of reducing the triple bonds in TQ molecules.

In this chapter, we describe the synthesis and characterization of TQ derivatives with a
pair of TIPS-ethynyl groups, TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ (Scheme 7.4),
which are attached to the TQ core by acenaphthylene, phenanthrene and benzo[2,1-b:3,4-
b’]dithiophene (BDT) groups, respectively. A new approach is first used to graft TIPS-
ethynyl groups onto the 4,7-dibromo-5,6-dinitrobenzothiadizole (1) precusor. The ease of
synthesis and information about their -7 stacking structures are appealing features of this

study.
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7.2 Synthesis and characterization
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80 °C, Overnight }Si{ }j‘\ }j'\{

TIPS-APhTQ TIPS-PhTQ TIPS-BDTTQ
two steps for 67 % two steps for 76 % two steps for 68 %

Scheme 7.4 Synthesis of TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ.

A facile synthetic route is illustrated in Scheme 7.4 for the three target molecules. The
4,7-dibromo-5,6-dinitrobenzothiadizole (1) was synthesized from commercial 4,7-dibromo
benzothiadizole,”! which was reacted with 1-trimethylstannyl-2-triisopropylsilylethyne (2)*
by Stille coupling to produce compound 3 in high yield of 93%. After reduction, the
corresponding diamine 4 was obtained, which was directly converted via a condensation with
the corresponding diones 5-7 without purification to give the desired final molecules TIPS-
APhTQ, TIPS-PhTQ, and TIPS-BDTTQ, respectively. In our previous methods," a key
issue was that diisopropylammonium salt can provide a hydrogen source for reducing triple
bonds in Sonogashira coupling under palladium catalyst involvement. While it is impossible
to find hydrogen source for reducing triple bonds in Stille coupling, it thereby avoids the
reduction of the triple bonds. In combination with good yields, it is easy to achieve gram scale
for these three compounds. Additionally, these molecules have good solubility in common
organic solvents (>10 mg/mL in dichloromethane) and exhibit excellent thermal stability as

shown in Figure 7.2, with 5% weight loss upon heating up to 360 °C for TIPS-APhTQ and
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TIPS-PhTQ, and 380 °C for TIPS-BDTTQ.
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Figure 7.2 TGA curves for TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ measured under a
nitrogen atmosphere at a heating rate of 10 °C/min.

7.3 Optical properties

The absorption and emission spectra of these three molecules were recorded in dilute
dichloromethane solution (c= 10~ M, Figure 7.3) and the corresponding data are summarized
in Table 7.1. The absorption profile of the three molecules is composed of three absorption
band regions, which are designated as band I, II and III in Figure 7.3. The first band covers
from 250 to 390 nm. The band II is between 340 and 515 nm. The last band ranges from 460
to 685 nm. The absorption profiles of these molecules are similar to the £, p and & bands of
polycyclic hydrocarbons as descripted by Clar.**** The bands I and II are attributed to the -
n* and n-7t* transitions of the conjugated aromatic segments.”” In the band III, the absorption
maximum (Apy.x) was red-shifted from TIPS-APhTQ (544 nm), TIPS-PhTQ (592 nm), to
TIPS-BDTTQ (632 nm). Considering that three molecules differ only in the aromatic-ring
units, this is attributed to the fused aromatic structures, led to different electron delocalization
and conjugation within the extended fused-ring system. The fused aromatic units also strongly
affect the molecular optical gaps, which were 2.17, 2.00 and 1.86 eV for TIPS-APhTQ,
TIPS-PhTQ and TIPS-BDTTQ, respectively, as determined from the absorption onset of the
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dichloromethane solutions. From acenaphthylene to phenanthrene, the optical gap is reduced
by 0.17 eV. It can be further reduced by 0.14 eV upon introducing BDT to replace
phenanthrene. This is in agreement with corresponding APhTQ, PhTQ and BDTTQ
containing polymers, the optical gaps of them were reduced by 0.23 eV from acenaphthylene
to BDT unit (Chapter 4 and 5). However, no significant changes in the long wavelength

absorption coefficients were observed.
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Figure 7.3 UV-vis absorption (a) and fluorescence (b) spectra of TIPS-APhTQ, TIPS-PhTQ and
TIPS-BDTTQ in dichloromethane.

The three molecules demonstrate a corresponding bathochromic shift in their solution
emission curves (Figure 7.3b). Emission quantum yields decreased within the series from
TIPS-APhTQ (Pcr = 0.25), TIPS-PhTQ (D, = 0.14) to TIPS-BDTTQ (Pey = 0.03).
Attaching a BDT group into the TQ core significantly reduced the fluorescence quantum yield
due to efficient intersystem crossing induced by the heavy atom effect of sulfur.”® The Stokes
shifts are 26 nm for TIPS-APhTQ and TIPS-PhTQ, and 51 nm for TIPS-BDTTQ. These
values are far smaller than those of nonplanar conjugated TQ, which were flanked by two

tetraphenylethene moieties due to their rigid planar conjugated structures.”’

7.4 Electrochemical properties

The electron affinities (EA) of these three molecules were studied by cyclic voltammetry
(CV).” The corresponding data are collected in Table 7.1. All three compounds exhibited two
reversible reduction peaks in dichloromethane solution (Figure 7.4). The EA values of the

molecules were calculated from the onset of the first reduction peak. The acenaphthylene
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containing TIPS-APhTQ had the highest EA value (-3.82 eV), while TIPS-PhTQ has
additional two m-electrons in comparison to TIPS-APhTQ. As a result, TIPS-PhTQ displays
a lower potential of reduction, with EA value of -3.95 eV. The extension of the conjugated TQ
core via thiophene-enriched BDT group (TIPS-BDTTQ) provided the lowest EA value of -
3.99 eV. These results suggest that by attaching different fused-ring groups the electron
deficient nature of the TQ molecules can be easily tuned. This is the same sequence as for our
previously reported monomers APhTQ (-3.73 eV), PhTQ (-3.84 ¢V) and BDTTQ-3 (-3.92
eV) in Chapter 4 and 5.

TIPS-APhTQ

Onset 035V

Onset -0.22 ¥

Current

TIPS-BDTTQ

Onset-0.18 V

-1.5 -1.0 . -0I.5 | 0:0 . 0:5 | 1:0 . 1:5
Potential vs Ag/Ag™ (V)

Figure 7.4 The cyclic voltammograms of three compounds in dichloromethane.

Table 7.1 Photophysical and electrochemical properties of three compounds.

Compounds Band I BandII  Band III Aabs / NM Aem/nm *®  Stokes shift EA

(nm)* (nm)* (nm)* (log &)* (dem)” / nm /eV*

TIPS-APhTQ  250-390 395-460  460-580 544 (4.08) 570 (0.25) 26 -3.82
TIPS-PhTQ 250-380  385-500  500-630 592 (4.07) 618 (0.14) 26 -3.95
TIPS-BDTTQ  250-335  340-515 530-685 632 (4.17) 683 (0.03) 51 -3.99

“Dissolved in dichloromethane (¢ = 10 M); " Excitation wavelengths for the emission measurements
are 514, 488 and 451 nm for TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ, respectively. In
dichloromethane estimated by using the comparative method with fluorescein (0.1 M NaOH, &, =
0.91 at 514 and 488 nm, 0.90 at 451 nm.),29’30 ‘EA were estimated from the onsets of the first reduction
peaks, while the potentials were determined using ferrocene (Fc) as standard by empirical formulas

Ega = - (Ered onser™ Ererer12)+4.8) €V, wherein Ege/rev(1/2)= 0.63 eV.
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7.5 Density functional theory calculations

In order to combine these results with theoretical predictions, the density functional theory
(DFT, B3LYP, 6-31G) calculations were carried out as shown in Figure 7.5. The DFT
calculations provided the LUMO levels of -3.58, -3.77 and -3.92 eV, and the energy gaps
(AE,(LUMO-HOMO)) of 2.19, 1.98, 1.79 eV for TIPS-APhTQ, TIPS-PhTQ and TIPS-
BDTTQ, respectively. These results demonstrate that theoretical predictions exhibit the same
tendency as the experimental data by analyzing LUMO vs EA, and AE,(LUMO-HOMO) vs.
E,p. It 1s beneficial for us to predict the electronic properties for such new TQ derivatives in

line with the experimental finding.

0-:.&0 -y 30&0
LUMO ¥ ¢ «...; s V@ ¢
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Figure 7.5 DFT (B3LYP, 6-31g) calculation of LUMO and HOMO levels of TIPS-APhTQ, TIPS-
PhTQ and TIPS-BDTTQ, the isopropyl groups were replaced by hydrogens.

7.6 Crystal packing properties

Single crystal analysis of molecules is a vital requirement to understand their
electron structure properties. The crystals of three molecules were obtained by slow
evaporation from dichloromethane at room temperature. The X-ray crystal structure
analysis was carried out by ||| | | QbQqJRNNEEE (Johannes Gutenberg-University,
Mainz). The X-ray crystallographic data for the molecules were collected on a STOE IPDS
2T difractometer using a graphite monochromator Mo-Ka radiation source (TIPS-APhTQ,
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TIPS-BDTTQ), and a Smart CCD difractometer using a graphite monochromator Mo-Ka
radiation source (TIPS-PhTQ). The structures were solved by direct method (SIR-97) and
refined by SHELXL-97 (full matrix)3 1445 refined parameters (TIPS-APhTQ), 454 refined
parameters (TIPS-PhTQ) and 436 refined parameters (TIPS-BDTTQ).

Figure 7.6 S-N and N-N distances of thiadiazole moietis of dimer for TIPS-APhTQ (a), TIPS-PhTQ
(b) and TIPS-BDTTQ (c). Van der Waals radius: S 1.8 A; N 1.55 A.

(a)

(b)

Figure 7.7 The vertical offset (red plane to blue plane) within the dimer 0.53 A for TIPS-APhTQ (a),
0.67 A for TIPS-PhTQ (b) and 2.02 A for TIPS-BDTTQ (c¢).

These molecules showed dimer features by close head-to-head contacts of the

thiadiazole moieties with N-S interaction, where the distances are shorter than the
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combined van der Waals radii of sulfur and nitrogen (Figure 7.6). TIPS-APhTQ and
TIPS-PhTQ also yield a weak N-N interaction, with the distances of 3.09 A and 3.02
A. The vertical offset with the dimers (Figure 7.7) was 0.53, 0.67 and 2.02 A, for
TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ, respectively. The significantly large
intermolecular distance of TIPS-BDTTQ, might be attributed to its weak S-N

interaction and the N-N interaction between adjacent thiadiazole moieties were lost.
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Figure 7.8 The packing of TIPS-APhTQ (a), TIPS-PhTQ (b), TIPS-BDTTQ (c). The TQ cores are
shown with ball-stick models and the TIPS-ethynyl substituents are shown with wireframe models.
Hydrogen atoms are removed for clarification. Carbon, nitrogen, sulfur and silicon atoms are shown in

grey, blue, orange and yellow, respectively.

The packing of these three molecules was similar (Figure 7.8), due to the same unit
cell. The dimers form a brick wall packing style. TIPS-PhTQ has the shortest -
stacking distances of 3.34 and 3.35 A, suggesting it has the strongest m-m interaction.

Introducing the acenaphthylene unit, slightly increases the m-m distances to 3.37 and
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3.39 A. The largest distances of 3.40 and 3.46 A for TIPS-BDTTQ indicate that it
possesses the weakest - interaction among these molecules. Grazing incidence wide
angle X-ray scattering (GIWAXS) for our previous polymer systems revealed that
PAPhTQ was slightly higher ordered in thin films than PBDTTQ-3. PPhTQ
exhibited best ordered thin films. Considering the different substituents of polymers and
monomer units the molecular packing may already be altered, and for sure there will be a
difference between crystal packing and arrangement in thin films. Although the condensed
TQ cores’ m-stacking ability cannot provide direct evidence for the ordering of corresponding
polymers, some correlation should exist for the same acceptor core between small molecules
and corresponding polymers.

The bond lengths of extended benzene (green) in TIPS-PhTQ and TIPS-
BDTTQ are obtained from their crystal analysis as shown in Figure 7.9. Compared to
the benzene part of TIPS-PhTQ, the bonds C1-C2 and C3-C4 of benzene in TIPS-
BDTTQ exhibit siginificant shortening, while other four bonds show slightly decrease.
As a result, the average bond length alternation (BLA) of benzene in TIPS-BDTTQ
(0.020 A) is only a half of benzene in TIPS-PhTQ (0.042 A). This result inplied the
BDT group condensed TQ has stronger delocalization and conjugation within the
extened fused-ring system than phenanthrene unit. This can then explain why TIPS-

BDTTQ has a smaller optical gap than TIPS-PhTQ.

Cc3 -
1.473(4) A

Figure 7.9 Experimental bond lengths for fused benzene of condensed TQs (TIPS-PhTQ and
TIPS-BDTTQ)
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7.7 Summary

We report a facile and highly efficient approach to synthesize three TQ derivatives
with two TIPS-ethynyl groups, TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ,
which had good solubility and high electron affinities. Changing the fused aromatic
unit in the TQ core significantly affected the molecular opoelectronic properties and
crystal packing. TIPS-BDTTQ possesses a very low EA value of -3.99 eV, without
strong withdrawing groups like fluorine, chlorine and cyano groups. All three
molecules demonstrate a brick wall packing motif through their dimer interactions.
Among these molecules, TIPS-PhTQ possesses the shortest distances with 3.34 and
3.35 A. On the other hand, it has to be emphasized that the key intermediate 3 could be
reduced to the corresponding tetraamine, which is promising to synthesize
centrosymmetric large azaacenes by condensation reaction with two equivalents of
corresponding diones. Further investigation of such reactions are carried out in Chapter

8.

7.8 Synthetic details

Intermediates 4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazole (1) and benzo[2,1-b:3,4-
b'ldithiophene-4,5-dione (8) were prepared according to Chapter 2. 1-trimethylstannyl-2-
triisopropysiylethyne (2)** was synthesized according to the literature procedure as shown in

Scheme 7.5.

Si— Sn—

)\ CH3)3SHC|

THF

n-BuLi Y
}Y } |

2

Scheme 7.5 Synthetic route for compound 2.%
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5,6-Dinitro-4,7-bis((triisopropylsilyl)ethynyl)benzo[c][1,2,5]thiadiazole (3)

helly
Br }ji\TSn
OzN /N
ﬁ[ s 2 OZNKI/N\
=~ 7/ S
O.N N _ ~ /
2 ON Y N

Br Pd(PPh3),Cl,
THF |
5
3

4,7-Dibromo-5,6-dinitrobenzothiadiazole (1, 1.23g, 3.2 mmol), compound 2 (2.55 g,
7.40 mmol), and Pd(PPh3),Cl, (225 mg, 0.32 mmol) were dissolved in 40 mL of anhydrous
THF under argon. The resulting solution was stirred at 80 °C for 16 h. After removal of the
solvent, the crude product was purified by column chromatography using dichloromethane/
hexane (1:4) as the eluent to give 1.74 g (yellowish solid, 93%) of compound 3. '"H NMR
(250 MHz, CD,Cl,, ppm) & 1.19 (m, broad, 42H) BC NMR (175 MHz, CD,Cl,, ppm) o
153.53, 146.05, 115.48, 113.07, 95.33, 18.73, 11.62. HRMS (ESI+ Na): m/z calc. 609.2363,
found 609.2355.

General procedure for the preparation of TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ

A mixture of compound 3 (100 mg, 0.171 mmol) and fine iron powder (113 mg, 2.018
mmol) in acetic acid (10 mL) was stirred at 75 °C for 5 h under argon. The reaction mixture
was poured into 50 mL of water after cooling to room temperature. Subsequently, the pH was
adjusted to 6—7 using 5% aqueous NaOH. The solution was extracted with diethyl ether (3x20
mL). The combined organic layers were washed with brine, dried with MgSQO,. The solvent
was removed under reduced pressure to give corresponding diamine 7 with deep red oil. This
crude product was directly added into acetic acid (10 mL) solutions of corresponding diones
(5-7, 0.256 mmol). The mixtures were heated to 80 °C overnight under argon. After cooling
to room temperature, each mixture was poured into 100 mL 5% aqueous NaOH and extracted
with dichloromethane (3x50 mL). The combined organic phases were dried with MgSO,4 and
filtered. The solution was concentrated and purified by column chromatography eluting with

hexane dichloromethane (from 4:1 to 2:1) to give corresponding final products.
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8,12-Bis((triisopropylsilyl)ethynyl)acenaphtho[1,2-b][1,2,5]thiadiazolo[3,4-g]quinoxaline
(TIPS-APhTQ)

Y N
e M O >
0N _N, Fe HoN _N, O ° 0 _N _N
A o8 = XL L s
ON I CHsCOOH N I § CHyCOOH O N | §
< < <
3 4 TIPS-APhTQ

Red solid (77 mg, 67% for two steps), '"H NMR (250 MHz, CD,Cl,, ppm) 6 8.41 (d, J =
5.0 Hz 2H), 8.22 (d, J = 7.5 Hz, 2H), 7.95 (dd, J = 7.5 Hz, J = 2.5 Hz, 2H), 1.34 (m, broad,
42H). *C NMR (62.5 MHz, CD,CL, ppm) & 156.44, 154.61, 142.94, 139.94, 131.64, 130.74,
130.63, 129.42, 122.60, 115.16, 109.06, 101.66, 19.07, 11.99. HRMS (ESI+): m/z calc.
673.3217 found 673.3201.

10,14-Bis((triisopropylsilyl)ethynyl)dibenzo[a,c][1,2,5]thiadiazolo[3,4-i]phenazine (TIPS-
PhTQ)

i i
I I
ON N Fo HoN N
=~ /S —_— ~ /S
ON CH4COOH HaN N
I I
< o
PN N
3 4 TIPS-PhTQ

Deep red solid (91 mg, 76% for two steps), 'H NMR (250 MHz, CD,Cl,, ppm) 6 9.49
(dd, J=2.5Hz,J =2.5 Hz, 2H), 8.52 (d, J = 7.5 Hz, 2H), 7.88 (m, 2H), 7.73 (m, 2H), 1.35 (m,
broad, 42H). °C NMR (62.5 MHz, CD,Cl,, ppm) & 155.05, 145.48, 142.39, 133.48, 132.34,
130.36, 128.66, 127.76, 123.67, 114.42, 109.96, 102.09, 19.04, 12.03; HRMS (ESI+): m/z
calc. 699.3373 found 699.3366.
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8,12-Bis((triisopropylsilyl)ethynyl)-[1,2,5]thiadiazolo[3,4-i]dithieno[3,2-a:2',3'-
c]phenazine (TIPS-BDTTQ)

i " CH3COOH Il
I I
si Si } Si{
Bs o X
3 4 TIPS-BDTTQ

Dark green solid (90 mg, 74% for two steps), '"H NMR (250 MHz, CD,Cl,, ppm) 6 8.45
(d, J = 5.0 Hz 2H), 7.63 (d, J = 5.0 Hz, 2H), 1.34 (m, broad, 42H). °C NMR (62.5 MHz,
CD,Cl,, ppm) & 154.94, 142.67, 141.81, 138.42, 135.16, 125.90, 125.61, 114.23, 110.27,
102.30, 19.09, 11.99. HRMS (ESI+): m/z calc. 711.2501 found 711.2491.
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In this chapter, a new synthetic route to prepare a centrosymmetric phenanthroline-fused

azaacene derivative, TIPS-BisPhNPQ, is described. Another axialsymmetric phenanthroline-fused

azaacene derivative, TIPS-PhNTQ, is also synthesized for comparison. Both molecules were

investigated for optical and electrochemical properties and solid-state packing.

Note: Large part of this chapter has been submitted to Cryst. Growth Des., 2015.
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8.1 Introduction

Large acenes, particularly exemplified by pentacene, have been paid great attention in
organic field-effect transistors (OFET).'” The molecular size and structure of acenes are very
important for their optoelectronic properties,6 but their solubility and stability gradually
decrease with increasing numbers of aromatic fused ring.”” Three strategies are usually used
to stabilize large linear acenes. (1) Introducing special substituents into the acenes backbone,
like triisopropylsily (TIPS) acetylene'® and tritertbutylsilyl (TTBS) acetylene'', which can
stabilize the LUMO level and prevent singlet oxygen sensitization by lowering the molecular
triplet energy.'” (2) Replacing tertiary carbon atom (C-H) moieties using imine nitrogen atoms
(-N=) in acenes backbone increases the stabilization of their HOMO and LUMO levels to

13-17

obtain linear extended azaacenes. (3) Expanding laterally the conjugation of the linear

18-22 \where the sextet

aromatic backbone using aromatic rings, such as pyrene-fused azaacenes.
of T electrons are localized on the external rings, Additionally, previous computational studies
by Winkler and Houk” indicated that replacing a CH moiety by a nitrogen atom or grafting
one cyano group onto the terminal ring at both sides can help formation of intermolecular
interconnection by hydrogen bonds (C—H:--N). More interestingly, combination of these
features with molecular -7 stacking can create a highly ordered two-dimensional (2D)
arrangement. However, such azaacene molecules are rarely synthesized because of a lack of
effective synthetic protocols.

Currently, a very common approach for preparing soluble TIPS-azaacences is the
nucleophilic addition between TIPS-ethynyl anion and corresponding dione azaazcenes.'>***
However, it suffers from a difficulty in synthesizing the key dione azaacenes for further
extension of conjugation of TIPS-azaacenes due to their very poor solubility. Ideally, for the
purpose of synthesizing highly conjugated centrosymmetric TIPS-azaacences, it would be
desirable to use a TIPS-ethynyl containing intermediate compound as a reactant, which yields
directly soluble TIPS-azaacenes during the condensation step, without a post-
functionalization.

With all of the above reasons in mind, in this chapter we report a convenient synthetic
route for preparing a key intermediate compound, 3,6-bis((triisopropylsilyl)ethynyl)benzene-
1,2, 4,5-tetraamine (3) (Scheme 8.1), which can be directly used to produce TIPS-azaacenes

by condensation reaction with corresponding o-dione derivatives. Considering that the imine
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N atoms in 1, 10-phenanthroline offer a great opportunity to form intermolecular hydrogen
bonds (C—H-'-N),%’27 1,10-phenanthroline-5,6-dione was, therefore, chosen to be condensed
with tetraamine 3. It can be expected that the resulting TIPS-BisPhNPQ (Scheme 1) will be a
soluble and stable centrosymmetric azaacene molecule with potentially ordered arrangement
in the solid state. For contrast, an axialsymmetric TIPS-PhNTQ (Scheme 1) was also
synthesized. For both functionalized azaacene derivatives, we investigate the effect of
different symmetric structures on both the electronic properties and solid-state packing in

their crystals.

8.2 Synthesis and characterization

Il » |
N o N AN _N
HoN _N % 4 o S
HaN CH3COOH Z
TIPS Reduction 1 H 3 ‘ ‘
| / 67 % for two steps }Si{
N N TIPS PS
<A 2 TIPS-PhNTQ (6)
O,N N
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X .
I'PS TIPS N o }‘S"{
Reduction 2 I [ 7
N o N AN N AN
HoN NH, | 2 a4
.. =4 N P
NH NN N N
HN ’ CH,COOH L I g

‘ ‘ 41 % for two steps }Si{
A

TIPS-BisPhPQ (11)
Instability

TIPS-BisAPhPQ (10)
Instability

Scheme 8.1 Synthetic route for TIPS-PhNTQ and TIPS-BisPhNPQ.

The synthesis of the two small molecules is illustrated in Scheme 8. 1. TIPS-PhNTQ was
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synthesized from 5,6-dinitro-4,7-bis((triisopropylsilyl)ethynyl)benzo[c][1,2,5]thiadiazole (1)
in a high yield of 67% for two-steps as descripted in Chapter 7. It has good solubility in

common solvents, such as dichloromethane, chloroform and THF.

Table 8.1 The list of different reaction conditions for reduction of compound 1 into compound 3.

No. Conditions (100 mg compound 1 ; Argon The signal of compound 3 (detected by FD-
protect) MS)

1 dry 10 ml THF; 10 eq NaBHy; 50 °C; 12 h. Didn’t find

2 dry 10 ml THF; 10 eq LiAlHy; Didn’t find
room temperature; 12 h.

3 10 ml acetic acid; 3-5 drops water; Didn’t find
20 eq Zn; 50 °C; 12 h.

4 Continue No. 3, 70 °C for another 6 h. Didn’t find

5 Continue No. 4, 90 °C for another 12 h. weak signal

6 8 ml ethanol; 2 ml acetic acid; 0.4 ml HCI1 (1N); strong signal
20 eq Zn; 90 °C; 16 h.

7 8 ml ethanol; 2 ml acetic acid; 1 ml HCI (IN); strong signal

20 eq Zn; 90 °C; 9 h.

In order to obtain key intermediate 3,6-bis((triisopropylsilyl)ethynyl)benzene-1,2,4,5-
tetraamine (3), many reduction systems were attempted from starting material 1 as shown in
Table 8.1. Firstly, the method 3 was tried according to previous literature™, due to their
similar structures (reduction 5,6-dinitro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole into
3,6-di(thiophen-2-yl)benzene-1,2,4,5-tetraamine). Another consideration is that the TIPS-
ethynyl group could be more sensitive than thienyl group under reducing conditions.
Therefore the initial temperature was controlled at 50 °C. But the peak of compound 3 was
not observed by FD-MS, even when the reaction time was extended to 12 hours, the starting
material signal was clearly observed during this reaction period. When the temperature was
raised to 70 °C for 12 hours (method 4), the signal of compound 3 was not still found by FD-
MS. Until the temperature was further increased to 90 °C for another 12 hours (method 5), the
very weak signal of compound 3 was observed by FD-MS. The methods 1 and 2 were
reported to reduce the benzothiadiazole into the corresponding diamine.***° This combination,

however, also failed to obtain the desired compound 3 in our reaction system. In order to find
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the best conditions for reduction of compound 1, the reducing agent was optimized based on
methods 3, 4, 5. Finally, an optimal reduction system (method 7) was successfully discovered
to achieve compound 3 using zinc, HCI, acetic acid and ethanol. The mixture was filtered to
remove extra zinc, and then was directly used in next step without purification.

The linear azaacenes TIPS-BisAPhPQ and TIPS-BisPhPQ were firstly tried to be
prepared by condensation reaction between the crude compound 3 and acenaphthylene-1,2-
dione (8), phenanthrene-9,10-dione (9). Unfortunately, both compounds decomposed when
they were purified by the silicon or aluminium oxide column chromatography. Taking TIPS-
BisAPhPQ for an example, the signal of target molecule (molecular weight: 791.2 g mol™)
was determined by FD-MS when the condensation reaction was done before workup. But
after separation using silicon or aluminium oxide column chromatography, this signal wasn’t
observed using FD-MS, which implies that the TIPS-BisAPhPQ could decompose. The same
unstable problem was also found in TIPS-BisPhPQ. Those unstable molecules usually

possess high-lying HOMO levels.

TIPS-PhNTQ

Weight (%)
=

P T v eyl pr—, |, ) Fr— Y F—— 7 — —— p—
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 8.1 TGA curves for TIPS-PhNTQ and TIPS-BisPhNPQ measured under a nitrogen
atmosphere at a heating rate of 10 °C/min.

The electron-withdrawing nature of the 1,10-phenanthroline can stabilize the HOMO
and LUMO energy levels of the resulting molecule.”’ In order to develop stable azaacene
derivatives, we designed and synthesized a new azaacene TIPS-BisPhNPQ. The crude

product 3 was condensed with two equivalents of 1,10-phenanthroline-5,6-dione 4 to give the
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desired molecule TIPS-BisPhNPQ with a yield of 41% for two-steps. Additionally, both
molecules have good solubility in common solvents such as chloroform and tetrahydrofuran.
TIPS-PhNTQ exhibits good thermal stability with 5% weight loss around 375 °C, and even
better thermal stability is observed for TIPS-BisPhNPQ with 5% weight loss at 468 °C
(Figure 8.1).

8.3 Optical properties

sxt0' @ 5 e TIPS-EhNTQ 10{®  c20mm, L ®2m Lo bpNTQ
316n —— TIPS-BisPhNPQ —— TIPS-BisPhNPQ
*
0.8 671 nm
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- |
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Figure 8.2 UV-vis absorption (a) and fluorescence (b) spectra of TIPS-PhNTQ and TIPS-
BisPhINPQ in dichloromethane solutions.

UV-vis absorption and emission spectra of both molecules were recorded in dilute
dichloromethane solutions (10° M Figure 8.2). Short-wavelength bands covering 250-500 nm
are attributed to the m-n* and n-t* transitions of the conjugated aromatic moieties.”” Both
molecules display similar absorption bands at long wavelength between 500 and 650 nm, the
only difference is that the molar extinction coefficient of TIPS-BisPhNPQ is twice than that
of TIPS-PhNTQ. The optical gaps were estimated from the absorption onset of the solution
to be 2.0 eV for both molecules. Additionally, both compounds exhibit similar emission
spectra, but TIPS-BisPhNPQ has a more pronounced shoulder at 671 nm (Figure 8.2b). The
Stokes shifts are 27 nm and 22 nm for TIPS-PhNTQ and TIPS-BisPhNTQ. Due to the rigid
coplanar conjugated structures of both materials, these values are far smaller than those of

nonplanar conjugated TQ derivatives with two flanked tetraphenylethene moieties.”
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Fluorescence quantum yield measurements were performed in dichloromethane using a
cuvette with a 1 cm path length at room temperature. The absorption spectra were
measured within a maximum wavelength between 0 and 0.05. TIPS-PhNTQ and TIPS-
BisPhNPQ were excited at 453 and 475 nm in dichloromethane solutions, respectively.
Quantum yields were estimated to be 0.29 and 0.20, respectively, by using the comparative
method with fluorescein (0.1 M NaOH, @ = 0.90 at 453 nm)> for TIPS-PhNTQ and
rhodamine 110 (Ethanol, ®ey, = 0.91 at 475 nm)** for TIPS-BisPhNPQ.

8.4 Electrochemical properties

TIPS-PhNTQ

Current
Current

TIPS-BisPhNPQ |

[ - -
Oqlset 0.16:V

45 40 05 00 05 10 15
Potential vs Ag/Ag” (V)

Figure 8.3 The cyclic voltammograms of TIPS-PhNTQ and TIPS-BisPhNPQ in dichloromethane
solutions. *Lost upon dilution.

The electron affinities (EA) and ionization potentials (IP) of both molecules were
investigated in dichloromethane solutions by cyclic voltammetry. Both of them exhibit two
reversible reduction peaks and one irreversible oxidation peak (Figure 8.3). The values of EA
were calculated to be -4.03 eV for TIPS-PhNTQ and -4.01 ¢V for TIPS-BisPhNPQ,
according to their onsets of the first reduction peak. These values are lower than those of

pyrene-fused azaacenes, which were provided to be a range from -3.18 to -3.78 eV, 3202
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suggesting phenanthroline is a more effective group for increasing the electron affinity.

8.5 Crystal packing properties

The single crystals of TIPS-PhNTQ and TIPS-BisPhNPQ were grown by slow
evaporation from solutions in dichloromethane at room temperature. The X-ray crystal
structure analysis experimental was carried out by || GGG (ohannes
Gutenberg-University, Mainz). X-ray crystallographic data for the molecules were
collected on an IPDS 2T diffractometer using a Mo-Ka IuS mirror system radiation for TIPS-
PhNTQ, and a STOE IPDS 2T diffractometer using a graphite monochromator Mo-Ka
radiation source for TIPS-BisPhNPQ. The structures were solved by direct methods (SIR-
97)34 and refined for TIPS-PhNTQ by SHELXL-2014 (full matrix) 524 refined parameters,
and for TIPS-BisPhNPQ by SHELXL.-97 (full matrix), 290 refined parameters.

(a) «IEV

Figure 8.4 Single crystal X-ray structure of TIPS-PhNTQ (a) and TIPS-BisPhNPQ (b). Carbon,
nitrogen, sulfur, silicon and chloride atoms are shown in grey, blue, orange, yellow, and green,
respectively.

Their crystal structures are shown in Figure 8.4. Both molecules have near planar
conjugated backbone, which is in agreement with their small Stokes shifts. The one molecule
of TIPS-PHNTQ includes one dichloromethane molecule in the unit cell, the
dichloromethane is removed for clarity. The interaction between two adjacent molecules of
TIPS-PhNTQ and TIPS-BisPhNPQ are shown in Figure 8.7a and 8.9b. TIPS-PhNTQ
demonstrates dimer features by close head-to-head contact of thiadiazole moieties with N-S

(3.14 A) and N-N (3.07 A) interations. However, TIPS-BisPhNPQ exhibits a ribbon which
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extends in two directions by eight C—H:--N H-bonds and four weak C---N interactions. The
intermolecular distances of H-to-N and C-to-N are 2.64 and 3.24 A, respectively, which are
shorter than the combined van der Waals radii of nitrogen-hydrogen (2.75 A), and carbon-
nitrogen (3.25 A).

726

- - — - - — + — -
105 10.0 9.5 2.0 8.5 80 7.5 7.0 63

Figure 8.6 The vertical offset (red plane to blue plane) within the adjacent molecules 1.00 A for
TIPS-PhNTQ (a) and 0.02 A for TIPS-BisPhNPQ (b).

On the other hand, in the "H-NMR spectra (Figure 8.5), the proton signals (C—H:--N)
of TIPS-BisPhNPQ are significantly different in C,D,Cly (9.86 ppm) and CDCl; (9.90 and
9.68 ppm), indicating that the H-Bonds of TIPS-BisPhNPQ exist in chloroform solution.
These results reveal that the H-bonds of TIPS-BisPhNPQ can form in solid-state as well as in
solutions. The vertical offset within the adjacent molecules (Figure 8.6) are 1.00 and 0.02 A
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for TIPS-PhNTQ and TIPS-BisPhNPQ, respectively. The significantly small distance of
TIPS-BisPhNPQ is related to its centrosymmetric structure and intermolecular H-bonds.

b)C@"\‘ ‘
T T 2

N-S:3.14 A
N-N- 3.07 A N-C: 324A

Figure 8.7 The intermolecular interaction in TIPS-PhNTQ (a) and TIPS-BisPhNPQ (b). The
packing of TIPS-PhNTQ (c) and TIPS-BisPhNPQ (d). The conjugated cores are shown with ball-
stick models and the TIPS-ethynyl substituents are shown with wireframe models. Hydrogen atoms

are removed for clarity. Carbon, nitrogen, sulfur and silicon atoms are shown in grey, blue, orange and
yellow, respectively. Van der Waals radius: H 1.20 A; C 1.70 A; N 1.55 A; S 1.80 A.

Although both molecules have the same unit cell, their packing pattern are very different,
which is related to their different symmetric structures. The packing patterns of both
molecules are provided in Figure 8.7c and 8.7d. TIPS-PhNTQ displays a 2-D arrangement
with 7-7 stacking distances of 3.34 and 3.44 A.>> TIPS-BisPhNPQ exhibits a 2D brickwork
arrangement, which is typical of TIPS-pentacene and TIPS-tetraazapentacene.'”'*** The
distances between 7 planes in the molecule of TIPS-BisPhNPQ are 3.32 and 3.34 A, which
are shorter than those in TIPS-pentacene (3.47 A).'"° Additionally, compared to two m-
stacking distances of TIPS-tetraazapentacene (3.28 and 3.38 A),* the difference of vertical
offset in TIPS-BisPhNPQ is only 0.02 A due to its intermolecular H-bonds, suggesting that
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this molecule could have a better ordered arrangement in the solid-state.
8.6 Summary

In this chapter, we have successfully synthesized two new phenanthroline-fused azaacenes
derivatives, TIPS-BisPhNPQ and TIPS-PhNTQ, by a novel synthetic route. Both of them
exhibit good solubility and high stabilities. Although both molecules possess similar optical
bandgap and electrochemical properties, they have different packing styles. TIPS-BisPhNPQ
shows a m-stacking of 2D brickwork arrangement. More interesting, this molecule forms the
intermolecular H-bonds by phenanthroline as end capping groups, which leads to a highly
ordered solid-state arrangement. On the other hand, it has to be emphasized that the key

intermediate 3 provides a chance to synthesize more centrosymmetric large azaacenes.

8.7 Synthetic details

Intermediate of 5,6-dinitro-4,7-bis((triisopropylsilyl)ethynyl)benzo[c]
[1,2,5]thiadiazole (1) was prepared according to Chapter 7.

10,14-Bis((triisopropylsilyl)ethynyl)dipyrido[3,2-a:2',3'-c][1,2,5]thiadiazolo[3,4-
i]Jphenazine (TIPS-PhNTQ)

N
TIPS TIPS x }Si{
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A mixture of compound 1 (100 mg, 0.171 mmol) and fine iron powder (113 mg, 2.018

mmol) in acetic acid (10 mL) was stirred at 75 °C for 5 h under argon. After cooling to the
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room temperature, the mixture was poured into water and extracted with diethyl ether (3 x 20
mL). The combined organic layers were washed with brine, dried with MgSQO,. The solvent
was removed under reduced pressure to give the corresponding diamine 2 with deep red oil.
This crude product was directly added into acetic acid (10 mL) solution of 1,10-
phenanthroline-5,6-dione (4) (0.256 mmol). The mixture was heated to 80 °C overnight under
argon. After cooling to room temperature, the mixture was poured into 100 mL 5% aqueous
NaOH and extracted with dichloromethane (3x20 mL). The combined organic phases were
dried with MgSO, and filtered. The filtrate was concentrated and purified by column
chromatography eluting with hexane dichloromethane (4:1) and 5% triethylamine to TIPS-
PhNTQ. Red solid (80 mg, 67% for two steps), '"H NMR (250 MHz, CD,Cl,, ppm) 6 9.71 (dd,
J=25Hz,J=5.0Hz, 2H), 9.24 (dd, J = 2.5 Hz, J = 2.5 Hz, 2H), 7.79 (dd, J = 2.5 Hz, J =
5.0 Hz, 2H), 1.35 (m, broad, 42H). *C NMR (125 MHz, CD,Cl,, ppm) & 155.35, 153.87,
150.17, 144.22, 142.26, 134.72, 127.91, 124.72, 115.05, 111.00, 101.90, 19.08, 12.07; HRMS
(ESI+): m/z calc. 701.3278 found 701.3294.

10,21-Bis((triisopropylsilyl)ethynyl)dipyrido[3',2':5,6;2",3'':7,8]quinoxalino[2,3-
i]ldipyrido[3,2-a:2',3'-c]phenazine (TIPS-BisPhNPQ)

X
TIPS TIPS N o
l I
N
RO Irril iS¢ sl B
OoN N 3 :
2 I HCI; ethanol HoN Ntz CH4COOH
It
TIPS TIPS
1 3

TIPS-TATPP

Compound 1 (100 mg, 0.171 mmol) and zinc (222 mg, 3.42 mmol) were dissolved in a
mixture solvent ( 8 mL ethanol, 2 mL acetic acid and ImL HCI (1N)) and stirred at 90 °C for
9 h under argon. After being cooled to the room temperature, the mixture was poured into 50
mL of water and extracted with diethyl ether (3x20 mL). The combined organic layers were

dried with MgSO,4. The solvent was removed under reduced pressure to give the key
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intermediate 3,6-bis((triisopropylsilyl)ethynyl)benzene-1,2,4,5-tetraamine (3) with deep red
oil. This crude product was directly added into acetic acid (10 mL) solution of compound 4
(0.256 mmol). The mixture was heated to 80 °C overnight under argon. After cooling to room
temperature, the mixture was poured into 100 mL 5% aqueous NaOH and extracted with
dichloromethane (3x50 mL). The combined organic phases were dried with MgSO4 and
filtered. The filtrate was concentrated and purified by column chromatography eluting with
hexane dichloromethane (3:1) and 5% triethylamine to give TIPS-BisPhNPQ. Red solid (59
mg, 41% for two steps), 'H NMR (250 MHz, C,D,Cly, ppm) 6 9.86 (dd, J =2.5 Hz, J =5.0
Hz, 4H), 9.29 (dd, J = 2.5 Hz, J = 2.5 Hz, 4H), 7.84 (dd, J = 2.5 Hz, J = 5.0 Hz, 4H), 1.44 (m,
broad, 42H). *C NMR (62.5 MHz, C,D,Cly, ppm) & 153.65, 149.54, 143.59, 142.60, 135.12,
127.93, 124.79, 123.19, 111.33, 102.10, 19.38, 12.08; HRMS (ESI+): m/z calc. 847.4088
found 847.4072.
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Chapter 9. Conclusion and Outlook

The main aim of this work was the synthesis, characterization and application of
aromatic rings condensed thiadiazolo[3,4-g]quinoxalines (TQs) based copolymers and small
molecules for organic electronics. Such acceptors have planar, quinoidal structure and high

electron deficient nature.

This work began with the systhesis of benzodithiophene condensed TQ (BDTTQ,
Chapter 2) based polymers formed from different reactive sites, and expanded it towards
novel synthetic protocols that were used to prepare new TQs and azaacenes small molecules
with strong crystallization characteristics. We focused on molecular rational design. Within

this direction of work, several important achievements are summarized as below:

The copolymers PBDTTQ-1 and PBDTTQ-2 (Chapter 2) with different linkage
between acceptor BDTTQ and donor alkylated bithiophene were synthesized. UV-vis-NIR
spectra and cyclic voltammetry indicated that PBDTTQ-2 showed narrower optical bandgap
and lower EA value than that for PBDTTQ-1. Interestingly, PBDTTQ-1 did not show any
field-effect response, while PBDTTQ-2 exhibited ambipolar transport behaviour. This was in

good agreement with DFT calculations.

The structure and charge transport correlations of TQ-2T-based polymers were
investigated in Chapter 3. Two crucial modifications were found in enhancing the charge
transport of TQ-based polymers. Firstly, the unsubstituted donor units combined with TQ-2T
into polymer conjugated backbone, like polymers P1-P4. Such strategy improved the
molecular arrangement in the fibers and films. Therefore, the hole mobilities of P1-P4 were
achieved higher than for previously reported TQ polymers. Secondly, four dodecyl side
chains of P4 were regrouped into a pair of branched 2-decyl-tetradecyl alkyl chains and
yielded P6. In comparison with P4, the planarity of P6 did not significantly change, but its

molecular weight and solubility were remarkably improved. Meanwhile, the crystallinity was
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further enhanced. Therefore, P6 exhibited the highest hole charge carrier mobility of 0.24 cm?

v'g! among these polymers.

Subsequently, a pair of 2-decyl-tetradecyl alkyl chains was grafted on BDTTQ and
APhTQ cores and two high performance ambipolar polymer semiconductors (PBDTTQ-3
and PAPhTQ, Chapter 4) were obtained. In comparison with redundant side chains of
PBDTTQ-2, PBDTTQ-3 exhibited very low optical bandgap and higher electron deficient
nature. Meanwhile, the mobilities are two orders of magnitude higher than for PBDTTQ-2.
Changing the fused aromatic rings from acenaphthylene to benzodithiophene in the TQ
moiety also played a significant role on the optoelectronic properties and the device
performances of these polymers. PAPhTQ exhibited a larger optical bandgap and a weaker
EA compared to PBDTTQ-3. Although both polymers had quite disordered films, PBDTTQ-
3 still exhibited well-balanced ambipolar charge carrier transport with mobilities up to 0.22
cm” V' s for holes and 0.21 cm” V™' s™ for electrons. PAPhTQ revealed also ambipolarity

with slightly lower average mobilities.

A photosensitizer group, phenanthrene, was condensed onto TQ moiety to yield a new
acceptor PhTQ (Chapter 5). It expanded a new application of PhTQ-based polymers in
organic phototransistor (OPT). The corresponding polymer PPhTQ exhibited a balanced
ambipolor field-effect behavior. As expected, PPhTQ as an active layer in OPT device
showed a maximum photoresponsivity of 400 A/W, which not only exceeds that of single-
crystal silicon-based OPTs (~300 A/W), but is also among the best OPT performances for

conjugated polymers.

Dual-acceptor-based copolymers, PDPP-T-TQ, PDPP-2T-TQ, and PDPP-3T-TQ,
were designed and synthesized based on two acceptors TQ and DPP (Chapter 6). PDPP-T-
TQ showed a surprisingly low optical bandgap with 0.60 eV. From polymers PDDP-2T-TQ
to PDPP-3T-TQ, the intramolecular charge transfer abilities of polymers were decreased,
while the coplanarities of the polymers were significantly improved. Meanwhile, as ambipolar
copolymers, the hole mobility of PDPP-3T-TQ was one order of magnitude higher than for
PDDP-2T-TQ. These results implied that improvement of intramolecular coplanarities could
be a more efficient strategy in improving charge transport than the enhancement of their ICT

for DPP-TQ based copolymers.
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Althogh the chargr carrier mobilities of the TQ-based polymers have been achieved up to
0.2 cm® V' s in our work, it is still possible to further improve mobilities via molecular
design. Some proposed TQ polymer structures are shown in Chart 9.1. Firstly, the benzene
units replace the benzodithiophene in BDTTQ, shuch as TQ3-5, the introduction of fluorine
and chlorine atoms in benens units can enhance the intermolecular interactions. The DFT (6-
31G) calculations indicated that TQ1 has a similar LUMO level (-3.72 eV) as BDTTQ (-3.70
eV), However, the LUMO levels of TQ2 and TQ3 are surpurisingly decreased to -4.16 and -
4.17 eV, respectively, which are lower than dithienyl-benzobisthiadiazole (-4.02 eV DT-
BBT). These results implied that the corresponding polymers P1-P3 could have highly
ordered arrangement in films and exhibit high performance ambipolar or n-type device
behaviors. Secondly, the branched alkyl chains of PBDTTQ-3 can be replaced by tuning the
distance of the branching point (P4-Y) or siloxane-terminated (PS). It could improve

molecular packing in films, leading to better ambipolar charge carrier transport.

S N N s
N\ IN / \ / \ N\ IN
]\ S S S ]\ ]\
S \W/ NN S S
\ /
N\‘s"N EQ] Ny N TQ1,X=H
DT-BBT ’ ¢ s \ X_Q_x TQ2, X=F
BDTTQ x X TQ3, X=Cl

Chart 9.1 The structures of small molecles and proposed condensed TQ-based polymer structures for
the future investigations.

The results that were mentioned in the polymer parts also encouraged us to study some
small moleucles. Therefore, three target molecules, TIPS-APhTQ, TIPS-PhTQ, and
TIPS-BDTTQ, were synthesized via a facile and highly efficient route (Chapter 7).
TIPS-BDTTQ exhibited a very low EA value of -4.0 eV. All three molecules
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demonstrated a brick wall packing motif through their dimer interactions. Among these
molecules, TIPS-PhTQ and TIPS-BDTTQ possessed shortest and largest m-stacking
distances, respectively. Interesting, It was in good agreement with the polymers
morphology where PPhTQ had the best ordered arrangement in films, PAPhTQ exhibited
slightly higher order than PBDTTQ-3 among these three polymers in films.

The synthetic route was further modified and successfully synthesized a
centrosymmetric phenanthroline-fused azaacene, TIPS-BisPhNPQ (Chapter 8). In
comparison with axialsymmetric phenanthroline-fused azaacene derivative, TIPS-PhNTQ,
TIPS-BisPhNPQ shows a m-stacking of 2D brickwork arrangement. More interestingly, this
molecule formed the intermolecular H-bonds by phenanthroline as end capping groups, which

led to a highly ordered arrangement in solid states.
b
X <

1 LT

M1-3 M4-6 M7-9

Chart 9.2 Proposed new azaacenes for the future investigations in OFETs.

It should be noted that the key intermediate 3,6-bis((triisopropylsilyl)ethynyl)benzene-
1,2,4,5-tetraamine (3 in Chapter 8) provides a chance to synthesize more large azaacenes.
The new molecules (M1-9) are designed as shown in Chart 9.2. These molecules could show
some advantages for application in OFETs. Firstly, the introduction of fluorine, chlorine, and
cyano groups will enable to enhance molecular m-stacking ability and stabilize molecular
HOMO energy levels. Secondly, the TIPS-ethynyl groups were attached to new molecules,
which are beneficial for improving molecular crystallization ability and solubility. Besides
these new molecules, we believe that this new synthetic protocol can produce more azaacenes

which possess excellent electron charge transport in OFETs.
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Appendix-I General methods

Chemicals and solvents

All chemicals and reagents were used as received from commercial sources (Sigma-
Aldrich, Acros Organics, Fluka, Merck, Tokyo Chemical Industry) without further
purification. Solvents for chemical synthesis were used as received from Sigma-Aldrich and

Acros Organics, unless stated otherwise.

Chromatography

Preparative column chromatography was carried out on silica 60 with a grain size of
0.063-0.2 mm or 0.04-0.063 mm (flash silica gel), which were received from Macherey-Nagel.
Some special preparative column chromatography was performed using neutral and base
aluminum oxide (Fluka). The analytical thin layer chromatography (TLC), 0.2 mm silica gel
with fluorescent indicator, was used from Macherey-Nagel. Compounds were detected by
fluorescence quenching at 254 nm, self-fluorescence at 366 nm. For eluents, the analytical
grade solvents were used directly, and technical grade solvent (hexane) was distilled prior to

the use.

Microwave assisted synthesis

The microwave assisted synthesis was performed for some Stille coupling reactions in
a CEM discover TM system, in a closed 10 mL vial equipped with temperature and pressure

sensor and magnetic stirring.
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NMR spectroscopy

'H NMR and "°C NMR spectra were recorded in deuterated solvents on a Bruker DPX
250, 500 and 700 spectrometers. Chemical shifts (3) were given in parts per million (ppm)
with tetramethylsilane as internal standard. The measurements were carried out at room

temperature (293 K), unless stated otherwise.

Mass spectrometry

Field-desorption mass spectra (FD-MS) were recorded on a VG Instruments ZAB 2-
SEOFPD spectrometer (range 100-3300). High Resolution Mass Spectra (HRMS) were carried
out by the Microanalytical Laboratory of Johannes Gutenberg-University, Mainz. UV—Vis-
NIR absorption spectra were measured on a Perkin-Elmer Lambda 9 spectrophotometer at

room temperature.

UV-vis-NIR and steady sate fluorescence spectroscopy

Solution and solid state UV-vis-NIR spectra were recorded on a Perkin Elmer Lambda
15 spectrophotometer. Unless otherwise noted, a concentration of 10° mol L was used in
solvents of spectroscopic grade at room temperature. The quantum corrected steady state
fluorescence spectra were registered on a SPEX-Fluorolog II (212) spectrometer.
Fluorescence quantum yields were determined by the comparative method (the references
were mentioned in text) and corrected for the refractive index of the solvent of the probe. The
solutions were prepared with an absorbance between 0 and 0.1 at the wavelength region of
experimental interest. Conversion into an absolute quantum yield is obtained by solving the

following equation:

2
b Fl,Sample = b Fl, Reference X (OD Reference / OD Sample) X (A Sample /A Reference) X (71 Sample / n Reference)
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wherein:

@ : fluorescence quantum yield of the sample and reference;
OD : The absorption intensity of the sample and reference;
A : The area of under fluorescence intensity;

n: Refractive index of the solvent.

Cyclic voltammetry

Cyclic voltammetry (CV) was carried out on a computer-controlled GSTAT12 in a
three-electrode cell in anhydrous solvents solution of BusNPF¢ (0.1 M) with a scan rate of 50
mV/s at room temperature under argon (dichloromethane for monomers and acetonitrile for
polymers). A Pt wire, a silver wire, and a glassy carbon electrode were used as the counter
electrode, the reference electrode, and the working electrode, respectively. For the monomers,
the measurements were carried out using a 0.1 mol L" dichloromethane solution of n-
BusNPF; as electrolyte, while the analytes were dissolved in concentrations of 10 mol L.,
EA were estimated from the onsets of the first reduction peak, while the potentials were
112

determined using ferrocene (Fc) as standard by empirical formulas Ega = - (Ered™™" - Ere/Fes

+ 4.8) eV wherein EFC/FC+1/2 =0.63eV.

Thermogravimetric analysis and differential scanning calorimetry

Thermogravimetric analysis (TGA) were carried out on a Mettler 500
Thermogravimetry Analyzer with heating rates of 10 K/min. Differential scanning calorimetry

(DSC) were measured on a Mettler DSC 30 with heating and cooling rates of 10 K/min.

Gel permeation chromatography

The molecular weights were determined by PSS-WinGPC (PSS) (pump: alliance GPC
2000) GPC equipped with an UV or RI detector running in tetrahydrofuran at 30 °C or 1,2,4-
trichlorobenzene at 135 °C using a PLgel MIXED-B column (particle size: 10 mm, dimension:

0.8x30 cm) calibrated against polystyrene standards.
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Elemental analysis

Elemental analysis of solid samples was carried out on a Foss Heraeus Vario EL as a

service of the Institute for Organic Chemistry, Johannes Gutenberg-University of Mainz.

Computational methods

The geometry optimizations were performed using Gaussian 03, 2 Revision B.04
quantum chemistry program at the B3LYP level of theory.1 All calculations were carried out
using the 6-31G, 6-31G* or 6-31G** basis sets.”” For all compounds the lowest energy
conformers, found by conformational search, were subjected to full geometry optimization

(Gaussian, Inc., Pittsburgh PA, 2003).

OFET devices fabrication and measurements

All FETs were fabricated employing the bottom-gate, bottom-contact architecture.
The 200 nm thick SiO; dielectric covering the highly doped Si acting as the gate electrode
was functionalized with hexamethyldisilazane (HMDS) to minimize interfacial trapping sites.
Polymer thin films were deposited by spin-coating or drop-casting in different solutions with
different concentrations (Mentioned in text) on FET substrates under nitrogen atmosphere,
followed by annealing. The channel lengths and widths are 20 and 1400 um, respectively. All
the electrical measurements (using Keithley 4200 SCS) were performed in a glovebox under

nitrogen atmosphere.

Organic Phototransistors (OPTs) fabrication and measurements

Bottom-gate bottom-contact architecture was utilized for devices. The source and
drain electrodes with 60 nm in thickness were deposited by Au evaporation. Before
measurement, annealing at 180 °C was carried out to remove residual solvent. A Keithley
4200-SCS was used for all electrical measurements in a glovebox under nitrogen atmosphere.
The white light of a Nikon microscope (SMZ1000, ~15 mW cm™) was directly used for

irradiation.

Page 192



OPYV devices fabrication and measurements

The photovoltaic devices were prepared using the common fabrication process. The
active layer was deposited by spin-coating a solution of the donor-acceptor mixture onto
indium thin oxide (ITO) glass substrates, which were precoated with
poly(ethylenedioxythiophene) doped with polystyrene sulfonic acid (PEDOT:PSS, a
conducting polymer); then a typically 100 nm thick Al layer was vapor deposited onto the
active layer. The photovoltaic response of the device was determined using an AM 1.5G

standard, operating with an illumination intensity of 100 mW cm™.

X-ray diffraction

Film X-ray diffraction was performed on a theta-theta Philips PW 1820 Kristalloflex
diffractometer with a graphite-monochromized Cu-Ko X-ray beam (Cu Ko, A = 1.5418
A Hhitting the thin film deposited as described in each case. The diffraction patterns were

recorded in the 260 range from O to 30.

Two-dimensional wide-angle X-ray scattering

2DWAXS measurements were performed using a custom setup consisting of the
Siemens Kristalloflex X-ray source (copper anode X-ray tube, operated at 35 kV/20 mA),
Osmic confocal MaxFlux optics, two collimating pinholes (1.0 and 0.5 mm Owis, Germany)
and an antiscattering pinhole (0.7 mm — Owis, Germany). The patterns were recorded on a
MAR345 image plate detector (Marresearch, Germany). The samples were prepared by

filament extrusion using a home-built mini-extruder.
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Grazing incidence wide-angle X-ray scattering

GIWAXS measurements were performed using a custom setup consisting of rotating
anode X-ray source (Rigaku Micromax). By orienting the substrate surface at or just below
the critical angle for total reflection with respect to the incoming X-ray beam (~0.2°),
scattering from the deposited film was maximized with respect to scattering from the substrate.
The GIWAXS data were acquired using a camera comprising an evacuated sample chamber
with an X-ray photosensitive image plate. A rotating Cu-anode operating at 42 kV and 20 mA
(Cu Ka, A = 1.5418 10\) was used as X-ray source, focused, and monochromatized by a 1D

multilayer. Diffraction patterns were recorded on a MAR345 image plate detector.

Scanning force microscopy

The scanning force microscopy (SFM) analysis was performed in intermittent contact
mode (MFP-3D, Asylum Research, Santa Barbara, USA). The SFM was operated in a glove
box filled with dry N2 at room temperature. Silicon cantilevers (OMCL AC 240 TS, Olympus,
Japan) with a nominal resonance frequency of 70 kHz and a spring constant of 2 N/m were
used. All SFM images were flattened and analyzed by using the Gwyddion 2.30 software
(http://gwyddion.net/).
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Appendix-III Crystallographic table

Compound TIPS-APhTQ TIPS-PhTQ TIPS-BDTTQ
CCDC number 1035450 1035451 1035452
Chemical formula C4oHasN4Si,S C4oHsoN4Si,S C33Hu6N4Si1,S;
Formula Mass (g mol™) 673.06 699.1 711.15
Crystal system triclinic triclinic triclinic
Space group P1 P1 P1

Crystal size (mm”)

0.03 x0.14 x 0.48

0.02x0.19x 1.3

0.06x0.18 x 1.0

a(A) 7.818(7) 8.0002(14) 7.5790(10)
b (A) 14.4719(2) 14.350(3) 14.4202(16)
c (A) 18.6562(16) 17.786(3) 17.562(2)
a(°) 67.602(6) 105.315(4) 105.750(9)
B (°) 78.490(7) 93.718(5) 94.034(10)
v (©) 82.794(7) 99.307(5) 90.134(10)
Z 2 2 2
Unit cell volume / A’ 1909.4(3) 1931(1) 1842.2(4)
Temperature (°C) -60 -100 -60
Absorption (mm™) 0.18 0.18 0.300
Radiation Mo-K, Mo-K, Mo-K,
Diffractometer STOE IPDS 2T Smart CCD STOE IPDS 2T
No. of reflections measured 19744 26315 19063
Rint 0.0792 0.0828 0.0961
wR2 0.1453 0.1637 0.2233
Goodness of fit 0.878 0.971 0.922
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Compound TIPS-PhNTQ TIPS-BisPhNPQ
CCDC number 1054330 1054329
Chemical formula C4oH4sN6S1,S, CH,ClI, Cs,H54NsSi,
Formula Mass (g mol ™) 786.01 847.21

Crystal system triclinic triclinic
Space group P1 P1

Crystal size (mm°)

0.03 x0.04 x 0.6

0.05x0.1x0.45

a(A) 8.0609(14) 8.2898(8)
b (A) 16.2948(11) 9.0365(8)
c(A) 17.4620(12) 15.893(2)
a(°) 70.798(5) 84.845(8)
B(°) 85.053(6) 84.909(8)
v (©) 82.202(6) 74.567(8)
Z 2 1
Unit cell volume / A’ 2143.9(3) 1140.4(2)
Temperature (°C) -80 -80
Absorption (mm™) 2.63 0.12
Radiation C.-K, Mo-K,
Diffractometer IPDS 2T STOE IPDS 2T
No. of reflections measured 25974 11788
Rin 0.1508 0.0501
wR2 0.3425 0.1386
Goodness of fit 1.805 0.981
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