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Abbreviations

A angstrom

1,2-DCE 1,2-dichloroethane

1D one-dimensional

2D two-dimensional

2DWAXS two-dimensional wide angle scattering
DE energy gap

Mn hole mobility

He electron mobility

AcOH acetic acid

a. u. arbitrary unit

B3LYP Becke, three-parameter, Lee-Yang-Parr
BLA bond length alternation

br broad (NMR signal)

cv cyclic voltammetry

d doublet (NMR signal)

dd doublet of doublets (NMR signal)
DCM dichloromethane

DFT density functional theory

DMF N,N-dimethylformamide

DSC differential scanning calorimetry

EA electron affinity

ESI+ electrospray positive ionization

eV electron volt

Fc ferrocene

FD-MS field desorption mass spectrometry
FF fill factor

FWHM full width at half maximum

GIWAXS grazing incident X-ray wide angle scattering

GPC gel permeation chromatography



NBS
NIR
nm

oD
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OLEDs
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OPVs
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P3HT
PCE
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PL

hour
high resolution mass spectrometry
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highest occupied molecular orbital
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short circuit current
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optical density
organic field-effect transistors
organic light emitting diodes
organic phototransistors
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poly (3-alkylthiophene)
poly(3-hexylthiophene)
power conversion efficiency
polydispersity index

photoluminescence



ppm parts per million

PPV poly(para-phenylene vinylene)
Pr photoresponsivity

Ps photosensitivity

Oxy the in-plane scattering vector

d. the out-of-plane scattering vector
RFID radio frequency identification tag
rpm revolutions per minute

r.t. room temperature

S singlet (NMR signal)

SAM self-assembled monolayers
SFM scanning force microscopy

t triplet (NMR signal)
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THF tetrahydrofuran

TGA thermogravimetric analysis
TIPS triisopropylsilyl

TLC thin layer chromatography
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UV-vis-NIR ultraviolet-visible-near infrared
\Y, volt

Vp source-drain voltage

Vg gate voltage

Vo open circuit voltage

V1 threshold voltage



Chapter 1. Introduction

1.1 General background

Conjugated materials have been paid more and more attention in digjgrecnitting
diodes (OLEDs}, organic photovoltaic cells (OP\fsand organic field-effect transistors
(OFETSs)? due to their potential applications in displays, energy stomageconversion, as
well as radio frequency identification tags (RFID). In comparisdh the traditional silicon
based materials, organic conjugated materials provide many advaintelgeling low cost,
light weight and flexibility. Particularly important is the leemperature solution processing,
which is a crucial issue for the industrial interest of lasgale roll-to-roll electronic devices.
Maybe the organic electronics don't completely replace the inargaaierials, but their
multifunctional applications like light-emitting FETs (LEFETa)e real advantages over

inorganic materials.

Since the first conjugated polymer pplfa-phenylene vinylene) (PPVP(, Chart 1)
was reported as the active layer in OLEDmganic chemists have explored a tremendous
amount of conjugated polymers for applications in OLEDs, OPVs and ©HHmey carefully
adjusted molecular lowest unoccupied molecular orbital (LUMO), highest odconilecular
orbital (HOMO) and energy band gap. These factors play very iargombles in different
electronic devices. Some reasons are listed: (1) The HOMGs ldetermine the material
ambient stability. (2) The energy band gap can change the emitorg of polymers, which
is very important for application in OLEDSs. (3) Tuning the LUMO &@MO energy levels
of polymers to match their corresponding acceptors or donors can sigtiffiecnfluence
power conversion efficiency (PCE) in OPVs. (4) LUMO energy leselpolymers can
determine material charge transport behavior (p-type, n-typeamhipolar). (5) The very
low band gap polymers are beneficial for transporting holes aottais in OFETs but also

as near-infrared dyes. Beside the above mentioned points, the mmdifichside chains is
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also paid more attention, because they can significantly impamubility, molecular weight

and morphology, further enhancing device performance.

1.2 Strategies for tailoring polymer bandgaps

In order to develop the ideal materials for special applicatioed,UMO and HOMO
energy levels and energy band gaps of polymers need to be prézilebd. However, the
exact control of them is not a simple process, because maoystavhich are related to each
other, determine the final molecular bandgap. Herein several metiedsummarized to
discuss how to tune the band gap of polymers. The first one introducegiarbatkbone
which can form the quinoid character in polymer chain. The second omizgst the
topology and geometry of polymers by tuning different linkage pettand substituents in
polymers, and the last method is fashion design at present, nanietgatahg donor and
acceptor (D-A) copolymer systems.

1.2.1 Resonance structures of polymeric units

The electron delocalization along the conjugated backbone convedsuie bonds to
single bonds, at the same time, transforms single bonds into double bondsm a
resonance structure with quinoid character. The quinoid structuresesgestable than
aromatic structures. Formation of a quinoid structure requiresudésh of the aromaticity
and a loss in the stabilization energy, thereby narrowing the bgndTha bond length
alternation (BLA) is the parameter to describe the ratio oatheatic to quinoid population.

It needs to be mentioned that the quinoid character increases ditling BLA value> Chart

1.1 presents five polymers, which have two possible resonance stsu¢anoenatic and
quinoid structures) in the ground state. Pody&-phenylene) P1) has a large energy band
gap between 3.0 and 3.5 &\ue to the large BLA between the benzene units. After
introducing ethylene spacers between benzene units to reduce thatiarstabilization
energy, the band gap of pabgra-phenylenevinylene)R2) decreases to 2.5 é\When the
benzene unit is replaced by thiophen®in which has a lower aromaticity than benzene, the
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band gap of polythiophen®T, P3) is further reduced to 2.0 €VThe aromatic structures of
three polymers as above mentioned provide more contribution than quinoidirsisu&s a
breakthrough work in developing low band gap polymers, Wudl and cowaeqaosted a
poly(isothianaphthenelPd) with a band gap of ~1 eV due to efficient increase of the quinoid
charactef Heterocyclic unit replacement 4, on the other hand, a slightly lower band gap
of 0.95 eV was achieved in poly(thieno[3,4-b]pyrazire})( 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 'n S 'n

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

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

The band gaps of polymers are significantly affected by tbpwlogies. Three different
linkages ¢rtho, metaandpara positions) of poly(phenylenevinylene)s are shown in Chart 1.2.
P6-P8were early studied by theoretical calculatiSrend their band gaps were measured as
shown in Figure 1.1. For the same repeating unit of polymer, the airttee band gap iB8
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(p-polymer) <P7 (o-polymer) <P6 (m-polymer). The corresponding soluble polymé&$-
P11 with different linkageswere synthesized by Wittig reactibh.The UV-vis spectra
showed the maximum absorption wavelendthaf at 330, 340 and 380 nm, B8, P10and
P11, respectively. Their optical bandgaps enlargedh Wit1 (p-polymer) <P10 (o-polymer)

< P9 (m-polymer), which was in agreement wilt6-P8 These theoretical calculations and
experiment results confirmed thaara linkages of polymers were beneficial fprelectron
delocalization in the conjugated backbone, yieldintpwer bandgap, whileneta linkages
strongly interrupip electron delocalization, leading to large banddiaghould be noted these

polymers possess the identify molecular formulthefconjugated backbones.

P6

_ 401 .
<
e
o )
= 3,5 @ m
|
2 304 om
9
2
o 254
7]
K]
w
2,0 v T v 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 unitsR@-P8vs reciprocal number of repeating units
(This figure was provided by Prof. Martin Baumgattenpublished result).

Diketopyrrolopyrrole (DPP) monomer can béypwerized by 3,6 or 2,5-aryl substituents
to produce the corresponding copolymers (Chart TR¢ different linkage patterns of DPP-
based polymersP(l2 and P13 were prepared using electropolymerizatibriThe one
repeating unit ofP12 shows abathochromic shift of 40 nm at thlenax compared to
monomericP13 in dichloromethane solutions. Aftetectropolymerizationthe | nax of P12
has a large red-shift of 138 nm compare@1@&in the films. It implied that the-conjugation
of DPP-based polymers was disrupted when the laltatoms of DPP were introduced into
the conjugated backbone. That is why all of théhipgrforming DPP-based polymers were

always obtained by polymerization at 3,6-aryl poss.
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Chart 1.2 Extending conjugations in phenylenevinylene-based and DPP-based polymers by
different linkages.

Tuning the polymer geometries is another important method to contrglotimmer
bandgaps. The insolubility of unsubstitutd®l made them unavailable for standard
characterizations and applications, the first soluble substiRifeslas reported by grafting an
alkyl chain onto the 3-position of thiophelfeHowever, due to the asymmetrical 3-
alkylthiophene, the dimerization can produce three different confignea#s shown in Chart
1.3} The 2-position and 5-position are noted as the “head” and “tail”, réxsglgc For the
dimerization, the dimer can be joined in head-to-head (HH), head-{bttg, and tail-to-tail
(TT).*® Further, trimerization has four different combinations. It can besagedl a more
intricate arrangement for poly (3-alkylthiophenBBAT) without regiochemical control. The
previous polymerization methods, electrochemical polymerization, Kuroadpling and
FeCk-catalyzed reaction, were not regiocontrolled during the polymengahus producing
the corresponding polymers within high degree of disorder. The UV-vidgrape solution
exhibited| max at 428 and 436 nm for 50% and 70% HT coupling, respecti%éfyThe HT
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coupling ofP3ATs can be determined Bi-NMR, there is only one signal at 6.98 nm, which
belongs to the 4-position proton on the thiophene ring. Whereas the regilairredATs
revealed four signals in the aromatic region that can be a#éidbot the protons on the 4-
positions of the central thiophene ring in each trimer: HT-&H¥ 6.98 nm), TT-HT ¢ = 7.00
nm), HT-HH d = 7.03 nm), TT-HH ¢ = 7.05 nm):®*° In order to develop new synthetic
methods towards regioregular (fB3ATs, three methods (McCullough meth@dRieke
method® and Grignard metathesis metfAbt) were reported to afford more than 95% HT
coupling in succession, their correspondingx in solutions were achieved in a region of
440-460 nm. Notable, thenax of P3ATsnot only depended on the regioregularity, but was

affected by the degree of polymerization and the alkyl chain.

m HTHT

< .
R

ng-lzad % < " HH \

Monomer D_Q < TT-HH
R

R = Alkyl Chain
Dimer

R
TT-HT

Trimer

Chart 1.Bescription the regioisomers of 3-alkylthiophéhe.
1.2.3 D-A alternating copolymers

In order to develop low bandgap semiconducting polymers, Havinga cavatkers
designed a new approach using alternating donor and acceptoremagetconstruct the
conjugated chaifi! They used squaric acid and croconic acid as strong acceptors to

polymerize with few donors by polycondensation reaction. In spitevointholecular weights
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of these polymers, extremely low bandgaps of sudjnpers were indeed achieved wih <
0.5 eV. It was the first time to introduce the deacceptor (D-A) concept. Up to date the D-
A approach has proved to be one of the most suttessthods in developing low bandgap
polymers. The LUMO and HOMO energy levels of theuteng polymers were determined
by the LUMO of the acceptor moiety and the HOMOtloé donor moiety, respectively
(Figure 1.2). Their bandgaps can be further deeckasith increasing the degree of
polymerization. In comparison with homopolymers, rexamportantly, the bandgaps and
energy levels of D-A alternating polymers can bioted by varying donor or acceptor
moieties. Additionally, the energy levels of D-A lpmers can be further adjusted by
modifying the substitution on donor and acceptdtsuwith electron donating or withdrawing
functional groups. Due to this unique feature oARepolymers, they have been widely used

in organic electronics, especially in OFETs and GPV

Conjugated length

Figure 1.2 Schematic illustration of the bandgap engineeoiD-A copolymer.
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P14

CsHq7

P18 P19

Chart 1.4 The bithiophene-based polymers containing different acce®a#sR 1§, the thieno[3, 4-
b]thiophene-based polymeBY7-P19, and the dual-acceptor polymeP20-P2).

It was proven that the charge transportation behaviors of D-A pdydepend on the
affinity nature of acceptors in OFE¥3sFor example, three D-A copolymePd4-P16were
synthesized using Stille coupling reaction, between bithiophene and wliffereeptor units
(Chart 1.4F°?% The corresponding data are summarized in Table 1.1. The electimity aff
(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 difegan the absorption
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profile, bandgap, energy levels and charge carrier transport. GomdPfi4, P15to P16, the
optical bandgap reduced from 1.9, 1.57 to 1.45 eV, especially the EA vaiees
significantly decreased from -3.04, -3.74 to -3.91 eV, with increasing etbetron
withdrawing ability. At the same time, the charge transportdigiraviors of these polymers
were transformed from hole to ambipolar and electron transportefohe, it is very

important to select suitable acceptors towards developing different ty@#sEdTs.

In order to achieve high power conversion efficiency (PCE,ekiremely important to
design well-matched energy levels between polymers and [6,6]4pGéhybutyric acid
methyl ester (PCBMj° Yang and coworkers reported three polym@&%s7¢P19 which were
composed of the same conjugated backbone as shown in Chart 1.4. Troa @ébdrawing
ability of thieno[3, 4b]thiophene core was tuned by changing its substitufforighe
corresponding data are summarized in Table 1.1. Three polymers leminbe/alues df max
and optical bandgap. When the (octyloxy)carbonyl group on the thierl{Bidphene in
P17 was replaced by a branched alkyl carbonyl chitB), both the IP and EA values were
decreased by 0.11 eV. When fluorine was introduced to the thier{Bidphene P19),
both of IP and EA were further reduced by 0.1 eV. It did not influeheg optical and
energy bandgaps. However, the difference is the low-lying ®L(eV), which can increase
the open circuit voltageV() when these polymers were blended with PCBM as active layer
for OPVs. TheV,. of these solar cell devices were 0.62, 0.70 and 0.76 Y1@r P18 and
P19 respectively. The increas®g. of P19resulted in a high PCE of 7.4%. To date, the D-A
copolymers have achieved higher performances with hole moibili§2af cnf V*s? in
OFETS? and PCE of 10.8% in single junction OP¥s.

Most of low bandgap polymers containing one acceptor have highehaoleléctron
mobility in OFETSs. In order to adjust the electron transportingtglafiD-A polymers, a new
concept of “dual-acceptor polymers” was propo$eBue to the introduction of the other
acceptor, such polymers usually show very low bandgaps with deep LUNQyelevels,
thus leading to well-balanced or electron-dominant transportingpaabi characteristics.
Two dual-acceptor polymers are shown in Chart 1.4. Polyg6rafforded a relatively deep
LUMO level of -4.00 eV, it is lower than those of single DPP hrdzothiadiazole (BT)
based polymer® Such low LUMO level led to a well-balanced ambipolar transporting
property of P20 (Table 1.1). PolymeiP21 was constructed via combining two strong

acceptors DPP and benzobisthiadiazole (BBTbviously, the very narrow bandgap (0.65
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eV) of P21 was related to the stronger acceptor BBT in comparison witloth&l. The very
low bandgap and deep LUMO level resulted in polyrR@d also presenting ambipolar

behavior, but electron-dominant transport characteristic.

Table 1.10ptical absorption, electrochemical properties, and device perfoesaffe14-P19.

Polymers | pacim  Eg IP EA m He PCE  Ref.
(nm) (eV) (eV) (eV) (cnfVv?tsh)  (enfVish) (%)
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 i@FET

Conjugated polymers for OFETs have been tremendous successfid.dttnated to
the good cooperation between physicists and organic chemists by unendmgatioin
device performance and synthesis of conjugated materiajsectesly. Some structure-
morphology-charge carrier mobility relationships have been investigatddunderstood.
With these relationships in mind, organic chemists have synthesiaesl and more high
performance polymers by rational control of some factors, sunhraber-average molecular
weight (M), polydispersity index (PDI), end capping, match donor and accept@tiesoi
side chain groups and so on. Herein we only list those factors venehfrequently

investigated.
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1.3.1 Molecular weight PDI, and end capping

The molecular weight has proven to have significant influence och#rge carrier
mobility. Usually, increasing the molecular weight is benafidior improving device
performancé’* The polymer with a M above 20 kg mdl is important to obtain high-
performing semiconductor material. However, it will decreaben the molecular weights
are as high as 150 kg riolbecause such high molecular weight polymers have higher
viscosity, which is not beneficial for formation of uniform thitnf 3 It is, therefore, very
important to synthesize new polymers with proper molecular weightsptimized synthetic

approaches.

-N
S CieHaCreHas

P22 P23 P24

' CizHos
¥ \N o CioHas
N
O 5-0
N \ /" s
CizHas CyaHps CioHa21 © n
CizHos
oo P26 P27

Chart 1.5 Chemical structures of CDT-BTZ based polym@26 andP27.

Two polymers cyclopentadithiophene-benzothiadiazole (CDT-BAZ) andP23, were
first synthesized via a Stille coupling between distannyl-GBd@ dibromo-BTZ%* Due to
the poor solubility ofP22, it wasn’t further characterized. The polymer side chainse we
modified by replacing two hexyl linear chainsR22 with a couple of 2-ethylhexyl chains to
obtain P23 which exhibited good solubility and a high, df 20 kg mot, the hole mobility
was achieved to 0.015 éiv*s?. However, the purification of the toxicity of distannyl-CDT
IS a major concern, because this liquid compound cannot be purifiedchystallization.

Mullen and his coworkers optimized carefully this kind of polymer fipleying side chains
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engineering and Suzuki coupling polymerizatidf?*> Both polymersP24 and R5 with
different side chains are shown in Chart 1.5. Quled purification and concentration in
solution of monomers enabled synthesis of varyirdesular weights foP24. For example,
the highest molecular weight &24 was accomplished by multiple recrystallizationstto#
diboronyl ester-BTZ, purifying dibromo-CDT throughrecycling high performance liquid
chromatography (HPLC) system, and decreased theeotnation in solvent of monomers
before polymerizatio® The different molecular weights d?25 were obtained by the
adjustment ratio of both monomers. The results detnated that the molecular weights are
very critical to achieve high mobilities as shown Figure 1.3a, because molecular
crystallinity were improved with increasing the malilar weights of the polymers. It is worth
to mention that the charge carrier mobilities afnsopolymers, such @26 or P27, (Figure
1.3b) are insensitive or decreased with increatieg molecular weight®*’ It is related to

the relationship between polymers film ordering amamlecular weights.

1 @ s (b) = P26
—e—P25 0.25 P27
. o
. o~
T 25 v
> L, 020
E 2.0 e
15 U.Ems
S 1.0 =
0.5 0.10
O'D 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 nmlar weights and hole mobilities BR4,
P25(a) andP26, P27 (b).

Additionally, a large PDI has also a idist negative effect on charge carrier mobility,
due to the broad molecular weight leading to pagstallization. However, some polymers
still exhibited charge mobilities above 1 t¥™ s, even though their PDI were reported
higher than 4, it was attributed to their strongragation in solutio®®>! Bao and her
coworkers reported a DPP-based polym&B (Chart 1.6Y® This polymer exhibited a hole
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mobility of 2.1 cnf V! s'when the annealing temperature of the active layer was indrease
190 °C. However, GPC result provided a bf 21.9 kg mof with a large PDI of 6.75 at
140 °C, due to strong aggregation. When the measurement temperatuagsecso 190 °C,

the PDI was decreased to 3.25 with, Bf 20.5 kg mof. The temperature was further
increased to 200 °C, the influence of aggregatidra@was completely eliminated to show a
M, of 22.8 kg mof and a PDI of 1.94. Therefore, it is important to measure molecular
weights of polymers using high temperature by GPC to obtamabM, and PDI. End-
capping of a D-A polymer is quite popular using mono-functionalizeddmenar thiophene,
because it can reduce the defects and increase the thermétystibpolymers. Two
polymers,P29 and P30 (without and with end-capped thiophene unit), were investigated by
Bazan and his coworkers as shown in Charf4l6was discovered that both polymers had
negligible differences in optical and morphological charactesiif the active layer. But the
end-capped polymer exhibited better thermal stability, fewerctiefand slightly higher PCE

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

Chart 1.6 Chemical structures ¢28-P30

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

The HOMO energy levels of polymer semiconductors are controleddre-5.0 and -
5.5 eV by matching donors and acceptors, which are very importdetvedop stability and
high performance OFETs. A high HOMO level (> -5.0 eV) of matausually yields low
charge carrier mobility even in a glove box. Because the glovedmitions are composed
of an oxygen concentration from 0.5 to 1 ppm and moisture concentratiwounfd 0.2 ppm.
The moderate doping of organic semiconductors by “dilute air™~Oppm and KD ~1 ppm)
dramatically decreased the field-effect performatia&hen HOMO level of material is lower
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than -5.5 eV, large current on/off ratio and good mobility can Iséllobtained, but such
devices typically have an unacceptably large threshold voltAgest (Chart 1.7) is the most
successful example achieving excellent charge carrier mylaihtong BTZ-based D-A
copolymers in OFETSs. After the optimization of the moleculargiedf polymer and the
fabricating conditions of devices, the hole mobilityR#4 was continuously improved from
0.17, 1.4, 3.3 5.5 t0 6.5 ériv ' s1.3842**Dithienopyrrole (DTP) is a stronger donor than CDT,
due to the introduction of an electron-rich nitrogen atom at the bridggopod herefore, the
polymerP31, which used DTP as a donor, exhibited a loigf (1.2 eV), and higher HOMO
energy level (-4.65 eV) compared 24 (Eop= 1.4 eV, HOMO= -5.3 eV). The Mof P31
was achieved as high as 44.8 kg ™alith a PDI of 1.8, but FET characteristic was not
observed in devices.Dithienosilole (DTS) is another donor. Te&orbital of the C-Si bone

is more effectively interacting with thp*-orbital of the butadiene fragment, and thereby
allow strongeip-stacking interactions to occtft The polymer32, which used DTS as a donor,
exhibited a lowEyy (1.4 eV), and HOMO energy level (-5.0 eV), and the device showed a
hole mobility of 0.01 crh V* s1.3” Obviously, the CDT is the best donor with excellent
charge carrier mobility in OFETs among these three BTZ-based D-Aycoerd.

S S S S
S S/ Qo 7 \ W ) \ W
~ LN NN N N\S/\N i

| /0
‘o-N C12H25 C12H25C12H25

P24 P31 P32

Chart 1.7 Chemical structures &f24, P31, andP30.

1.3.3 The side chains engineering in polymers

Solution-processed conjugated polymers include two parts: polymer ahains
(conjugated backbones) and polymer side chains (flexible solubilibiaigs). In polymeric
semiconductors, although the conjugation backbones determine the optoelquinpeities
of polymers, the flexible solubilizing chains also significantipprove the device

performance by affecting molecular arrangement in the ifth.It is, therefore, very
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important to match side chains and conjugated backbones when designimgnsol$ome

representative works are summarized for discussion.
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Chart 1.8 Chemical structures ét33-P37

Chart 1.8 shows the structures of D-A copolymR&3-P37 which have the same
conjugated backbones of isoindigo and bithiophene. Obviously, the linear alkyd chanot
provide enough solubility for yielding the high molecular weight aalit®n processed
polymers. A promising isoindigo-based polymer with a pair ot®4dodecyl group$33
was reported by Pei’s group. This polymer exhibited an air steddée mobility up to 0.79
cn’ V*s1> Bao and her coworkers reported the same conjugated backbonespBi§#n
with an unconventional siloxane-terminated hexyl solubilizing sidenshat the same time,
the P33 was also studied as a reference polymer. In their w8, had a higher hole
mobility of 2.48 cnd Vs thanP33 (0.57 cnf V*sY). It was attributed to the smallprp
distance of 3.58 A in polymeP34 compared toP33 (3.75 A)®® Pei and his coworkers
subsequently moved the branching point from 2-posiiR88)(to the 3-, 4-, 5-position$@5-
P37) to investigate the influence of moving the branching point away the polymer main
chains. The results demonstrated a6 gave a highest mobility up to 3.6 tM*s*with a
shortestp-p distance of 3.57 A among of thémCurrently, the siloxane-terminated side
chains and the tuning of the distance of the branching of alkyl claaway from the
conjugated backbone have been successfully applied to other acceptochianddahigh
mobility in OFETs3#%*
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1.4 Silylethynyl-substituents in acenes and heteroanes

Like polymer semiconductors, the organic small molecules haweohtained great
success in the past few years. Pentacdfik) (@nalogues are among the most important
families of organic semiconductors because of their high chamierctransport in OFETS.
However, the solubility and stability of these molecules sigmiflga impede their
applications and development in organic semicondutdPs=or example, their high-lying
HOMOs make them sensitive to photooxidation, resulting in low dexéc®rmance under
ambient condition§”®®

o
CooCD COUCD

R

< < =<
COCy a0 Crax

Il
< X R
Chart 1.9 Chemical structures éfi1-M6.

Anthony and his coworkers grafted the first example of the triisgpigfethynyl
group onto pentacene and successfully improved the solubility and stability at@eat This
molecule M2) exhibited good solubility, strong-p stacking and significant conductivity
enhancemenf§. Since then, the functionalized pentacene analogues were widely
synthesized® 2 At the same time, the hole mobility B2 was achieved up to 4.6 énd™* s*
by solution processed OFEY.Furthermore, introduction of heteroatoms (like sulfur and
nitrogen) in conjugated backbone system (namely heteroaceneg)segoroven to be one of
effective approaches to improve molecular electronic propediestabilize the HOMO
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energy levels. As shown in chart 1.9, anthradithioph&®),(* tetracenothiophenevid)’
and acenothiadiazoléM6)’® were synthesized, providing lower lying HOMOs than that of
pentacene, thereby exhibiting higher oxidation stability. Theserdeezene molecules form
goodp-p interaction in the solid states and show relatively high hole mobilities (£.8¢rs

! for M3; 1.28 cni V* s for M4; 0.4 cnf V! s* for M5). On the other hand, nitrogen-rich
heteroacenes have been computed as promising candidates for tragspegative charge
carrier by Winkler and HouK. Indeed, tetraazapentaceht’® molecule was reported to
exhibit excellent electron mobility as high as 3.3%afT s* by solution processing. These
properties indicate heteroacene molecules are promising candiftates-type OFET

materials.

1.4.1 Introduction of silylethynyl-substituted in acenes and heteroacenes

Method 1: Nucleophilic addition reaction

Method 1: Sonogashira coupling reaction

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

Cul, PPh3 EtsN

N N._N

AN AN N
[III

N° N N

R = silylethynyl-substituted

Scheme 1.IThe approaches for introduction of silylethynyl-substituted.

Introducing silylethynyl groups has proven to be successful ngtionimproving
solubility and stability of acenes and heteroacenes, but also in@ngdheir capability for

p-stacked arrays. However, currently, only two familiar methodsewused to introduce

Page 17



siylethynyl groups into acenes and heteroacenes as shown in StHendde first is the
nucleophilic addition of siylethynyl anion, which proceeds via theesponding dione
precursors, and then the reduction of the respective diols are pedfSrithe second method
is the Sonogashira coupling reaction which is carried out betweensilytecetylene and
corresponding dibromo precus8fsThus, 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 solubilityeiexand azacenes.
More importantly, this functionalization strategy can tune tbelid state order. Even though
small differences were modified in the substitution of the silitioay significantly changed
molecular crystal packing, therefore leading to different devicdomeances. Taking
pentacene and its functionalization derivatives for example, ystatmpacking of them are
shown in Figure 1.4. Unsubstituted pentacene exhibited an edge-to-¢adaglone
arrangement (1.44};®* which may limit its electron transport propertiésThe introduction
of bulky substitutents disrupts the edge-to-face arrangement opethi@cene cores, and
encourages face-to-face interaction between pentacene coresnidibyisilyl group ofM7
led to a 1D slipped packing arrangement (Firgure £2ihile M2 with the triisopropylsilyl
group formed a 2D brick-stacking arrangement (Figure 1.4%yyhich is a desirable packing
for more efficient charge transport in OFET. The ratio of diamef bulky substituents to the
long-axis dimension of aromatic ring strongly influences molecpéaking styles. If the
substituted diameters are significantly greater or smdiber half the length of the aromatic
backbone, the molecular packing is beneficial for 1D arrangemente \tHiildiameter of side
group is close to half the length of the aromatic ring, the catdecommonly forms the 2D
brickwall motif®° It could be the same reason that triethylsilylethynyl adith@mphene(M3)
adopt a 2D brickwall packing, while triisopropylsilylethynyl amiththiophene displayed a
1D slipped packing arrangeméfit.
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Figure 1.4 Crystal packing for unsubstituted pentacen& (&)methylsilylethynylpentacene () and
triisopropylsilylethynylpentacene (€)

1.5 Motivation and objective

Currently, the strong acceptors receivemtamand more attention, because they are
promising in developing low band gap copolymershwdeep LUMO levels, which impart
characteristics of transporting negative chargeugin the polymers and improves the
stability. In comparison with other strong accepidhiadiazoloquinoxalines (TQs) have some
unique properties such as quinoid characters, sltyeof the chemical structures, and rich
electronic properties, which make them the mostwirtgnt building blocks in developing low
band gap copolymers.

Therefore, in this thesis
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TQs are strong electron acceptors with EA in a region of -3.43.88 eV¥*®" but
most of TQ-based polymers were reported as p-type materi@§ETs. It still has

some problems in developing ambipolar polymer semiconductors.

In order to enable electron charge transport in the TQ-basgtigus] our group’s
previous strategy was to introduce acetylgmispacers into the main chains of TQ-based
polymers for reducing the twist within the polymer backbones eladiron-donating part.
Therefore, the first example of TQ-based ambipolar polymers was repoowdyer, it needs
more steps to introduce diethynyl groups onto the donor part in sigtlaad also some
diethynyl donors are quite unstable under air and catalyst. Im tord®ore easily achieve
electron charge transport in the TQ-based polymers, recently oup gleveloped a higher
electron affinity benzodithiophene condensed TQ acceptor with EA of -¥.8M&, Figure
1.5), by condensing fused aromatic rings. This strong acceptor caadig applied to
construct copolymers by Stille coupling, which exhibits negative gehatransport.
Interestingly, theM8 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
/\ /\ /\ 7\ /1 \
CizH2s S S CizH2s * IS\ ! Wy \/ S S s” In
S
N\ IN - N N —_— CyoHos N\ /N
CoH W/
12H25 CoHs CHs
1 \ S 1\ ] \ 1 \
S S \ /, S *Ng s~ * C4Hg S S C4Hg
CqH
PBDTTQ-1 12H25 M8 PBDTTQ-2

Figure 1.5Two different linkage polymers based di8.

Usually, TQ-based polymers have poor solubility, low molecular weights low
charge carrier mobilities. However, an excellent candidate gfhalsemiconductor

needs a high molecular weight and good solubility.

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

especially TQ-based polymers have poor solubility in organic solvaunts, as chloroform,
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The rich chemical structures of TQ molecules make it easyndaipulate their
electronic properties. Therefore, they have potential applicationsany electronic

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

Indeed, the diversity of TQ electronic properties has yieldeg pagmers which can
be applied in several fields, such as OB OFETs* ! LEFETs?? polymer light emitting
diodes (PLEDs]? near-infrared electroluminescefitand photoacoustic vascular imagifig.
In our case, to enhance the practical applications of such palymerganic electronics, a
photosensitizer group, phenanthréf& was attached onto the TQ moietyRBDTTQ-3 to
develop a polymePPhTQ (Figure 1.7). As expected, this polymer was found to act as an

effective active layer for organic phototransistor devices.

CyoH. C4,H. CyH
12526 C1oH§‘1,s\’31°H21 12525 1225 CmHst\Can CioHas
\_/ \ _//
SN\ W/ I\ s/ N\ W/ / \
\ [/ s S s” |n \WAR S s” In
NN Replacing benzodithiophene using N N
N phenanthrene in TQ moiety \ 4
| |
ESQSJ * O
PBDTTQ-3 PPhTQ
ambipolar FET without photoresponse ambipolar FET and phototransistor

Figure 1.7 Multifunctional TQ-containing polymer.

TQ has a quinoid character like strong acceptor benzobisthiad{&R1,°® But the
TQ polymers usually show relatively large bandgaps,(tEL eVY® compared to BBT
containing polymers (&< 0.7 eV)'%** 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 dssi@gy was
performed* to construct D-A1-D-A2 polymer$?1%|n our studies, a strong acceptor TQ and
a relatively weak DPP were successfully combined by Suzuki cgup@action 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.

molecules have been widely expanded by the contens&action in the
past few year8%1971%yt their crystal structures were rarely repored studied.
One question, is it possible to synthesize new sidall molecules with single
crystals. ( ) is it possible to reduce the intermediates of dmntr
benzothiadiazole derivatives to corresponding bermamines, further preparing

heteroacenes via condensation reaction.

CH3COOH

L~ |
{ HoN N ] So /NI =N
< S ~ < S
N N
Br }Si ——Sn— H e ‘ ‘
| o ) si
OZN:©jN:S A O,N N, c,\’\%c’o }j'\{ }'<

O Aromatic rings

Scheme 1.2New approaches for developing TQ small molecutekleeteroacenes.
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Silylethynyl groups are the best candidates for optimizingrtbkecular ordering, due
to their enhancement of molecular crystallization ability. bheoto introduce the silylethynyl
groups onto conjugated backbone, we developed a new approach using Stille coupling
between monostannyl silylethynyl and dibromo-dinitro-benzothiadiazoleervdrds, the
reduction and condensation reactions were carried out to obtain finaldexbdQ small
molecules (Scheme 1.2). As expected, all of them exhibited goethltigation ability. The
reduction was further optimized and successfully obtained a very tampantermediate
benzotetraamine, which exhibited excellent solubility, and yielddds&red heteroacene by
condensation reaction. It provides a chance to synthesize more cemtetsiyprextended

heteroacenes.
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Chapter 2. Benzodithiophene-Thiadiazoloquinoxaline
Based Polymers with Distinct Linkage Patterns

.S,
Cq2Hzs N N C12Hps

\ /
a%s
* s S *
/ BDTTQ

S, S,
Ci2Has NN CyoHas5 Ci2Hzs CyoHys NN CyoHas5
1\ I\ SN E\W/E K
CyoH
12H2s=R g g7 C12Hzs \/ S S s’ In
N, ,N C1oHas N, N
Ci2Has
C
1 1 S R\ CoHs 7 N 2Hs
R W e ™ CaHs s’ s C4Ho
PBDTTQ-1 C12Has PBDTTQ-2

A highly conjugated benzodithiophene-thiadiazoloquinoxaliB®TTQ) was synthesized.
Two new conjugated copolymer®BDTTQ-1 and PBDTTQ-2, were constructed with distinct
linkage patterns betwedBDTTQ and alkylated bithiophene. The difference in the linkage between
donor and acceptor exerts great influence on their optoelectramperties. Surprisingly, density
functional theory calculations demonstrate that the electrositgiés mainly confined on the acceptor
unit in both HOMO and LUMO oPBDTTQ-1, while the electronic density almost delocalizes along
the entire backbone ¢1BDTTQ-2. In contrast tdPBDTTQ-1 not providing a field-effect transistor
responsePBDTTQ-2 exhibits ambipolar charge transporting behai®RBDTTQ-2 was fabricated
for all-polymeric solar cells with P3HT as donor part. The poweeversion efficiency, however, was

very low.

Note:Large part of this chapter has been publishédaesromolecules2014 47,979-986
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2.1 Introduction

Low bandgapp-conjugated copolymers composed of alternating donor (D) and
acceptor (A) moieties have proven to be successful in improvingelpwperties in organic
light-emitting diodes (OLEDs)prganic 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 characterigticsansporting negative
charge through the polymers and improves the stability. Curremihye sstrong acceptors
(Figure 2.1) have been applied to make promising D-A copolymers, ssch a
diketopyrrolopyrrole (DPPJ, perylene bisimide (PBf? naphthalene diimide (NDff,**and
benzobisthiadiazole (BBTf:** The development of new strong acceptors that can be used for
constructing D-A polymers with deep LUMO levels and ambipolar cheageer transport

remains still challenging.

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

investigated bgyclic voltammetry.

As previous redox potential investigations, thiadiazoloquinoxalines (&€s)nuch
stronger electron acceptors (EA~ -3.43 to -3.83'&V)than DPP (EA~ -3.13 eV
Additionally, TQs can be modified via functionalization at the 6 and #iposi(Figure 2.2, 1)
to increase the solubility or improve device perform&fiéé Copolymers made from TQs
have been reported as promising p-type semicondubtidtsese polymers, TQs which were
usually flanked with two thiophene units at the 4 and 9 positions wereyoogated with

donors such as fluorefi thiophené® and dithieno[3,2:2’,3"-d]pyrrole’” and only a few
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copolymers showed decent hole transporting properties, but no ambipolar belasior
observed. Introducing acetylengespacers into the main chains of TQ-based polymers can
reduce the twist within the polymer backbones (Figure 2.2*° IiRading to ambipolar
polymer semiconductors. The extensioréafonjugation length in the TQ core has also been
proven to effectively lower the LUMO level and strengthen the electron-witfidg ability?®
However, these extended fused TQ derivatives have not been usedmeradoeconstruct

D-A copolymers applied in OFETSs until now.

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

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

Benzodithiophene-thiadiazoloquinoxalinr@XTTQ) was thus designed by fusing the
thiophene rings to form a largprconjugated system (Figure 2.2, lll). The two thiophenes at
both sides provide more alkylated positions to improve its solubilitys méw acceptor can
be expected to provide lower LUMO level and electron transpopingerty when being
incorporated into the polymer backbone. More interestinglyBD&TQ unit possesses two
couples of active sites (a and b Figure 2.2, Ill) for polym&dma which offers an
opportunity to make D-A polymers with distinct linkage pattern betBBTTQ core and
donors. In view of the different electron density distribution onBBETQ core (electron-
donating BDT part and electron-accepting TQ part), we can tunaptiwal behavior, energy

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

In this chapter, we report two new D-A copolymePBDTTQ-1 and PBDTTQ-2,
Scheme 2.4) containinBDTTQ as acceptor. To increase the solubility of both copolymers,
substituents as n-dodecyl and 2-ethylhexyl were introducedBBITTQ-1 andPBDTTQ-2,

respectively. In spite of having same donor and acceptor units in §ragrs| both polymers
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present remarkably different electron distributions and D-A intiersin the polymer chains.
ForPBDTTQ-1, theBDT part ofBDTTQ is located in the conjugated backbone, whereas the
TQ moiety is suspended around the periphery of the polymer main cthéiias implies that

the electron density will be mostly confined on 1@ moiety, thereby weakening the charge
transfer between donor and acceptor units. In comparisonf@henoiety of BDTTQ in
PBDTTQ-2 fully participates in the conjugation along the polymer main ctaaititating the

D-A interaction. Comparative investigations on both polymers redetilat the linkage
pattern inPBDTTQ-2 is far better for extension of the conjugation thereby narrowheg

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 preparegd usin
completely different routes, taking the introduction of solubilizing side chains andne®at
different positions into account. The synthesisBof-BDTTQ-1 is depicted in Scheme 2.1.
The starting material 2-bromo-3-dodecylthiophedg Was prepared from commercial 3-
bromothiophene after Kumada coupling followed by brominatidhwhich was converted to
1,2-didodecylthiophené) by Kumada coupling again with Grignard regent in 79% vyield.

PN

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

Pd(PPh,)Cl,, THF, 80 °C,
16 h, 51%

\ /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%
1 2 3

Ci2H2s N CioHas

o 0 Sy
\ /j
N s. G\ e
CiHps N N Ci2Has Fo CiHs N N CiaHas % s S 12728
B B : BT S 7 % NN
C12H25@—Q—QC12H25 CHaCOOH _ Cy,Hs /S\ /S\ Ci2Has ! -
CHaCOOH, 55 °C, , \
S S B

O,N NO, 75°C, 5h, 85% HoN NH, overnight, 55%
5 6 Br
Br,-BDTTQ-1 (8)

r

Scheme 2.1Synthetic routes for monomBr -BDTTQ-1.

Afterwards, the dialkylated thiopheri2 was used in a stanylation reaction to provide 2-
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trimethylstannyl-4,5-didodecylthiopheng)( Stille coupling reaction betweed and 4,7-
dibromo-5,6-dinitrobenzothiadizold)(produced dinitro compourtal which was reduced by
iron in acetic acid to obtain diamirfe Subsequently, condensation betwéesnd dibromo-
diketone7 gave the monomdr,-BDTTQ-1.

CHaClICH,COOH (1/1)

e
n-BuLi, THF,

r.t., overnight, 79%
\/—/\/ \ - 78°C, ethylhexyl bromide C2Hs 9 o
S @\)\ C4Hy
9

12 h, 33% S 10 n-BuLi, THF, 0°C,
(CHa)3SnCl

r.t., overnight, 74%

I\
Br S CaHo
1
CoH
Pd(PPhs)s, DMF s s/ CaHo
——
Wa CaoHs 80°C, 16 h, 83% CaHg s© A\ CoHs
/S'\VQ\/KCA'@ 13
12
o O
\ s 7g-§ngtrt]-I3l:;)Kl, :)-:E;'de CaHs 1,2-Dichloroethane, pyridine,
\ VU » ethylnexy ! I\ \S ] CqHg oxalyl chloride AICI; CoHs / \ CoHs
S C4Hg S
CoH s S
14 70°C, 12 h, 43% 28 A40°Ctort 5h,47% 4 CaHo
13 15

Scheme 2.ZT'he optimized synthetic route for compoultl

In order to obtain a more soluble monorBep-BDTTQ-2, the key intermediate 2,7-
bis(2-ethylhexyl)benzo[2,1-b:3,4-b"ldithiophene-4,5-dioné&5) ( was synthesized and
optimized as shown in Scheme 2.2. Initially, compoliBavas synthesized from commercial
thiophene by a well-known procedure. This synthetic procedure iscoms&iming for
workup due to a four-step reaction. Another issue is a low yield ifirthestep. To improve
working efficiency, we designed and achieved one step reactmistaon compound.3 from
bithiophene in yield of 43%. It is noteworthy that use-BLUOK to enhance the reactivity of
lithiated bithiophen® and heating to reflux were crucially important. Afterwardspiies! by
our previous synthesis for alkylated phenyl-diketolespmpoundl5 was obtained in just

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

MonomerBr,-BDTTQ-2 was synthesized using another path as shown in Scheme 2.3.
(4-Dodecylthiophen-2-yl)trimethylstannanel6f was prepared from commercial 3-
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bromothiophene by first introducing n-dodecyl via Kumada coupling then penigr
stanylatior?®*? The corresponding dinitro compoudd was obtained using Stille coupling
betweenl6 and 4. Afterwards, it was reduced by iron and acetic acid to giveid@18.
Considering the acidity of silica column gel could cause to alkalufestance loss even
though the eluent was added to 5% triethylamine, compdédould be directly used
without purification to condense with diketod® to yield compoundDTTQ-2. However,
special attention needs to be paid to remove residual iron. GQsleetve traces of iron could
significantly decrease the yield in the following condensat®BIDTTQ-2 was then treated
with NBS to producdr,-BDTTQ-2.

S 5 ﬂ CrH NN s.
N; \/N /Sn S 12M25 w C1oHos Fe, CqoHos N\ /N CioHas
16 7\ /\ CH3COOH I/ T
Br Br S S S S
Pd(PPh3)Cl,, THF, 80 °C, NO 75°C, 5 h, 82%
ON  NO, 16 h. 88% ON 2 HN  NH;
17
4 18
.S. N
CrHps NN CoHos CiHas NN C12Has
/\ 7\ B / -\ 7\
r Br
15 s g s NBS, . 5 h, 78% s s
—_— N\ / B N A /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 2.3ynthetic routes for monomBr,-BDTTQ

Before polymerization, both precursoBs,,-BDTTQ-1 andBr,-BDTTQ-2, were dried
more than 12 hours at 5€ under vacuum to remove residual solvents and water. Due to
different solubility of both precursors, théif-NMR spectra were measured in CB@br
Br,-BDTTQ-1 and CDCI, for Bro-BDTTQ-2, respectively. Figure 2.3 displays two very
clear'H-NMR spectra except the signal of water, which could stem ttemterated 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 regiore®et® and 3 ppm, the
double triplet peaks oBr,-BDTTQ-1 are from its different dodecyl groups, while one
doublet peak and one triplet peak Bxf,-BDTTQ-2 are attributed to its 2-ethylhexyl and

dodecyl side chains.
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Br,-BDTTQ-1
cDcl, H0 }\
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1 1 2.752.34
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T T T T T T T T T T
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Scheme 2.45ynthetic routes for twBDTTQ-based polymers.

The polymerizations were carried out through Stdmipling reaction betweeBr -
BDTTQ-1 or Bro-BDTTQ-2 and the same donor alkylated bithiopheB& Scheme 2.4).
Both polymers have excellent solubility in chloroform, tetrahyfiman, toluene and
chlorobenzene. The number-average molecular wefiyhi)sof the polymer$BDTTQ-1 and
PBDTTQ-2 were determined as 37.3 kg maind 11.8 kg mal with polydispersity index
(PDI) of 2.43 and 1.66, respectively (Figure 2.4blE 2.1). The polymerization was tried
several times to enhance the, Bf PBDTTQ-2, including microwave reaction (M9.6 K,
PDI 1.27, Figure 2.4), but the results were sintitathose mentioned above. It may arise from
the steric hindrance induced by the n-dodecyl chdinposition of the thiophene in monomer

Br,-BDTTQ-2 preventing to produce higher molecular weight migipolymerization.
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2.0+ —— PBDTTQ-1
1 ——PBDTTQ-2

164 —— PBDTTQ-2 Microwave
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Figure 2.4GPC curves foPBDTTQ-1 andPBDTTQ-2. Polystyrene was used as standard and
THF as eluent at 30 °C.
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Figure 2.5TGA curves foPBDTTQ-1 andPBDTTQ-2 measured under a nitrogen atmosphere at a
heating rate of 10 °C/min.

The thermal properties of the copolymevsre investigated by thermogravimetric
analysis (TGA) as shown in Figure 2.5. Both copdysrexhibited excellent thermal stability,
with 5% weight loss upon heating at 403 and 422f6CPBDTTQ-1 and PBDTTQ-2,
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respectively. The weight of both polymers are lost around 54% and 57% \Wken t
temperature was raised to 500 °C, these values are very cléseweight ratio of the side
chains (57% and 60%) PBDTTQ-1 andPBDTTQ-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 chlonoofutions (c =
10° M) and in films prepared by drop-casting onto glass slides ff®rmg/mL chloroform
solutions. The data are summarized in Table 1. In dilute chloroformicsduPBDTTQ-1
andPBDTTQ-2 exhibit two main absorption bands as shown in Figure 2.6a. Thenfesse
band covers from 300 to 550 nm and the second ranges from 600 to 1200 nm.hEne hig
energy absorption band corresponds to pheg* transition of the conjugated backbone,
whereas the lower one should be attributed to intramolecular chargdetr (ICT) between
donor and acceptor in the conjugated backBdie investigate the influence of the different
pattern of linkage on the optical properties of the two polymers, ltsergtions of two
monomersBr,-BDTTQ-1 and Bro-BDTTQ-2 were also recorded in Figure 2.6a. Two
monomers presenp-p* transitions at higher energy region and broad absorption band
between 600 and 1000 nm similar to those of the corresponding polymerstt€éhedn be
assigned to the ICT between thiophene and fused aromatic ring cond€psediety. The
difference in maximum absorption of both monomers may originaa fthe different
electron-donating contribution of alkyl chains. Interestingly, contpdce the absorption
maxima of the monomer&BDTTQ-2 exhibits a red shift around 130 nm, while polymer
PBDTTQ-1 shows a smaller red shift of only 40 nm, implying the stronG&r process in
PBDTTQ-2 than that irPBDTTQ-1. This result suggest that electrons are mainly limited on
the TQ moiety inPBDTTQ-1, leading to ineffective charge transfer along the polymenshai
whereas iInPBDTTQ-2, the electrons can better delocalize along the whole polymer

backbone.
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In the films (Figure 2.6b), the two polymers digptightly broader spectra which are
even further bathochromically shifted compared whibse in solution®?BDTTQ-2 shifts to
red around 50 nm contrasted with around 15 nnPBDTTQ-1, indicating thaPBDTTQ-2
possesses stronger interaction between the polghagns tharPBDTTQ-1 in the solid state.
In comparison wittBr,-BDTTQ-1, surprisingly, the optical band edgeRBDTTQ-1 has a
slight blue-shift, it is related to two aspects) PBDTTQ-1 has an ineffective charge transfer
along the polymer main chains as confirmed by giigor spectra in solution. (2) The head-
to-head alkylated bithiophene IRBDTTQ-1 led to its twisted conjugated backbone, it
thereby decreased interaction between the polyman rohains, while more plandr -
BDTTQ-1 was beneficial for intermolecular interactions.

On the other hand, the intensity of long wavelerajtthese polymers is weaker than
the low ones in solution and solid state. The isitgrof long wavelength to low wavelength
ratio (OD,/OD;) represented the molecular charge transfer abilihe OB/OD; values of
both polymers are 0.17 and 0.49 in solutions, @A8 0.78 in films folPBDTTQ-1 and
PBDTTQ-2, respectively. These results are related to thetftPBDTTQ-2 has stronger
charge carrier transfer ability th&BDTTQ-1 in solutions and films. Additionally, optical
band gaps are 1.18 eV and 1.03 eV, calculated @iogpto the absorption onset of the thin
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films for PBDTTQ-1 andPBDTTQ-2, respectively. These results demonstrate thaittbag
acceptorBDTTQ is favorable to develop narrow bandgap copolymars] the different

combination between donor aB®TTQ core allow efficient tuning of the optical propest

1.0

——PBDTTQ-2
—— PBDTTQ-2 after addition of 0.02 ml TFA

Absorption (a. u.)

0.0+,

400 600 800 1000 1200 1400
Wavelength (nm)

UV-visible-NIR absorption spectra DTTQ-2 in chloroform solution
(c = 2x10° M) with and without TFA.

To investigate protonation of the nitrogensHBDTTQ-2, we measured the UV-vis-
NIR spectrum ofPBDTTQ-2 in chloroform solution (Figure 2.7). Then 0.02 nf
trifloroacetic acid (TFA) was added into the samgadl, and shaken it for ten seconds. After
2 minutes, the solution was measured again (reg)) land found that the two spectra
overlapped very well, implying TFA did not protoaate nitrogens iIPBDTTQ-2. It might
originate from that the pair of electrons in niteog were delocalized over the whqle

conjugated system.

2.4 Electrochemical properties

The electron affinity (EA) and ionization potentidP) of both copolymers were
evaluated by cyclic volatammetry (CV) of the thilm&.3* The reduction and oxidation
curves of =>

=% 4 # #
According to the
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first onset potentials, the EA and IP were estimhabebe -5.50 and -3.86 eV f@BDTTQ-1,

-<?7> -?2+% - # p-
conjugation
I( 8 -
I( - electrochemical band gaps are
1.64 eV and 1.47 eV fdPBDTTQ-1 andPBDTTQ-2, respectively.
# #
@<
T : T ’ 7T T y T L T 900
——PBDTTQ-1
= 8 ——PBDTTQ-2 ==
g - 600 g
- c
g o :
= onset -0.39 V » =
a 300 3
s o S
"5 onset 1.08 V “a
= ' 2=
>
2 164 S
- -300
-24- T ' T 2 }'{1’ L T L T 5 T L T
1.2 0.6 94 08 12 16 20
Potential vs Ag/Ag” (V)
Reduction (left) and oxidation (right) of
A 8 B8 Cc $' c $' "A I(
$B " $: $: $: $:
- D+ EB@E @<> ?== >&+ @<E ?=% >E< % %> < <+ -@ >& % &?
- %D &B%% @?+ ?@+ D=>@?+ ?@> DE> % +@ -< 7> -? +% % ?E
Determined by GPC in THF using polystyrene starslal $ ; %+ =8 3 -
$%+ BF 8 F98
# $"
(s % - g G 7> wy =% 4 - g PG ?>
BT

B G

Page 41



BDTTQ-based polymers with distinct linkage patterns

2.5 OFET and self-organization properties
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Figure 2.9 Transfer (a) and output (b) curvesRBDTTQ-2.

The charge carrier transport of both polymers waslisd in collaboration witllr.
I (¢ (Max Planck InstitutePiolymer Research, Mainz). The field-
effect transistors were fabricated based on a begate, bottom-contact architecture. The
200 nm thick Si@dielectric was functionalized with hexamethyldigiine (HMDS) to
minimize interfacial trapping sites. The copolyntl@n films were deposited by spin-coating
(1200 rpm, 60 s) of a 10 mg/mL CHCdolution under nitrogen atmosphere, followed by
annealing at 150 °C for 1 PBDTTQ-1 andPBDTTQ-2 exhibited significant differences in
device performancé?BDTTQ-1 did not show any field-effect response, WHBDTTQ-2
led to an ambipolar transport with mobilities 02410° cn? V* s* for holes and 6010
cn? V! st for electrons with the.¥lo around 100 and 10, respectively (Figure 2.9a). The
low low/lof Values ofPBDTTQ-2 are very common in TQ based polymers as semicdooiduc
In the negative drain mode fop\& 0 V (Figure 2.9a), the crossover point is locaedound
Vg =-18 V, implying a current conversion from electr to hole-dominated transport. Below
this gate voltage the transistor exhibit p-typedywedr. Additionally, the output characteristic
(Figure 2.9b) shows a nonlinear behavior of theanurat low \4. It is related to the device

contact resistance.

To gain an understanding of the device perémce, the organization of both copolymers
in the bulk and thin film were investigated in edibration with |GGy
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B (Vax Planck Institute for Polymer Reseakdainz).

a) )

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

Figure 2.102DWAXS of a)PBDTTQ-1 and b)PBDTTQ-2. The fiber sample was mounted vertical
towards the 2D detector. GIWAXS of EBDTTQ-1 and d)PBDTTQ-2.

For the bulk organization, two-dimensional wideJang-ray scattering measurements
(2DWAXS) of extruded, macroscopically aligned fibavere performed. For both cases, only
equatorial reflections in the small-angle regiopeared which were related to the chain-to-
chain distance between lamellar stacks alignedgaltve extrusion direction of the fiber
(Figure 2.10a and 2.10b). A distance of 2.50 nnPBDTTQ-1 and 2.20 nm foPBDTTQ-2
was determined. However, no scattering intensibeshe 6-stacking were found indicating
pronounced disorder of the conjugated polymershen lamellar structures. The disordered
assembly may be due to the high steric hindrantedas the alkyl chains as well as the large
size ofBDTTQ unit at the lateral direction not allowing a claaed defined packing of the
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backbones on top of each other. This was furthefiroed by the strong amorphous halo of
the alkyl side chains. Grazing incidence WAXS (GIW&) confirmed the low order also in

thin films (Figure 2.10c and 2.10d). The GIWAXS tpeats revealed only one isotropic
reflection which was correlated to the chain-toiohepacing of randomly arranged lamellar
structures towards the surface. Therefore, the pinoars morphology should be responsible
for the relative low charge mobility. However, nbvious difference was observed for both
polymers from the X-ray characterizations which Idoprovide an explanation for the

discrepancy between both polymers in device perdioga. Therefore, density functional

theory (DFT) calculations were carried out.

2.6 Density functional theory calculations

2T1 2T-2

HOMO

FO8 $ ' 8%

2 4@FHAB& -@%2I

DFT calculations were carried out on two models amfceptor-donor-acceptor
arrangement carrying methyl substituents, nagied and2T-2 for 2T-2BDTTQ-1 and2T-
2BDTTQ-2, respectively. Fo8 8

= %% Fo8 8
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along the conjugated backbone.

absent
charge carrier transporting in - . In contrast, electrons of the HOMO and LUMO
levels of 2T-2 are both well delocalized over the conjugated aéepmit.
# - O 3
IIJ - -

2.7 All-polymeric solar cells for PBDTTQ-2

“"E 0.000 /

(¥ P3HT:PBEDTTQ-2

< I /

*-E-' -0.015 -

=

g L

S -0.030f

I

3 0045 F |

-0.060 n I " I " 1 n I 1
0.0 01 0.2 0.3 0.4 0.5
Voltage (V)
0 - - K - $<K? B'
(8% <2%++ L B
- # F98 energy levels 2+% :) as acceptor in

application for all-polymeric solar cell$t needs to be mentioned that the EA and IP were
replaced by LUMO and HOMO energy levels in thistieeg in order to facilitate discussion
based on the concepts of OPVs. Poly(3-hexylthiophgR3HT) was chosen as donor
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material based on two reasons. FirsBgHT has match energy levels with LUMO of -3.20
eV and HOMO of -5.10 e¥/ for PBDTTQ-2 (LUMO, -4.01 eV; HOMO, -5.48 eV).

SecondlyP3HT is one of most studied donor materiaORVs.

The all-polymer solar cell devices were fabricated in collaiam with ||
I (Max Planck Institute for Polymer Research, Mainz). Ttieealayer was deposited by
spin-coating (800 rpm, 30 s) from a chlorobenzene solution oP&¢Tr:PBDTTQ-2 (5:4
weight ratio) onto indium tin oxide (ITO) glass substrates, whigre precoated with
PEDOT:PSS, followed by annealing at 150 °C for 30 min. Afterwards, 10BicknAl layer
was vapor deposited onto the active layer. The device reacheg Epwepower conversion
efficiency (PCEh) of 0.01%, with an open circuit voltag¥,f) of 0.45 V, a fill factor EF)
of 0.36 and a short circuit curremtd of 0.04 mA crif (Figure 2.12). In our system, the low
Jsc IS @ major reason to cause the low PCE as our group preveiugied. Several reasons
cause a lowJs,>® such as an inefficient photoinduced electron transfer, short-lies fr
charges in the active layer and bad morphology for chargeasigmaor transport. The device
performance could not be further optimized and characterized, duerémekt low PCE.
Previously, a TQ polymePPTQP was also attempted in all-polymer solar cells VABHT
in our group, the PCE was only achieved up to 0.04%, with aldoof 0.18 mA crif. The
investigation of morphology and mobility implied the unfavorable morpholdgie active

layer and low limited mobility of the acceptor could be the major factor for &P

2.8 Summary

In this chapter, we presented two copolymPBDTTQ-1 and PBDTTQ-2 with
different linkage between acceptBDTTQ and donor alkylated bithiophene. With the®
moiety of BDTTQ located in the main chainBBDTTQ-2 shows narrow optical bandgap of
1.03 eV and relatively strong EA of -4.01 eV, approximately 0.15 epeatethan that for
PBDTTQ-1, while maintaining IP at -5.50 eV. DFT calculations demonstrast the
electronic densities are only localized upon one of both electroptaggBDTTQ cores for
2T-1, whereas the electron density of the LUMO and HOMO are bollhdelecalized over
the conjugated repeat unit f@T-2. This is the reason for the pronounced differences of
PBDTTQ-1 andPBDTTQ-2 in device performance. WhileBDTTQ-1 does not show any
field-effect response?BDTTQ-2 exhibits an ambipolar transport with mobilities of 1.2%10
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cm? V! st for holes and 6:0L0“ cn? V* s? for electrons. AlthougiPBDTTQ-2 as acceptor
match as the energy levels WRBHT as donor very well, the all polymeric solar cell exhibits
a very low PCE of 0.01%, due to the extremely Iay(0.04 mA cn).

The relatively low mobilities in OFET devices are mainliated to the lack of good
p-stacking induced by the alkyl chains, as confirmed by 2DWAXS$s helieved that the
charge carrier mobility can be further improved by delib&ratdlucing the number of alkyl
chains in the polymer, on premise of ensuring solubility, to optimssembled structure of
the polymer. In order to understand this issue, it is necessanydstigate the structure-
property relationships of TQ polymers. The charge carrier molitity TQ polymer structure

correlations are presented in Chapter 3.

2.9 Synthetic details

Intermediates 2-bromo-3-dodecylthiopheng),?¢*° 4,7-dibromo-5,6-dinitro-2,1,3-
benzothiadiazole4),***! 2,5-dibromo-benzo[2,1-b:3,4-b"]dithiophene-7,8-quinomg*t*3 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 sinowe

schemes 2.5-2.9 below.

Br C12H25 C12H25

U BngC12H25 _ U NBS U\Br

S Ni(dppp)Cl, S CHCly/ CH3COOH S
diethyl ether

1

Scheme 2.8ynthetic route for compourid?®*°

HaN NN NN AW
Et3N SOCl, \ HBr 48 % \/ Fuming HNO3
3:/: Br Br
B
Bra Br ' Fuming F;CSOzH

O,N = NO,

Scheme 2.@ynthetic route for compourtl
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Br n-Bui
/ \ —_—
£s§ DMF
THF

7

CHO 3.Ethyl-5-(2-hydroxyethyl)-4-
{/ \E methylthiazolium bromlde %
S Et;N: DMF
FeCI3 CH3NO,
i /2 & CHC|3 CH3COOH

-

Scheme 2.Bynthetic route for compourt*™#?

Br C12H25

BngC12H25 LDA C12H25
. AR
S Ni(dppp)Cla trimethyltin chloride SN
diethyl ether THF / S
16

Scheme 2.8ynthetic route for compourid.***?

Br,
NBS
S / \ Br S / \
\ / s : \ [/ s Br
CHCly; CH,COOH
Br
Ci2H2s BuLi
BngC12H25 S / \ n-buli
- > —_—
;gfﬁﬁ'gggr /S trimethyltin chloride
y CioHops THF

Br,
Zn
o s /1
CH;COOH; HCI \ / S
CH5CH,OH; H,0
Br
Ci2H2s
\ S 7\ ./
S e
Ci2Hzs
21

Scheme 2.Bynthetic route for compound.2®

2,3-Didodecylthiophene (2)

CiaHos

3

S Ni(dppp)Cl,
1 diethyl ether

BrMgC15H55

C12Hos

S
2

2-Bromo-3-dodecylthiophend, (2.5 g, 7.54 mmol) and Ni(dppp)}48.78 mg, 0.09
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mmol) were dissolved in dry diethyl ether (20 mL) using a 100fladk. The mixture was
cooled to O°C, and them-dodecylmagnesium bromide (9.05 mL, 9.05 mmol, 1 M in diethyl
ether) was added dropwise within 10 min. The resulting mixture efasxed for 4 days.
After cooling to room temperature, the mixture was poured into 100 mteofvater and
hydrolyzed with 1 N HCIl. The mixture was extracted with dietbler (3x20 mL). The
combined organic phases were dried with MgSénd the solvent was removed under
reduced pressure to afford a dark-red oil, which was purified duycesl pressure distillation
$+E< - %>+°C) to give 2.49 g (colorless oil, 79%) of compouhdH NMR (250 MHz,
CD.Cl,) M7.01 (d,J = 5.00 Hz 1H), 6.80 (d] = 5.25 Hz 1H), 2.71 (§}) = 7.50 Hz, 2H), 2.50

(t, J=7.25Hz, 2H), 1.686<=$ ?' %=E$ @&' +>>$% &' °C NMR (62.5 MHz,
CD.Cly) M139.28, 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 e
s~ Ci2Hzs PN g7 TCizHzs
3

trimethyltin chloride
2 THF

2,3-Didodecylthiophene2( 1.80 g, 4.28 mmol) was dissolved in 36 mL of anhydrous
THF. The n-BuLi (4.0 mL, 6.40 mmol, 1.6 M in hexane) was added slowdytinis mixture
whithin 15 min under OC. 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 °@,amadl trimethyltin
chloride (6.40 mL, 6.40 mmol, 1 M in hexane) was added dropwise. The mixasrstinred
overnight, then poured into water and extracted with ether. The combined orgases prere
washed with brine, dried by MgQ(and filtered. The filtrate was concentrated under reduced
pressure to obtain compouBdyellow oil, 80%). This crude product was used for next step
without further purification’H NMR (250 MHz, CBCl,) M6.89 (s, 1H), 2.72 (f] = 7.75 Hz,
2H), 2.50 (tJ = 7.50 Hz, 2H), 1.66-1.52 (m, 4H), 1.27 (br, 36H), 0.88 (m, 6H), 0.31 (m, 9H).
¥C NMR (62.5 MHz, CRCl,) M145.22, 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]thiadiazoleb]

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

4,7-Dibromo-5,6-dinitrobenzothiadiazold, (441.6 mg, 1.15 mmol), compourl
(1.88 g, 3.22 mmol), and Pd(P{ICI; (81.4 mg, 0.12 mmol) were dissolved in 25 mL of
anhydrous THF under argon. The resulting solution was stirred forat®0 °C. The solvent
was removed under reduced pressure to afford a dark-red oil, whglpwrified by column
chromatography using hexane/dichloromethane & Bluent to give 0.62 g (deep red solid,
51%) of compound. *H NMR (250 MHz, CRCly) M7.25 (s, 2H), 2.83 (1] = 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, CBCl,) M152.67, 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 calcd 1085.6961, found 1085.6970.

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

N .S,
CizHos NN C12Hzs Crzflzs N Crzfzs

F
Ci2Has /S\ /A C12Hos ° C12H2s /) /

CioH
s S S 12M25

OLN NO, Acetic acid HoN NH,

Compoundb (0.3 g, 0.28 mmol) and ne iron powder (186 mg, 3.32 mmol) in acetic
acid (8 mL) were stirred for 5 h at 7%. The reaction mixture was cooled to room
temperature, precipitated in 5% aqueous NaOH and extracted withmyldether. The
combined organic layers were washed with brine, dried with Mg8@ the solvent was
removed under reduced pressure. The crude predagpurified by column chromatography
using hexane/dichloromethane (3ni)h 5% triethylamine as eluent to give 238 mg (yellow
solid, 85%) of compouné. *H NMR (250 MHz, CRCl,) M7.06 (s, 2H), 4.46 (s, 4H), 2.80 (t,
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J = 7.50 Hz, 4H), 2.58 (1] = 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, CBCl,) M151.41, 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)-[1,2,5]thiadiazolo[3,4-i]ditieno[3,2-
a:2',3'-c]phenazine(Br,-BDTTQ-1) (8)

Ci2Has C1oHas
.S,
C12H25 N N C12H25 /E&j\ C12H25WC12H25
C12H25WC12H25
S
@1
S S B

H,N NH, Acetic acid

6 Br r

Br,-BDTTQ-1 (8)

A suspension of6 (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. Th
mixture was heated to 58C overnight. After cooling to room temperature, the reaction
mixture was filtered, washed with methanol and collected solid, pleified by column
using hexanas eluent to get 165 mg 8fF,-BDTTQ-1 (green solid, 55%)*H NMR (250
MHz, CDCk) M8.42 (s, 2H), 7.70 (s, 2H), 2.57 Jt= 7.50 Hz, 4H), 2.46 (] = 7.75 Hz, 4H),

1.55 (br, 8H), 1.27 (br, 72H), 0.88 (br, 12tAC NMR (62.5 MHz, CDGJ)) M150.56, 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 \ > 2R N_S ] C4Ho
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 -7& 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 ntimsaemperature, then a
solution oft-BuOK (3.83 g, 34.2 mmol in 30 mL THF) was added and kept atC7another

15 min. Afterwards, 2-ethylhexyl bromine (3.45 mL, 18.0 mmol) was aduexhé portion

and the mixture was refluxed overnight. The mixture was poured into 100 mL of meandt
hydrolyzed with 1 N HCI, then extracted with diethyl ether (3r80. The combined organic
phase were dried using Mgg@nd the solvent was removed under reduced pressure to afford
a dark-red oil, which was purified by column chromatography usingreas eluent to give

1.51 g (colorless oil, 43%) of compoufd. *H NMR (250 MHz, CBCl,) M6.91 (d,J = 3.50

Hz, 2H), 6.65 (d,) = 3.25 Hz, 2H), 2.73 (dJ = 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, CBCl,) M143.79, 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)
(0] O

CoHs 1\ S CaHo Aluminium chloride C,Hs I \ C,H;5
CaHs s \ ) pyridine >~
C2Hs C4H S S C4Hg

Oxalyl chloride 9
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 solution1d (500 mg, 1.28 mmol), pyridine
(200 mg, 0.21 mmol) in 1,2-dichloroethane (5 mL) and a solution of oXallytide (0.11 mL,
1.28 mmol) in 1, 2-dichloroethane (10 mL). Afterwards the mixture weedao room
temperature and stirred overnight. The mixture was poured oveanideextracted with
methylene chloride. The extract was washed with water foraleation and dried over
MgSQO,. After removing the solvent under reduced pressure, the residue whasdphy
column chromatography using hexane/dichloromethanedd:&juent to give 263 n{gurple
viscous oil, 47%) of compourth . *H NMR (250 MHz, CBCl,) M7.08 (s, 2H), 2.73 (dd,=
0.75 Hz,J = 6.00 Hz, 4H), 1.64-1.53 (m, 2H), 1.35 (br, 16H), 0.93-0.87 (br, T3E)NMR
(62.5 MHz, CDCly) M175.12, 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-dinitrobenzothiadiazold, (384.0 mg, 1.0 mmol), 2-trimethyltin-4-
dodecylthiophene 16, 1.04 g, 2.5 mmol), and Pd(PPICl, (70.1 mg, 0.1 mmol) were
dissolved in 25 mL of anhydrous THF under argon. The resulting solutierstirred for 16 h
at 80 °C. The solvent was removed under reduced pressure to affotdradiaolid, which
was purified by column chromatography using hexane/dichloromethd@a¢4eluent to give
0.64 g (light yellow solid, 88%) of compourdd.*H NMR (250 MHz, CDQCl,) M7.36 (d,J =
1.25 Hz, 2H), 7.34 (d) = 1.25 Hz, 2H), 2.68 () = 7.25 Hz, 4H), 1.68-1.63 (m, 4H), 1.33-
1.27 (m, 36H), 0.90-0.85 (m, 6HYC NMR (62.5 MHz, CBCly) M152.77, 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)

C12Has C12H25 Ci2Hos C12H25

/ \ / \
Acetlc acid

17 18

Compoundl7 (0.364 g, 0.5 mmol) and ne iron powder (333 mg, 5.95 mmol) in
acetic acid (10 mL) were stirred for 5 h at @& The reaction mixture was cooled to room
temperature, precipitated in 5% aqueous NaOH and extracted withyldegher. The
combined organic layers were washed with brine, dried with Mg8®@ the solvent was
removed under reduced pressure. The crude predagpurified by column chromatography

using hexane/dichloromethane (3:1) with 5% triethylaragmeluent to give 273 mg (yellow
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solid, 82%) of compound8. *H NMR (250 MHz, CDCl,) M7.19 (d,J = 1.25 Hz, 2H), 7.15

(d,J = 1.25 Hz, 2H), 4.46 (s, 4H), 2.70 Jt= 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, CBCl,) M151.45, 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 calcd 667.3902, found 667.3879.

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

O O s,
CiHps NN Ci2Has
Ci2H2s N;S\,N Ci2oHas M\/CCHS U—W
U_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-dibhe (
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’65and stirred overnight. After cooling to room
temperature, the product was filtered and washed with methaeal,pilrified by column
using hexanas eluent to give 0.18 g of compouB®TTQ-2 (dark green solid, 73%}H
NMR (250 MHz, CDCI,) M8.86 (s, 2H), 7.90 (s, 2H), 7.16 (s, 2H), 2.93)(d,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, 188)NMR (62.5
MHz, CD,Cl;) M149.92, 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 calcd 1075.5847, found 1075.5852.

Page 54



BDTTQ-based polymers with distinct linkage patterns

8,12-Bis(5-bromo-4-dodecylthiophen-2-yl)-2,5-bis(2-ethylhexyl)-[1,2,5]thigakzolo[3,4-
ijdithieno[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)

CompoundBDTTQ-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 thaosoiat small
batches under dark. The mixture was stirred for 5 h. After removing the solventresdezd
pressure, the residue was purified by column chromatography usiagdas eluent to give
Br-BDTTQ-2 as a dark green solid (146 mg, 789%).NMR (250 MHz, CRQCl,) M8.34 (s,
2H), 7.29 (s, 2H), 2.75 (d} = 6.50 Hz, 4H), 2.35 () = 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, CBCl,) M149.94, 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 calcd 1230.3979, found 1230.4012.

PBDTTQ-1

C12H25

C12H25 C12H25
CioHas C12H25
CioHas CyoHos
CigHas / \ CyoHps
C12H25
H
s 5B P(o-tolyl)s | | N/

r
chlorobenzene 8 S \ /) S
Br,-BDTTQ-1 (8) CiaHas
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 Taskmixture
was purged with argon for 5 min, and then 5.5 mg of tris(dibenzylidetwag)dipalladium(0)
(Pax(dba}) and 7.3 mg of trig-tolyl)phosphine (R¢-tolyl)s) were added. Then the mixture
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was heated up to 11TC under argon. After 3 days, the reaction mixture was poured into
methanol. The target polymer was precipitated as olive brown aodtdfiltered through a
Soxhlet thimble, which was then subjected to Soxhlet extractiom mvéthanol, acetone,
hexane and chloroform. The polymer was collected from the chlordfantion and dried in
vacuum to afford an olive brown solid 99.6 mg (59%).

Molecular weight by GPC (3tC): M, = 37.3 kg mot, PDI = 2.43.

'H NMR (250 MHz, CDCJ) M8.96-8.51 (br, 6H), 2.46 (br, 12H), 1.18-0.78 (br, 138H).

PBDTTQ-2
CizHas
SN \ S /
CioHas N\ /N CiaHas =sn— [\ Sn— N
= m ] s” N\ CiHps Craths N N CizHas
Br g s~ Br CizHas A SN N 7\ .
9 21 \ [/ s s S
Ci2Hzs Ny N
5L s g
O-1olyl)3
CaHg S S C4Hg chlorobenzene CaHs | \ Qafts
C4Hg S S C4He
Br,-BDTTQ-2 (20) PBDTTQ-2

This polymerwas prepared fronBr,-BDTTQ-2 and 21 in similar procedure to
PBDTTQ-1 as an olive brown solid 99 mg (63%).
Molecular weight by GPC (3tC): M, = 11.8 kg mot, PDI = 1.66.
'H NMR (250 MHz, CDC}) M9.16-8.10 (br, 6H), 3.0-2.71 (br, 12H), 1.18-0.78 (br, 122H).

Microwave reaction for PBDTTQ-2

Ci2Hos
N \ s
CioHas N\ /N CioHas —sn—( [ Sn/— N
/ /\ / S \ CiaHas CioHos NN C1aHas
Br\g s~ Br CiaHas g SN )Y I\ .
N, N 21 L/ s S s
CyaHas NN
cod 0y o e
o-tolyl);
C4Hg S S C4Hg chlorobenzene CHs | | Gahs
C4Hg S S C4Hg
Br,-BDTTQ-2 (20) PBDTTQ-2

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 0.0044& ofm
tris(dibenzylideneacetone)dipalladium(0) {ftthay) and 0.0178 mmol of trf
tolyl)phosphine (Rf-tolyl)3) were added. Then the mixture was heated up to’C5@r 2 h.
The workup is same to oil bath reaction as above mention. An olivenlsold was obtained
79 mg (50%).

Molecular weight by GPC (3tC): M, = 9.6 kg mof, PDI = 1.27.
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Chapter 3. Optimized Property of Thiadiazologuinoxaline
Based Copolymers in Semiconductors via Molecular

Engineering

T \Q’ 3.0x10°
P4 p=010em’ V' s"

2.0x10" -

N
R, NN R

\I/ 2
7\ !\

N N

* s *
\/
P1
S
]
P2
I~
* \ *
N/ S
& Q .
] 0.0 = :
O .‘{7/@_\ 0 20 40 60 -80
{, R, N/ VoIV
P4
- R1
TS !\
\ N/ 3
-
P5
e B ]\
\W/ 1
P6

ILIA

A.0x10" +

A.5x10* -

R4 = R, = n-dodecyl for P4-P4
R4 = n-dodecyl; R; = H for Pg
R4 = H; R, = 2-decylteradecyl for Pg

-1.0x10" |

Ip/A

5.0x10°

0.0

Vo IV

In this chapter, we synthesized six thiadiazologuaiine (TQ) containing copolymers and
studied structure-property relationships in orgahedd-effect transistor via two steps, namely,
optimization of the donor moietie®1-P4) and substitution positions and architectures afrper
side chainsH4-P6). Compared t®1-P4, The unsubstituted bithiophene as donor made TQlgmer
(P4) exhibit a best field effect hole mobility of Ccir? V* s*. Afterwards, the polyme84-P6, which
had identical molecular formulas of side chains andin chains, were investigated in device
performance. However, a pair of 2-decyl-tetradeaiidyl chains was grafted onto thiophene units
adjacent to the TQ core P6, further improving the hole mobility up to 0.24 T s* in this series

of polymers.

Note: Large part of this chapter has been publighddMater. Chem. (2015 3, 3876-3881.
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3.1 Introduction

Thiadiazoloquinoxalines (TQs) possess outstanding electron affamty variable
chemical structurek?® therefore becoming a class of important building blocks for polymer
semiconductors. However, TQ polymers usually exhibit relativelyR&4@ performances due
to their disorder arrangement in thin fill%.In Chapter 2, we reported a strong acceptor,
benzodithiophene condensed TQ derivatB®TTQ, Figure 3.1). Such acceptor containing
copolymer exhibited ambipolar behaviour by regulating the linkage pagtweenBDTTQ
and alkylated bithiophene. But the relatively low mobilityPrBDTTQ-2 (1.2x10° cnfV's
! for hole and 0.6xI®cn’ V* s for electron) was also related to its disorder morphology
because of grafting many side chains onto the repeat unit otigadegd backbone.
Investigation of the structure-property relationships of copolymeaa important strategy to
understand and design higlrformance optoelectronic materiaf§.Some strong acceptors
have been reported to achieve high charge carrier mobilities, diketopyrrolopyrrole
(DPP)™13 naphthalene diimide (NDff° benzobisthiadiazole (BBY) and isoindigo
(11D).*®* It is therefore necessary to systematically study thetsire and charge transport
relationships of TQ polymers in order to identify the essentiarpaters for highly ordered

microstructures which could further improve their charge carrier mypbilit

r@%ﬁﬁ

Figure 3.1 Chemical structures &DTTQ, PTQ andTQ-2T.

A TQ derivative, 6,7-diphenyl-[1,2,5]thiadiazolo[3,4-g]quinoxaliR& @, Figure 3.1),
has been widely investigated as an acceptor for creating popgmeconductors, because of
its ease of synthesis and good charge carrier mobilities cethpmother TQ derivatived:*

A D-A-D combination fashion of PTQ, 6,7-diphenyl-4,9-di(thiophen-2-yl)-
[1,2,5]thiadiazolo[3,4-g]quinoxalin€T Q-2T, Figure3.1) was also reported by modifying the
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PTQ core with two flanking thiophenes, which can offer more alkylation positmimegrove
their solubility®?32°In view of the lack of study on the structure-property relatigpssof TQ
polymers, we herein investigate this topic basedQR2T polymers from two crucial aspects.
Firstly, introduction of unsubstituted donor units with different electtonating abilities,
which enhances backbone coplanarity of TQ@e2T polymers and potentially leads to ordered
arrangement in the polymer films. Secondly, tuning the substitupositions and
architectures of polymer side chains improves the polymer sojuliiié molecular weights

as well as the device performance.

CizHas C12H25 C12H25 C12H25 CioHas \ / C12H25
% G o afson
n s In

Ci2H2s CizHzs Ci2H2s Ci2Has Ci2Has CioHas

P1 P2 P3

CizHas CizHas
CizHas C12H25 Cnst

CioHa1g CyoHay
/ \ T\ N
s” In /\ 7\
CizHas s S

CizHas CizHzs Cy2Hos CiaHas

P4 PS P6

Figure 3.2 Structures oP1-P6synthesized and studied in this work.

In this chapter, we report six n@®-2T based copolymem®1-P6 as shown in Figure
3.2. Firstly, different unsubstituted donors, namely, thioph@ne thieno[3, 2-b]thiophene
(TT), benzo[l,2-b:4,5-b’]dithiopheneBDT) and 2,2’-bithiophene BT) were introduced
alternatingly withTQ-2T proving the corresponding polymd?4-P4. These donor units were
expected to decrease the torsion angles along the conjugated bacldmmrall\§ the best
donor containing polymerPd) was further optimized by side chain engineering. The
polymersP4-P6 had identical molecular formulas of side chains and conjugatedakele
comparison withP4, P5 was designed and synthesized by varying the substitution positions of
the alkyl chains. This polymer design aims to improve the salhbihd molecular weight but
at the cost of sacrificing coplanarity of the polymer main chainorter topossess better
solubility, higher molecular weight and similar backbone coplanarigtopmparison withP4,

the substitution architectures and the bulkiness of the alkyl chvaresmodified by replacing
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four dodecyl linear chains iR4 with a pair of 2-decyl-tetradecyl alkyl chains to obtRi®
The optical, electrochemical, charge carrier transport anebggdhization properties of these

copolymers were comparatively characterized and studied in details.

3.2 Synthesis and characterization

O,

C12H25 C12H25 Ca2Has C12H25
.S.

CizHzs NN CioHos /N

/\ I\ CioHas CioHos S NBS THF S

S S N\ /N N\ /N

HoN NH; AcOH, 55 °C r.t, 84%
overnigh, 93% O W, WXV,
Ci2Hzs CizHzs CizHzs CizHos

N
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Scheme 3.1Synthetic route for precursoésand?.

The synthesis of precursdrand? is outlined in Scheme 3. 1. Mononfewas obtained
via a condensation reaction between 4,7-bis(4-dodecylthiophen-2-
yl)benzo[c][1,2,5]thiadiazole-5,6-diamin@l) and 1,2-bis(4-dodecylphenyl)ethane-1,2-dione
(2), and then it was dibrominated to produce precufsérolymerization of precursatrwas
obtained following the similar procedure to that for precusksénom the 4,7-di(thiophen-2-
yhbenzo[c][1,2,5]thiadiazole-5,6-diamirtB).

The synthetic route of precursbf is shown in Scheme 3.2. Fresh Grignard reaent
was prepared from 2-decyl-tetradecylbromid®, (which was directly reaction with 3-
bromothiophene by a Kumada coupling to produce 3-(2-decyl-tetradegghene 10). The
corresponding stanylated thiopheliewas obtained fronl0 via a stanylation reaction. The
Stille coupling reaction was carried out betweeil and 4,7-dibromo-5,6-
dinitrobenzo[c][1,2,5]thiadiazolel@) to give the 4,7-bis(4-(2-decyltetradecyl)thiophen-2-yl)-
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5,6-dinitrobenzolc][1,2,5]thiadiazold §). The corresponding diamirigl was synthesized by
reduction of compounii3. The diaminel4 was directly usedwithout purification and
converted to the corresponding monoriérvia a condensation coupling with benzby.
Finally, precursod7 was then obtained by dibrominationid

-
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NBS, THF
r.t, 87%

16 17

Scheme 3.25ynthetic route for precursot$ and17.

The substitution number and architectures of alkyl chains onto ategugackbone led
to their significant difference in solubility. Precursdrsand 17 have excellent solubility in
dichloromethane, whil& has a poor solubility in dichloromethane and chloroform. Therefore
the 'H- or **C- NMR spectra o7 were characterized in THéx Before polymerization was
carried out, the three compounds were dried more than 12 hours atw@éCvacuum to
remove residual solvents and water. The three precursors show MVenyunity indicated by
their *H-NMR spectra (Figure 3.3) except the signals of water, whiehe believed to
originate from the deuterated solvents. In the aromatic regimnp@undst and17 exhibit a
clear single peak at 8.8 ppm, it was assigned to the prothiophenel§;), while compound

7 has two double peaks at 8.8 and 7.1 ppm, it was attributed to the protbitgpbéne I,
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andb,). It is also very easily to distinguish the thprecursors through their aliphatic region
signals inH-NMR spectra. The two triplet peaks at 2.5 ppmobgl to two different
methylene of dodecyl groups linked to the aromatig of compound}. The precursor has

a pair of the same dodecyl groups, therefore dygmaa triplet peak at 2.6 ppm. With a
couple of= - # =&

Precursor 4 CoMas
i

5
CyMzs 131N‘\ :N
N N
4 a CD,Cl,
d O-

[t

T1 i b CygHas 1aHzs Hﬁ L
U 7o AN B | U
2 4 4 8
s, dy-THF
B, By NN H,0 L
Precursor 7 o = 2@, A\ Q‘ @ N dy-THF )
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; Ny N
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Figure 3.3The'H-NMR spectra of three precursats? and17.

The Stille coupling reaction was performied synthesizeP1-P6 between the three
precursors 4, 7 and17) and corresponding donor&8&22) as shown in Scheme 3.2. The
crude polymers were purified using Soxhlet extacttiPolymerd1-P4 were obtained from
chlorobenzene fraction, whil@5 and P6 were collected from chloroform. Among these
polymers,P4 has the poorest solubility, for example, the abtb@nzene solution (2 mg/ml) of
P4 was not completely soluble until the solution wasted up to 80 °C.
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Scheme FBynthetic routes fofQ-2T-based polymers.

The number-average molecular weight)(lind polydispersity index (PDI) of these
polymers were determined by GPC as shown in Figure 3.4. Theadalisted in Table 3.3.
The low M, of P1-P4 could be attributed to their poor solubility. Similar results wads®
observed in other TQ polyme?5? After tuning the substitution positions and architectures of
the side chain$?5 andP6 exhibited relatively high I due to excellent solubility in common
solvents such as chloroform and tetrahydrofuran at room temperahae¢hermal properties
of the copolymers were measured under nitrogen atmosphere aing nai@ of 10 °C/min by
thermogravimetric analysis (TGA) (Figure 3.5). All copolymexkilited excellent thermal
stability, with the similar decomposed temperature of 415 °C awB¥pht loss. However,
when the temperature was raised to 500 °C, the polymer side areméirstly decomposed.
The weight loss up to 500 °C féx-P6 were around 54%, 49%, 46%, 49%, 46% and 50%,
which is fully in agreement with the side chains weight ratio 58%%, 49%, 50%, 50% and
50% in the corresponding polymers. The differential scanning calyiri@SC) curves of

these copolymers didn’t show any phase transition in the range from -50 °C to 300 °C.
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Figure 3.4GPC curves foPBDTTQ-1 andPBDTTQ-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 folP1-P6measured under nitrogen atmosphere.

3.3 Optical properties

UV-vis-NIR absorption spectra of the pobns were recorded in toluene solutions as
well as in thin films (Figure 3.6). The relevanttalare summarized in Table 3.3. In dilute
toluene solutions, all polymers exhibit typical Bband absorption profile as other TQ
polymers.The first one covers the range from 300 to 600 nohthe second one starts from
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650 to 1650 nm. The former band corresponds toptp® transition of the conjugated
backbone, whereas the latter could be attributedhtt@molecular charge transfer (ICT)
between donor and acceptor within the polymer backb’ It is worthy to mention that the
intensity of the second absorption bands of thedgnpers (OD) is close to or beyond the
first ones (ODR), the data are collected in Table 3.1), theseegmkre higher than those of
PBDTTQ-1 and PBDTTQ-2 in solution (Chapter 2), implying that these poégms could
have stronger ICT than previous b&@DTTQ -polymers.

—P1
4x10* b
= P3
T / P5
— 3x10*- //\7
g ——P6
= 2x10°-
W
1x10* - \
0

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 3.6 UV-visible-NIR absorption spectra Bfl-P6 investigated in toluene solutions.

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

OD,/OD, P1 P2 P3 P4 PS5 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

PolymersP1-P4 exhibit significantly different red-shifts betwe&200 and 1600 nm.
The electron-donating ability of the donor moietiesre estimated from their HOMO levels
(Table 3.2), which were calculated using the dgrfanctional theory (DFT) with the B3LYP
functional and 6-31 G* basis set. The HOMO level&ofv order of T (-6.34 eV) <TT (-6.03
eV) <BT (-5.54eV) < BDT (-5.47 eV).The HOMO energy of th&Q-2T (methyl groups
replaced dodecyl group in monon®rmoiety itself, however, is already higher lyingthw-
4.90 eV, due to the two thiophenes acting as detrongly raising the HOMO of methyl
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groups substitute@TQ (HOMO = -5.98 eV) by more than 1 eV. Therefore the introduction
of additional donor bridges and their donor strength not influence tloepsibs band edges
as often assuméd.More important, therefore is the extend of conjugation in the combined
molecules and that can already nicely be predicted by consideengfOMO and LUMO
values of monomeric subunikd1-M4 of P1-P4 These values implied that additional donor
strength do not determine the energy bandgapS@2T based polymers. This can then
explain whyP1 and P2 show the longest wavelength absorption followedPdyand P3.
Compared td?4, P5 shows a blue-shift around 10 nm of the maximum wavelehgify) (and
significant lower molar extinction coefficient. Thgax value ofP6 reveals a blue shift of 100
nm in comparison with that oP4. These results were related to different substitution
positions and architectures of alkyl chains affect intramolecutaraction in polymer
backbone, thereby changing the optical behavioF@f2T polymers. On the other hané5
exhibits a long tail extending to 1500 nm, suggesting a high tendereygregate even in
diluted solutior®* This is in agreement with the high PDIRS.

Table 3.2 The HOMO and LUMO levels ofPTQ, TQ-2T, T, TT, BDT, BT and M1-M4.
Calculations were carried out at the DFT//B3LYP/6-31G* I€%el.

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 -4.71-471  -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-castinghéokmutions of these
polymers onto glass slides. In order to clear the UV-visible-dfi&ctra oP1-P6 in solutions
and films, their spectra are shown in Figure 3.7 one byRh&6 display slightly broadened
spectra but with only small red-shifts from 8 to 35 nrhgkcompared with those in solution
indicating aggregation in thin film. The values of £0D; of these polymers were further
increased in solid state (shown in Table 3R% has a smallest QBDD; value of 0.81,
because the head-to-head alkylated chain onto bithiophene caused thisrpalgignificant
twist in the conjugated backbone. The former mentioned low mobifityPBDTTQ-2
(Chapter 2) had also a low with @DD; value of 0.78. The unsubstituted do®¥ of P4
and P6 have the OROD; value up to 1.14 and 1.03, respectively, suggesting that both
polymers could have better charge transport ability. The optical bgml aya calculated

according to the absorption onset of the solid films and listed ineT&Bl. These results
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demonstrated that changing donors can be effebivéuning the optical behavior of the

polymers.
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Figure 3.7 UV-visible-NIR absorption spectra Bfl-P6 (a-f) investigated in toluene solutions and thin

films.
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Table 3.3Molecular weights, optical absorption and electrochemical pliepartP1-P6

Polymers  Mn? PDI?® Gax (NM Ginax (NM) E > IP EA

(kg/mol) soln.” film © (eVv)y© (ev)* (ev)®
P1 7.0 2.68 1140,1330 1165 0.75 -4.95 -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 2.33 975, 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

3Determined by GPC in 1,2,4-trichlorobenzene usintysiyrene standards at 135 “issolved in toluene.
‘Drop-cast from toluene solution (2 mg/mEy = 1240 niml/ gnses 9P and EA were estimated from the onsets of
the first oxidation and reduction peaks, while plogentials were determined using ferrocene (Fetasdard by
empirical formula€pea= - (Eow red™™™ Ergrei”? + 4.8) €V , wherein Erc™? = 0.40 eV.

3.4 Electrochemical properties

The cyclic voltammetry was carried out to investigate theatoiz potentials (IP) and
electron affinities (EA) of the polymer&The EA of three monomef; 6 and16 were also
studied to clarify the influence of the side chains, which wdezlzed on thdQ-2T core.
The reduction curves of monomers are shown in Figure 3.8. The cordaspealues of EA
were calculated to be -3.77 -3.78 and -3.77 eV, according to the onket fofst reduction
peak. These results implied that the substituent number and axai@te€ the side chains

grafted onto th@Q-2T core induce a very weak change their electron withdrawing ability.

The reduction and oxidation curves of T@@-2T polymers are shown in Figure 3.9.
The corresponding data are calculated based on the onset potertidisted in Table 3.3.
For P1-P4, we found that the IP values decreased gradually with incredeimy ability of
the bridge and this is different with other acceptdré=>>Therefore, the significant difference
in IP of P1-P4 originated not only from different donors, but also from the conformation
the polymer backbone. Compared to IP, the slightly different BAld?4 was attributed to a
dominant contribution of the same TQ core. The variation of the IP Andhldes forP4-P6
was small. These results suggested that the adjustment ofitk8tigion positions and
architectures has a weak influence on IP and EA of the polyméik wariation of the

donors inP1-P4 bear a strong effect on the IP of the polymers.

Page 71



Reduction

Reduction

3.5 OFET properties

Compound 3 oz
ﬁ\%f/é—__‘:
-0.40 eV

Compound 6 a

c =
ompound 16 fes

20.40 eV
—1I.5 : —1I 0 : lllI 5 :

Potential vs Ag/Ag™ (V)

Oxidation

05 0 s
Potential vs AgIAg"' V)

T T
-1.5 -1.0

T
1.5 2.0

The charge transport properties of polgmeere studied in collaboration with
B (Vax Planck Institute for Polymer Rasba Mainz). OFET devices with
bottom-gate bottom-contact architecture were fabed onto the heavily doped silicon wafers
with 300 nm thick thermally grown Spas the dielectric. The dielectric was functionadiz

by hexamethyldisilazane (HMDS) to minimize interéddrapping sites. Au electrodes with
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60 nm in thickness were evaporated, which acts as source and drgialyAlers were drop-
casted from 2 mg/mL chlorobenzene solutions and subsequently annea&&i°@t for 30
min to remove the residual solvent. The field-effect measuremastcarried out under
nitrogen atmosphere, and corresponding data including charge caobdities (1), current
on/off ratios (o/loff) @nd threshold voltage¥«) are summarized in Table 3.4.

Table 3.4Field-effect transistor characteristicsRif-P6

Polymers Hn, max. (€MTVEST) o ave (cnT V' S7) Lor/loft Vr (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 ~1% -15

The transistors of all polymeR1-P6, only exhibit p-type field-effect behavior due to the
many thiophenes into conjugated backbone. Indeed, some ambipolar D-A polymer
semiconductors baseBTQ were reported by combining alternating weak donors, like
alkylated 2,5-diethynylthiopheffeand unsubstituted thiopheffeThe transfer and output
characteristics oP1 -P6 are presented in Figure 3.10. AmdngyP4, P4 showed the highest
mobility of 0.1 cnf V* s with an extremely low threshold voltage of -1 V (Figure 3.10g and
h). Due to the incorporation &DT unit, the transistor performance B8 is significantly
reduced with the mobility of 0.033 émVv* s and the threshold voltage of -6 V. In
comparison t&®3, P1 andP2 exhibited a minor improvement in hole transport with mobilities
of 0.046 and 0.066 chV™* s*. Meanwhile their on/off ratio is lowered to <1This behavior
suggested that the donor segments play a crucial role on the chargereasigort ofTQ-2T
polymers. Since the charge carrier transpoR4rwas limited due to poor solubility and low
molecular weight of the polymeR5 and P6 were designed and synthesized bearing higher
molecular weight and increased solubility. Unfortunate®f shows a hole mobility
approximately one order of magnitude lower tfai) most probably because of the increased
torsion between the head-to-head alkylated bithiophene unit. Repkacir linear side chains
on theTQ-2T core P4) by a pair of branched oneREg) led to a dramatic improvement of the

transistor performance with maximum hole mobility of 0.24 & s* and on/off ratio of 1%)
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although the threshold voltage is slightly increat®e-15 V. To the best of our knowledge,
this value is the highest, meanwhile, one of besbfb ratio was achieved among TQ-
containing semiconductors. These results proved tha substitution positions and
architectures of the side chains critically affdet charge carrier transport TTQ-2T-based
polymers. The nonlinear behavior of the drain aur(g) at low source-drain voltage {Yin

the output characteristics &4 and P6 was attributed to the contact resistance and eharg

injection limitation>®
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Figure 3.10Transfer (a), (c), (e), (9), (i), (k) and outphy,((d), (), (h), (), (I) curves oP1- P6,
respectively.
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Additionally, the relatively low on/off ratio dP1-P6 might be related to adventitious
doping, due to the high-lying IP of these polyn&r&.In spite of low on/off ratios for these
polymers, it has to be emphasized that the reproducibility of OleEdrmances is relatively
good. As shown in Table 3.4, the difference between maximum molititpeerage value is
only ranging from 3% to 27% fd?1-P4andP6, For P5, this difference is slightly increased
to 41%.

3.6 Self-organization in the bulk

To understand the variation in device performance, the molecular ortiamirabulk
was investigated using two-dimensional wide-angle X-ray extiadt (2DWAXS) which was
done by GG <'ax Planck Institute for Polymer Research, Mainz). The
2DWAXS measurements were performed on mechanical extruded fileich were
subsequently thermally annealed at 180 °C for 30 min. For the meastsethe fibers were
mounted vertically towards the 2D detector and the scattersg@corded at 30 °C. The 2D
patterns confirm slight variations betwekf, P2, P5and P3. Significant differences were
observed foP4 andP6.

In the equatorial plane of the patterns reflections at sanglles are ascribed to the
layer structure of conjugated polymer backbones oriented along ghenalnt direction of the
fiber (Figure 3.11). The interlayer distance between lamsttaictures of 3.06 nm fdP1,
3.02 nm forP2 and 2.87 nm foP5 were determined from the main peak position. The
scattering intensities on the meridional plane with d-spacing ofrim%or P1, 1.65 nm for
P2 and 1.85 nm foP5 are related to the length of a single repeat unit. Thesesvaheein
agreement with the theoretical lengths of 1.46 nnPfhrl.62 nm forP2 and 1.80 nm foP5
as calculated by Ceritissimulations®® More crucially, wide-angle equatorial scattering
intensities are assigned@estacking distances of 0.38 nm #et, 0.36 nm foiP2 and 0.37 nm
for P5. Additionally, the6-stacking reflection foP2 showed a slightly smaller full width at
half maximum (FWHM{ than forP1 andP5, indicating a larger coherence length along the
stacking direction foP2. Table 3.5 summarized the FWHM value and coherent length for the
6-stacking direction for all investigated polymers. Interestindlye to an improved overall
crystallinity, the alkyl side chains d?2 exhibit a preferential ordered direction as evident

from off-meridional reflections in the middle-angle region (ddstiecles in Figure 3.111b).
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In contrast, the patterns f&xl andP5 display only a broad amorphous halo characteristic
disordered alkyl chains.

Figure 3.112DWAXS patterns of a1, b) P2, ¢) P3, d) P4, e) P5and f)P6 (insets show the small-
angle scattering rangeQff-meridional reflections related to a preferehtieganization of the alkyl
chains are indicated in b) and d) by dashed circles

In comparison tB1 andP2, the interlayer distance &3 decreases to 2.80 nm, due to a
slightly smaller backbone curvature, while6atacking distance of 0.36 nm is found. The
amorphous halo related to a d-spacing of 0.45 nntoigelated also to the isotropic
arrangement of alkyl chains. The interlayer distaobserved foP4 andP6 is 3.03 nm and
2.94 nm, respectively. In comparison to the otladympers within this series, both compounds
show more distincé-stacking reflections corresponding to distance8.8¥ forP4 and 0.38
for P6. The variations in the interlayer aBestacking distance within this polymer series are
due to the modifications in backbone compositiod anbstitution position. A less planar
donor unit inP4 and P6 in comparison toP2 and P3 increases thé-stacking distance.
Avoiding alkyl chains at the acceptor and repladimglinear to branched alkyl chains 8,
on the other hand, slightly reduce the interlaystathce and increase tBestacking distance.
Surprisingly, at the same time the degree of ondét4 andP6 increases as evident from a

higher coherence lengtstacking for both polymers in comparison to theeotpolymers
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(Table 3.5). Reflections in the off-meridional middle-angle regiomesponding to the d-
spacings of 1.23 nm fdP4 and 2.00 forP6 suggest that the repeat units of the polymer
chains in neighbouring layers are shifted in the extrusion direetith respect to each other.
Ceriu¢ simulations confirm this effect on the scattering pattermuiiéi 3.12). In such
organizatiorP6 with branched alkyl chains and with non-planar donor unit arrangesorex
energetically favourable fashion. The shift is induced by tbecstlemand of the branched
substituents allowing a more efficient space filling in therdgggiphery. In this configuration,
the donor units occupy positions adjacent to acceptor units in the nerghbayers. This
packing ofP6 induces higher crystallinity than f&1, P2, P3 andP5. Additional anisotropic
off-meridional reflections foiP4 corresponding to a d-spacing of 0.45 nm assigned to

alkyl chain ordering and confirm higher overall order in compariséiitandP3.

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

have been calculated in thestacking direction.

Polymers FWHM Coherence length p-p spacing Interlayer distance

) (nm) (nm) (nm)
P1 4.7 17 0.38 3.06
P2 3.1 2.6 0.36 3.02
P3 2.8 2.9 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 lohefilect transistors is
insensitive on the interlayer aridstacking distance. It has been found that the coherence
length in thes-stacking direction is more crucial for the electrical propertiestter words, a
more ordered packing of the polymers chains in the layer stesctensures a more

unhindered migration of charges as observed in the castanfdP6.
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Figure 3.12 Schematic illustrations of the unit cells with (apd without (c) polymer shift in
neighbouring layers. This shift occurs along thardi extrusion direction. (b) and (d) simulated
2DWAXS patterns with and without translation. Th@1O0reflection, which is observed in the
experimental patterns and corresponding to thettleaya monomeric unit, is indicated by red color.
This reflection is shifted in the simulated pattérom meridional to off-meridional position with
translation of the polymer backbones towards efiobroWherein g = q,/2p, S, = q/2p.

3.7 Self-organization in films

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

substrates were functionalized by hexamethyldiaitez (HMDS) to minimize interfacial
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trapping sites. The semiconducting layer was digi-drom a 2 mg/mL chlorobenzene
solution onto the substrates. Afterwards, the satest were heated 18C for 30 min to
remove residual chlorobenzene in a glove box. Tisaseples were measured [|jjihael
I (Max Planck Institute for Polymer ReseahMhinz).

a) 500 b)
600 -
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Figure 3.130ut-of-plane films XRD of (aP1-P4and (b)P4-P&

Out-of-plane XRDs of the polymers filmseashown in Figure 3.13. The polymers
displayed chain-to-chain distances of 2.95, 2.82032.80 and 2.79 nm foP2-P6,
respectively. While the chain to chain distancePtfhad a value of 5.76 nm, which is two
times larger than those of other TQ polymers, inmgythat the real chain-to-chain distance of
P1 could be 2.88 nm. The axialsymmetric TQ units hidwee different patterns which lead to
corresponding TQ polymers follow themselves: heatidad, head-to-tail and tail-to-tail
(Figure 3.14). Grimsdale and his coworkers repotteal TQ-based polymers, which were
determined two clear chain-to-chain distanceslinsfiusing out-of-plane XRD®¥ However,
our TQ polymers have only one chain-to-chain distaThis result suggested that our TQ
polymers have higher ordered arrangement in filiits could be one of the reasons that
these polymers exhibited excellent charge carri@bility. Different donor parts of polymers
can siginificantly effect the molecular self-orgaation in films as shown in Figure 3.1%4,

P2 andP4 showed a significarm-p stacking signal witlp distance of 0.37, 0.37 and 0.38 nm,
which might suggest face-on configuration. The ghmgak ofP4 was related to its high hole
mobility of 0.1 cnf V* s*. An extending conjugated donBDT was introduced intd Q-2T

containing polymersP3 didn't show anyp stacking signal, it is in agreement with its
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relatively low hole mobility of 0.042 cfriv* s*. Figure 3.13b demonstrated the packing of
P4-P6. A broad peak oP5 implied that it has a very weakp stacking, due to the head-to-
head alkylated bithiophene which led to strong twisting in the cotgddaackbone of this
polymer. The maximum hole mobility &5 had only 0.012 ciV™* s*. Surprising,P6 didn’t
show p-p stacking, but the high crystallinity of this polymer is a kagtor for highest hole
mobility in this series of TQ polymers as discussed in 2DWAREasurements. These result
demonstrated varying donor moieties, alkyl chain substitution pos#iodsarchitectures in

TQ-2T polymerscan affect thg-p stacking of the polymers.

tail-to-tail

Figure 3.14Schematic diagrarfior TQ molecule with three different arrangement patterns.

3.8. Summary

In this chapter, in order to develop new high performance TQ polymeoseluctors,
six new TQ-2T-based polymers have been synthesized and characterized. Vdoying
moieties, alkyl chain substitution positions and architectur@d®QH2T polymers can facilitate
the tuning of the optoelectronic behaviors, self-organization in bulk ciyaglge carrier

transport.

Firstly, the different unsubstituted donofs,TT, BDT and BT were introduced into
TQ-2T copolymer and successfully improved the conjugated backbone. All ofatiaeved
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high hole mobilities, these value are highest among reported TQ pslyEspecially,P4
achieved charge carrier mobility as high as 0.2 ¢fhs™. The issue of these polymers is that
the four dodecyl side chains cannot provide enough solubility for polyrmenzavith
unsubstituted donor groupR1-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 fourl datkecy
chains in conjugated skeleton B# to obtain other two polymer85 and P6 by side chain
substitution positions and architectures. These polymers had tiieadienolecular formulas
of side chains and conjugated backbofkhough P5 showed an enhanced solubility and
molecular weight tharP4, it produces a low crystallinity due to the conjugated backbone
torsion and leads therefore a low mobility of 0.007 &t s*. Interestingly, A pair of 2-
decyl-tetradecyl alkyl chains is used to replace the ligek& chains, it does not significantly
change the planarity of the polymers, but improves its moleculghtend solubility. Due to
a higher coherence length in tBestacking direction, the charge carrier mobility 8 is
increased up to 0.24 éiv* s™.

High performance TQ polymers were successfully designed artlesized by
investigation in structure-property relationships BR-2T-polymers. It is beneficial to
broaden the understanding of TQ-containing polymers and apply our stce@g@BDTTQ
towards to high performance ambipolar polymer semiconductors. Thisispghown in
Chapter 4.

3.9 Synthetic details

Intermediates 4,7-bis(4-dodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole syt
(1), 4,7-dibromo-5,6-dintrobenzolc][1,2,5]thiadiazole12( and (3,3-didodecyl-[2,2'-
bithiophene]-5,5'-diyl)bis(trimethylstannaneP? were prepared according to synthetic
details of Chapter 2. 1,2-bis(4-dodecylphenyl)ethane-1,2-dia)¢ @,7-di(thiophen-2-
yl)benzolc][1,2,5]thiadiazole-5,6-diamine 5)(** 2-decyl-tetradecylbromide 8)(** 2,5-
bis(trimethylstannyl)thiophenel8),** 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophent9) *°
2,6-bis(trimethylstannyl)benzo[1,2-b:4,5-b'|dithiophe2€){® and 5,5'-bis(trimethylstannyl)-
2,2"-bithiophene 21)*” were prepared according to the literature procedures as shaihe i

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]thiadiazi}B,4-
g]quinoxaline (3)

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

Ci2Has 3 Ci2Has

A suspension df(0.2 g, 0.30 mmol) and 1,2-bis(4-dodecylphenyl)ethane-1,2-d&ne (
0.164 g, 0.30 mmol) in 20 mL of acetic acid was placed into a 50 mL richibe. The
mixture was heated to 55 °C and stirred overnight. After cooling to teamperature, the
product was filtered and washed with methanol. The crude product wifisdoby column
using hexane/dichloromethaf®1) as eluent to give 0.328 g of compouhdgreen solid,
93%).*H NMR (250 MHz, CDCl,) M8.83 (d,J = 2.50 Hz, 2H), 7.73 (s}, = 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, TZHYIMR
(62.5 MHz, CDBCl,) M153.63, 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

Compouna® (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 dma&dhes under dark.
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The mixture was stirred for 5 h. After removing the solvent umdduced pressure, the
residue was purified by column chromatography using hexane/dichldrang2:1) as eluent

to give monome# as a green solid (198 mg, 74%) NMR (250 MHz, CDBCl,) M8.70 (s,

2H), 7.53 (d,J = 7.50 Hz, 4H), 7.20 (dl = 10.0 Hz, 4H), 2.72-2.58 (m, 8H), 1.69 (br, 8H),
1.31-1.27 (br, 72H), 0.91-084 (br, 12H5C NMR (62.5 MHz, CBCl,) M153.78, 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 calcd 1333.6338, found 1333.6329.

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

/S\
N N i i
\N/

7\ ]\ C1oHos Ci2Has
S S
et T S0
5 C12H2s CizHos

6

Following the same procedure for the preparation of comp8udd/-di(thiophen-2-
yl)benzol[c][1,2,5]thiadiazole-5,6-diaming, (99 mg, 0.3 mmol) was used to replace 4,7-bis(4-
dodecylthiophen-2-yl)benzolc][1,2,5]thiadiazole-5,6-diamihe Compoundé was obtained
as a green solid (215 mg, 85%8. NMR (250 MHz, THFels) M9.11-9.09 (dd,) = 2.50 Hz,J
= 5.0 Hz, 2H), 7.76-7.69 (m, 6H), 7.27-7.22 (m, 6H), 2.68 ,7.50 Hz, 4H), 1.71-1.63 (br,
4H), 1.38-1.29 (br, 36H), 0.89 ( = 7.50 Hz, 6H)*C NMR (62.5 MHz, THFdg) M
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 withg)THE3A10,

14.28. HRMS (ESI+): m/z calcd 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

g]quinoxaline(7)

O_Q—Q (NBS, THE O—Q@Br

NN
NN
CioHas Ci2Has

CioHas CiaHas

Following the same procedure for the preparation of compaynd,7-bis(4-
dodecylphenyl)-4,9-di(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxalifte {68 mg, 0.2
mmol) was used to replace compothdCompound’ was obtained as a green solid (172 mg,
86%). 'H NMR (250 MHz, THFes) M8.90 (d,J = 5.0 Hz,2H), 7.66-7.63 (dd) = 2.5 Hz,J =
5.0 Hz, 4H), 7.28-7.25 (dd) = 2.5 Hz,J = 5.0 Hz, 4H), 7.21(dJ= 5.0 Hz, 2H), 2.71 (tJ =
7.50 Hz, 4H), 1.71-1.65 (br, 4H), 1.41-1.25 (br, 36H), 0.89 &,7.50 Hz, 6H)*C NMR
(62.5 MHz, THFdg) M 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 THFdg) , 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)(p:lg
_ >
CqoHos THF CqoHos THF /S\

Magnesium turnings (0.7 g, 29 mmol), a catalytic amount of iodine and. 39 any
THF were mixed in a 100 mL flask and heated to 80 °C under armulution of 2-decyl-
tetradecylbromide (10 g, 24 mL) in 20 mL of dry THF was added dsmpwito the flask
within 30 min. The resulting mixture was refluxed overnight. Afteoling to room

temperature, the grey solution was transferred into a dry constssure funnel and added
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dropwise into a dry THF (20 mL) solution of 3-bromothiophene (3.9 g, 24)mamd
Ni(dppp)Ck (316 mg, 0.58 mmol) at room temperature. The mixture was heatedlur
overnight under argon. The mixture was then cooled to room temperatutbesn 1 N HCI
was added to quench excess Grignard reagent. The crude produstraetee with diethyl
ether (3x20 mL). The combined organic phases were dried with Mg8@4he solvent was
removed under reduced pressure to afford dark oil, which was purifiedolynrc
chromatography eluting with hexane to give 5.1 g (colorless oil, f%pmpound10. *H
NMR: (250 MHz, CDCl,, ppm)M7.25-7.22 (m, 1H), 6.93-6.90 (m, 2H), 2.58-2.55 (d, 2H,

= 7.5 Hz), 1.63-1.58 (m, 1H), 1.35-1.22 (br, 40H), 0.91-0.86 (t,J6:55.0 Hz,J = 7.5 Hz).

¥C NMR (62.5 MHz, CBCly, ppm)M142.48, 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)

8 ’3[?

/

3-(2-Decyltetradecyl)thiophene1l0( 3.63 g, 8.63 mmol) and N,N,N’,N’-
tetramethylethylenediamine (TMEDA, 1.42 mL, 9.49 mmol) wereotiiesl in 36 mL of
anhydrous THF. After cooling to @C, the n-BulLi (5.93 mL, 9.49 mmol, 1.6 M in hexane)
was added slowly into this mixture solution over 10 min. The resulbhgien was stirred
for 5 min at 0 °C and warmed to room temperature over 30 min. The enasg cooled to
0 °C again, and trimethyltin chloride (9.49 mL, 9.49 mmol, 1 M in hexane) adaed
dropwise. The mixture was stirred for 30 min at 0 °C and warmeabta temperature. After
two hours, the resulting solution was poured into water and extradtediathyl ether (3x20
mL). The combined organic phases were washed with brine, dried wB©Olyignd filtered.
The filtrate was concentrated under reduced pressure to obtain conidodn@l g, yellow oll,
95%). This crude product was used for next step without further ptioficaH NMR: (250
MHz, CD,Cl,, ppm)M7.16 (s, 1H), 6.98 (s, 1H), 2.59 (d, 2Hs 7.5 Hz), 1.63-1.58 (m, 1H),
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1.34-1.22 (br, 40H), 0.91-0.85 (t, 6Bi= 7.5 Hz), 0.34(s, 9H}3C NMR (62.5 MHz, CBCl,,
ppm)M143.71, 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 dinitrobenzolc][1,2,5]tladiazole (13)

Ci2Hzs

ng
\
—Sn /N
7/

S

11 13

4,7-Dibromo-5,6-dinitrobenzothiadiazal®)((1.23g, 3.2 mmol), compourid (4.30 g,
7.40 mmol) and Pd(PRRCI, (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 KRE.sblvent was
removed under reduced pressure to afford a dark-red oil, which wagegurif column
chromatography using hexane/dichlorometh@nk) as eluent to give 2.42 g (red solid, 71%)
of compoundL3. *H NMR (250 MHz, CDCl,, ppm)M7.34 (s, 2H), 7.32 (s, 2H), 2.65 @5
7.50 Hz, 4H), 1.69-1.63 (m, 2H), 1.29-1.27 (m, 80H), 0.91-0.86t,7.50 Hz,J = 5.0 Hz,
12H).%C NMR (62.5 MHz, CBCly, ppm)M152.59, 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]thiadiado[3,4-
glquinoxaline (16)
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Compound.3 (0.5 g, 0.47 mmol) and ne iron powder (311 mg, 5.55 mmol) in acetic
acid (15 mL) was stirred for 5 h at 7& under argon. The reaction mixture was cooled to
room temperature, precipitated in 5% aqueous NaOH and extradtediathyl ether (3x20
mL). The combined organic layers were washed with brine, dried with i¥lgS®the solvent
was removed under reduced pressure to give corresponding didmingith deep red oil.

This crude product was directly added into acetic acid (15 mL) solution of f@@azig, 0.47
mmol). The mixture was heated to 80 overnight under argon. After cooling down to room
temperature, the mixture was poured into 100 mL 5% aqueous NaOH aadtezktwith
dichloromethane (3x20 mL). The combined organic phases were dried wBO,Mand
filtered. The filtrate was concentrated and purified by column chtoegnaphy eluting with
hexane dichloromethane (4:1) to give 0.387 g (green solid, two steps 7@&npdundl6.

'H NMR (250 MHz, CDRCl,, ppm)M8.87 (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,= 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, CBCl,, ppm)M153.39, 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-diphenyjlt,2,5]thiadiazolo[3,4-
glquinoxaline (17)

NBS, THF

Compound6 (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 dma&thes under dark.

The mixture was stirred for 5 h. After removing the solvent umdduced pressure, the
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residue was purified by column chromatography using hexane/dichldrang2:1) as eluent

to give compound.7 as a green solid (232 mg, 87%) NMR (250 MHz, CRCl,, ppm)M

8.83 (s, 2H), 7.72-7.67 (m, 4H), 7.75-7.38 (m, 6H), 2.62)(d,7.5 Hz, 4H), 1.81 (br, 2H),
1.36-1.22 (br, 80H), 0.88-0.82 (m, 12HJC NMR (62.5 MHz, CBCl,, ppm) M 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—dm Pd(dba); m—@%
tn(o tolyl)phosphine

Chlorobenzene
VIS By
O O /3{1’@\8{1\
C12Hzs Ci2Hzs 18 C12Hzs Ci2Hzs
4 P1

Compound4 (0.1 mmol), 2,5-bis(trimethylstannyl)thiophen&8( 0.1 mmol) and
chlorobenzene (8 mL) were placed in a 50 mL two-neck flask. Theiraiwas purged with
argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetone)dipalladiRd@ba)) and
7.3 mg of trip-tolyl)phosphine (R¢-tolyl)3) were added. Then the mixture was heated up to
110°C under argon. After 3 days, the polymer was end-capped with tributylsteemane
and bromobenzene in sequence. After cooling to room temperatureathi®m mixture was
poured into methanol. The polymer was filtered and subjected to Saxttaction with
methanol, acetone, hexane, chloroform and chlorobenzene. The chlorobenz&or fwas
collected and added 30 mL of sodium diethyldithiocarbamate aqueousrs@iug/100 mL),
the mixture was heated to 8C with vigorous stirring for 2 h. The mixture was separated and
organic phase was washed with water for 3 times. The polymercalested from the

chlorobenzene fraction and dried in vacuum to affeitd

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

Molecular weight by GPC (13%): M, = 7.0 kg mof, PDI = 2.68.

Elemental analysis: Calcd. FQgoH112N4Ss: 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 preparatid?lp®,5-bis(trimethylstannyl)thieno
[3,2-b]thiophene X9, 0.1 mmol) was used to replace doth8r

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

Chlorobenzene

\__/ \
N DR,
CizHas Ci2Hzs s CioHos CizHas
4 19 P2

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

Molecular weight by GPC (13%): M, = 5.4 kg mof, PDI = 2.15.

Elemental analysis: Calcd. FQgH112NsSs: 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 preparatidtiio?,6-bis(trimethylstannyl)benzo
[1,2-b:4,5-b']dithiophene2Q, 0.1 mmol) was used to replace doh8r

N SN
CizHzs NN Ci2Hos CiaHos NN CizHos
B [ S
Br Br Pdy(dba); [ ) & \ D
S S . . S S n
tri(o-tolyl)phosphine S
NN - NN
Chlorobenzene
AW, LS )
Ci2Hos CizHos / s N CizHos Ci2Hos
4 20 P3

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

Molecular weight by GPC (13%): M, = 8.0 kg mof, PDI = 2.34.

Elemental analysis: Calcd. FQgsH114N4Ss: 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 preparatiét1,db,5'-bis(trimethylstannyl)-2,2'-

bithiophene 21, 0.1 mmol) was used to replace doh8&r

CiaHos C12Hos Ci2Has Ci2Has

Wm Pd,(dba)s m—@%@
trl(o tolyl)phosphine

Chlorobenzene

Ly

Ci2oHas Ci2Has CioHos CioHps
4 21 P4

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

Molecular weight by GPC (13%): M, = 9.1 kg mof, PDI = 2.33.

Elemental analysis: Calcd. F@gH112N4Ss: 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 preparatioRhfthe 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(trimethylstannane22( 0.1 mmol). ButP5 was collected from
chloroform fraction during the Soxhlet extraction process, due to its good solubility.

\ w C1oHos
gr—d \ I\ g, Pd(dba); / I\ s )
S S tri(o-tolyl)phosphine S S \ / —ar
N N -
N N
< Chlorobenzene \ 7 CizHos
() oXe
cuf) NI S{'n/
12728 7 Craks /Sv S \ [/ CioHas CioHos
Ci2Has P5

22

P5 (black solid, 115 mg, 85%).
Molecular weight by GPC (3TC): M, = 16.1 kg mot, PDI = 5.49.
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Molecular weight by GPC (13%): M, = 12.7 kg mof, PDI = 4.05.
Elemental analysis: Calcd. FQ@sH114N4sSs: 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 preparatiétbahe polymerization precursors
were changed into acceptd7( 0.1 mmol) and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene
(21, 0.1 mmol).

(1$)&+| 7
W 0
$ 0%, W
— \/ N

P6 (black solid, 96 mg, 71%).
Molecular weight by GPC (13%): M= 18.8 kg mof, PDI = 3.48.

Elemental analysis: Calcd. F@gH114N4Ss: 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 [T
¥ CroHz1g CroHinn

8.0x10 NS

6.0x10*
<
—4.0x10"
_Q

2.0x10™

0.0
-80

In this chapter, two novel conjugatediypeers with high molecular weight®BDTTQ-3 and
PAPhTQ, were synthesized based on previously investigstiretture-properties relationship B®-
2T polymers. Both polymers have excellent solubility common organic solvents. UV-vis-NIR
absorption and cyclic voltammetry indicate a bapdgi(0.76 eV) and high electron affinity level (-
4.08 eV) forPBDTTQ-3. PBDTTQ-3 exhibits good ambipolar transport, with a maximbaole
mobility of 0.22 cm V™ s and comparable electron mobility of 0.21%vt' s™.

Note: Large part of this chapter has been publigh€hem. Mater2014 26, 5923-5929.
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4.1 Introduction
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semiconductors, we optimized previddBTTQ core and modified a new benzodithiophene
condensed TQ unitBDTTQ-3) with excellent solubility in common organic solvents, by
removing all the alkyl chains from the TQ unit and replacingaliradkyl chains using a pair
of 2-decyl-tetradecyl alkyl chains in the neighboring thiophemetsu(Figure 4.1).
Additionally, another new acenaphthylene condensed TQ &61RTQ) was also developed
for comparison witBBDTTQ-3 (Scheme 4.1

In this chapter, we report the design and synthesis of two D-ApadyYBDTTQ-3
andPAPhTQ (Figure 4.1) and their significantly enhanced device performamogared to
PBDTTQ-2. For both polymers, 2-decyl-tetradecyl alkyl chains with bramghiositions one
carbon away from the polymer main chain on thiophenes adjactrd &xceptors are crucial
for tuning the attractive forces and improving the solubility of treenmmolecules. More
importantly, this approach minimizes steric interactions and prambéepolymer backbone
coplanarity, which facilitates charge carrier transpd®BDTTQ-3 shows significantly
improved and balanced holes and electrons mobilities as high as 0.22anch? V* s?,
respectivelyPAPhTQ exhibits also ambipolarity with slightly lower maximum moipels of
0.11 cnf V' s for holes and 0.02 ¢ s for electrons. Additionally, the influence of the

fused aromatic system in the TQ moiety on the device performance waslistudi

4.2 Synthesis and characterization

The synthesis of the both polymers is illustrated in Scheme 4.1.i(#-2-
decyltetradecyl)thiophen-2-yl)-5,6-dinitrobenzolc][1,2,5]thiadiazolel) ( was prepared
according to Chapter 3. The compouhdvas reduced using iron and acetic acid to give
corresponding diaming, which was directly used without purification and converted to the
monomersBDTTQ-3 and APhTQ via a condensation coupling with benzo[2,1-b:3,4-
b'ldithiophene-4,5-dione3| and acenaphthylene-1,2-dion@), (respectively. Consequently,
precursor8r,-BDTTQ-3 andBr,-APhTQ were then obtained by dibrominationRDTTQ-

3 and APhTQ. Both polymers were prepared via Stille coupling betwenBDTTQ-3 or
Bro-APhTQ and distannylbithiopher@
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Scheme 4.1Synthetic route to polymeBBDTTQ-3 andPAPhTQ.

Polymers PBDTTQ-3 and PAPhTQ possess good solubility

in chloroform,

tetrahydrofuran and chlorobenzene. The number-average molecular wggiitof the

polymers were 76.3 kg mbland 100.9 kg mdl, with a polydispersity index (PDI) of 3.64
and 6.48 forPBDTTQ-3 and PAPhTQ, respectively, determined by GPC method using
polystyrene as standard and tetrahydrofuran as eluent at 30 °C (Table 4.1)atfiedyréarge

polydispersity index (PDI) of both polymers could originate fromaggregation in solution

(see 4.3 section). The same issue was also reported for other gotyfedditionally, both

polymers demonstrated excellent thermal stability, with 5% htd@ss upon heating at 415

°C (Figure 4.2). In the next region from 415 to 500 °C, the polymerchidms were firstly

decomposed as previously discussed (Chapter 2 and 3).
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after polymerization. The FD-MS arf#i-NMR were carried out to analyze the structure of
. FD-MS displayed that this compound had the saigeakwith -
. 'H-NMR spectra of both compounds are presenteddnrEi4.3. In comparison to
- the aromatic proton chemical shift of unknown coonpd went down field,

implying that the phenanthroline part of - could be coordinated with palladium
from the catalyst (P@dba}), leading to the catalyst deactivation in thistegs However, the
palladium will be removed from - in -

# 3 -8,

Before Polymerization

(]
F oL
II‘-.._J"'L."\ J\I . J

After Polymerization

95 90 &5 80 75 70 65 60 55 50 45
f1 (ppm)

The'H-NMR spectra before (black) and after (red) polyization of -
4.3 Optical properties

To figure out aggregation behaviour of bptilymers in dilute chloroform solutions
(10° M), UV-vis-NIR absorption spectra of both polymesere recorded in chloroform
solution at the two different temperatures (roomngerature and 45 °C). The absorption
profiles are shown in Figure 4.4. Both polymersvebd absorption maximunG{,,) at 1206
nm and 1005 nm at room temperatureR&DTTQ-3 andPAPhTQ, respectively. When the
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temperature was raised to 45 °C, thg of both polymers shifted to 1163 nm ®BDTTQ-
3 and 982 nm folPAPhTQ. This suggests both polymers have aggregation avelilute
solution. This result is in good agreement withrtkeege PDI.

1.5
——PBDTTQ-3 r.t.
—— PBDTTQ-3 45°C
—_ 1.2 ——PAPhTQ 45°C
= — PAPhTQ r.t.
B 1005 nm
< 09-
c
0
2 0.6-
|
o
7
el
<L 0.3
0.0-L : |

i E i T i T u T i T
400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 4.4UV-visible-NIR absorption spectra of the polymershloroform solutions.

9 - 71
?< ? % - #
# $C ' %=+& - =E>

- This was related to different alkyl chain subsidnt
positions and architectures which affect intramolacinteractions in the polymer backbone,

thereby changing their optical behavidr. - C 4
=+0p
8 -F98 W= %- K@ 2XY
4 - &? &E (.
+E& +DD :
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On the other hand?BDTTQ-3
(0.97) has is higher ORPOD; value (see in Chapter 2) than prevideBDTTQ-2 (0.78),
suggesting thatPBDTTQ-3 has stronger charge carrier transfer ability thmaevious
PBDTTQ-2. As discussed in Chapter 3, this valueRBDTTQ-3 could have excellent
charge carrier mobility in OFETSs.

6.0x10" - ; ' '
——PBDTTQ-3 solution
——PAPhTQ solution 1.2
— PBDTTQ-3 film o
4.5x10" PAPhTQ  film £
. -
’ o O
- 0s 2
Fo 4 &
S 3.0x10% 2
= Los B
= o
) 2
1.5x107 -0.3 <
0.0- 00

400 600 800 1000 1200 1400 1600
Wavelength (nm)

4.4 Electrochemical properties

The electrochemical behaviour of both nomoers was determined from cyclic
voltammetry (CV) as shown in Figure 4.6. The cqroesling data are collected in Table 4.1.
To avoid the electron withdrawing effects of bromirlCV of the acceptorBDTTQ-3 and
APhTQ were carried out. The electron affinity (EA) 8DTTQ-3 estimated from the
reduction onset potential is -3.92 eV, which is éovlying than that oAPhTQ (-3.73 eV).
This proved thaBDTTQ-3 is a stronger electron acceptor t#PhTQ.
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large dihedral angle between 3, 3’-dimethyl-2, 2’-bithiophenestilenearly 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 ballemin the solid state than
determined by DFT calculations.

4.6 OFET properties

Bottom contact, bottom gate transistors were fabricated to investigatarte carrier
transport for both polymers. This was in collaboration Vi hdVax Planck
Institute for Polymer Research, Mainz). The transfer and outpatacteristics of both
polymers are presented in Figure 4.10. The ambipolar behavieBDT TQ-3 was clearly
evident from the transfer curves in both p- and n-type operation modedative and
positive gate voltages, with average mobilities of 0.19 + 0.03/chs™ for holes and 0.10 +
0.07 cnf V! s for electrons (Table 4.1). In the negative drain mode fp<\0 V (Figure
4.10a) the crossover point was located at arougd=\-20 V, indicating a change from
electron- to hole-dominated current. Below this gate voltage thsistar exhibited a typical
hole transport behavior in the accumulation mode. In the positive regie> 0 V (Figure
4.10a) the electrons dominate the device operation up from approxirvatety70 V. The
high crossover voltage can be attributed to two parallel existiegtef charge trapping at
semiconductor/dielectric interface and contact resistance. fdpmoged mechanism for the
trapping of electrons in the conductive channel is the formation obbilenSi—O ions at the
dielectric surface. Self-assembled monolayers (SAMs) teadreduced number of hydroxy
groups and thus to an increase of the electron cutiEmné hexamethyldisilazane (HMDS)
surface modification can reduce the trapping effect but not hinder it compMtelover, the
contact resistance is evident on the output characteristic (HigLo®) from the nonlinear
behavior of the current at lowpV In spite of this negative effect, the an ambipolar device
behavior was observed due to the low band gap and LUMO level, reduphest values of
0.22 cniV! st and 0.21 ch V! st for holes and electrons, respectively. A well-balanced
transport of holes and electrons RBDTTQ-3 was observed, whereas significant differences
in threshold voltage were attributed to the deep traps existirfieisemiconducting layét.
PolymerPAPhTQ revealed also ambipolarity but with slightly lower average fi@&s for
holes of 0.10 + 0.02 ¢V s* and with significant difference for electrons of 0.02 + 0.01
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PAPhTQ displayed a slightly higher order and enhanced orientation of thenpolghains.
The meridional scattering intensity gf & O A' and g = 0.27 A was attributed to the chain-
to-chain spacing of 2.33 nm of edge-on arranged polymer backbones. Thgorefs gy
=0.31 A and g = 0 A corresponded to the length of a single repeat unit. In both cases, the
HMDS modified silicon dioxide surface slightly decreased ttain-to-chain distance,
however, the lack of &-stacking reflection was an evidence for poor packing of the polymers
on the surface in comparison to the bulk. This indicated that spr@sfacking might not be
always necessary for reaching high charge carrier mobilittome high performing
semiconducting polymers also were reported with less orderedoodetisd morpholog¥? In
order to investigate the film structure in the nanometer s¢aesdanning force microscopy
(SFM) measurements were performed in collaboration [Jjjjflamax (Planck Institute for
Polymer Research, Mainz). The transistors were directly fegedctive layer morphology
investigation (Figure 4.12e and 4.12f). The root-mean-square (RM&gsuoughness of the
PAPhTQ film was determined to be 3.3 nm being significantly higher thahdha of a
PBDTTQ-3 film (RMS = 1.3 nm). This difference indicates tiRBDTTQ-3 shows better
order at the air interface. As reported in the literatlieehigh surface roughness indicates that
large domains form an only non-uniform transport layer is Ingitihe conduction. On the
other hand, smoother polymer films provide a higher uniformity duentaller grain
microstructures and finally higher charge carrier mobilitidsis Tmay be one reason why
PBDTTQ-3 has a higher mobility thaPAPhTQ.

4.8 Summary

In this chapter, we have presented two new D-A copolymers basextended TQ
derivatives with a high molecular weight and good solubilityammon solvents. Changing
the electron-donor of the fused aromatic system from acenaphghigidrenzodithiophene in
the TQ moiety played a significant role on the optoelectronic ptiepeand the device
performancePBDTTQ-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 evidenm fBIWAXS
measurement, their device performances are far higher than D@Qwased polymers.
PBDTTQ-3 exhibited balanced ambipolar charge carrier transport withistansnobilities
up to 0.22 crh V! s* for holes and 0.21 chiv™* s for electrons.PAPhTQ revealed also
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ambipolarity with slightly lower average mobilities for holes0of0 + 0.02 crmV™ s* and
with significant difference for electrons of 0.02 + 0.07°a s. However, the mobilities of

both polymer were significantly decreased when the transistors was moveti tmar.

4.9 Synthetic details

The intermediate compounds benzo[2,1-b:3,4-b"dithiophene-4,5-di@)e wéas
prepared as description in Chapter 2. 4,7-bis(4-(2-decyltetradecphtm-2-yl)-5,6-
dinitrobenzo[c][1,2,5]thiadiazol€l) and 5,5’-bis(trimethylstannyl)-2,2’-bithiophen®@ (were
synthesized following Chapter 3.

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

A mixture of compoundl (0.5 g, 0.47 mmol) and ne iron powder (311 mg, 5.55
mmol) in acetic acid (15 mL) was stirred for 5 h at°@under argon. The reaction mixture
was cooled to room temperature, precipitated in 5% aqueous NaOH and extitchidtiwl
ether (3x20 mL). The combined organic layers were washed witb, liried with MgSQ@
After removal the solvent, this crude product dian2neas added into acetic acid (15 mL)
solution of benzo[2,1-b:3,4-b"ldithiophene-4,5-diode 103 mg, 0.47 mmol). The mixture
was heated to 80C overnight under argon. After cooling to room temperature, thxéurei
was poured into 100 mL 5% aqueous NaOH and extracted with dichloromé8xdiemL).
The combined organic phases were dried with Mg®@d filtered. The filtrate was
concentrated and purified by column chromatography eluting with bedi@hloromethane
(3:1) to give 0.4 g (green solid, two steps 71%BBTTQ-3. *H NMR (250 MHz, CDCl,,
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ppm)M8.86 (d,J = 1.25 Hz, 2H), 8.22 (d] = 5.0 Hz, 2H), 7.40 (dl = 5.0 Hz, 2H), 7.13 (d]

= 2.5 Hz, 2H), 2.65 (d] = 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, CDG, ppm) M151.00, 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-
ijdithieno[3,2-a:2',3'-c]phenazine(Br,-BDTTQ-3) (5)

(4) Br, (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 thaosoiat small
batches. The mixture was stirred for 5 h. After removal the solvwetér reduced pressure,
the residue was purified by column chromatography using hexanerdictdthane (3:1) as
eluent to giveBr,-BDTTQ-3 as a green solid (154 mg, 91%) NMR (250 MHz, CDC},
ppm)M8.56 (s, 2H), 7.62 (dl = 5.0 Hz, 2H), 7.10 (d] = 5.0 Hz, 2H), 2.50 (d] = 7.50 Hz,
4H),1.82-1.74 (m, 2H), 1.25-1.23 (br, 80H), 0.88-0.83 &,7.50 Hz, 12H)*C NMR (62.5
MHz, CDCk, ppm)M149.98, 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]thiaalzolo[3,4-
g]quinoxaline (APhTQ) (7)

o O

\_7 CioHas CroHo1 CioHa21._C12H2s
. SN
Cr2H CioHa1.CroH NN
12H2s C1°H21/s\ 10H21 12Hz2s CioHos CioHar s CioH21. ,C1oHos 1\ /R
N\ /N Fe, CH3COOH NN 6 S S
\
— .
/\ / \ /R Y N N
s S S S CH;COOH ‘
ON  NO, WN N

1 90

APhTQ (7)

Following the procedure for the preparationBIDTTQ-3, APhTQ was obtain as a
green solid (0.34 g, two steps 62%). NMR (250 MHz, CDCl,, ppm)M8.86 (s, 2H), 8.32
(d, J=5.0 Hz, 2H), 8.09 (d,= 7.5 Hz, 2H), 7.81 (t) = 7.5 Hz, 2H), 7.23 (s, 2H), 2.71 @z
7.50 Hz, 4H), 1.82-1.77 (m, 2H), 1.26-1.23 (br, 80H), 0.87-0.82 #,7.50 Hz, 12H)C
NMR (62.5 MHz, CDC4, ppm)M153.19, 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)

Ci2Hzs CioH21,_C12Ha2s

CroHot s CioHz1._C12Hos C10H21,S\
NN N N
\ ) \_/
/A /I 5 / A\ /\
s s NBS s s~ Br
N
()

CizHos

N

Ny /N THF ii

(7) Bry

Following the procedure for the preparation Bif,-BDTTQ-3, Br,-APhTQ was
obtain as a green solid (200 mg, 91%J.NMR (250 MHz, CRCl,, ppm)M8.43 (s, 2H),
7.71 (d,J = 10.0 Hz, 2H), 7.42 (d] = 5.0 Hz, 2H), 7.32 (t) = 7.5 Hz, 2H), 2.36 (dJ = 5.0
Hz, 4H), 1.75-1.67 (m, 2H), 1.35-1.24 (br, 80H), 0.89-0.80 &,7.50 Hz, 12H)*C NMR
(62.5 MHz, CDC4, ppm)M152.34, 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][1,2,5iadiazolo[3,4-
ijphenazine (PhNTQ)

Following the procedure for the preparationB®TTQ-3, PANTQ was obtained as a
green solid (0.36 g, two steps 65%).

0, o]
W, CizHas Croto1 CioH21._C12H2s
,S.
CizH Cotbr Gt {0 N
CizHzs CroHar s C1oH21. ,C12Hos 12H5 ¢ H,, s 10H21 1225 =N N= /a /R
O Fe, CH3COOH o
NS ¥ NN 10 S S
J B / / NN
S S S S

CH3COOH
O,N  NO, HN - NH 7 N/ \
— N=
1 2
PhNTQ (11)

PhNTQ: *H NMR (250 MHz, CBCl,, ppm)M9.20 (d,J = 7.5 Hz, 2H), 9.00 (d] = 2.5 Hz,

2H), 8.67 (s, 2H), 7.49 (dd,= 7.5 Hz,J = 50 Hz, 2H), 7.11 (s, 2H), 2.65 @@= 7.50 Hz,

4H), 1.77 (br, 2H), 1.42-1.23 (br, 80H), 0.87-0.82 (m, 12£(. NMR (62.5 MHz, CDG,

ppm) M152.73, 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:23'-
c][1,2,5]thiadiazolo[3,4-i]phenazine (Bs-PhNTQ)

CioHas CaoH21._ Ci2Hzs

CroHa s CioH21,_Ci2Hos CioH21 s,
NN NN
\_/
B B & [ )
s s NBS B s~ Br
— >
N\ /N THF N\ /N
/< \<j //\> \> </ \i 2/ \>
=N N= —N N=
BI'Z

PhNTQ (11)

CizHos

(12)

Following the procedure for the preparation Bif,-BDTTQ-3, Bro-PhNTQ was
obtained as a green solid (340 mg, 85%) NMR (250 MHz, CBCl,, ppm)M8.70 (dd,J =
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2.5 Hz,J=5.0 Hz, 2H), 8.45 (ddl = 2.5 Hz,J = 5.0 Hz, 2H), 8.27 (s, , 2H), 7.09 (dtk 2.5

Hz, J = 5.0 Hz, 2H), 2.45 (d) = 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, CDGJ, ppm)M151.73, 151.62, 149.81, 141.06, 140.12,
135.85, 134.02, 133.74, 129.91, 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

CiaHzs CioHz1_Ci2Hzs CraHas Crotary  Crattas

C4 Hz1 CioH21 s
Pdy(dba); NCN
tri(o J \ J\ s J \
S S \ / s” I

S\n/S \\/ i
\ J 7 Sn , \

9 S S

Br,-BDTTQ-3 (5, 0.1 mmol), 5,5-bis(trimethylstannyl)-2,2’-bithiophen®, (0.1
mmol) and chlorobenzene (8 mL) were placed in a 50 mL Schlenk tubenikhee was
purged with argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetpakadium(0)
(Pax(dba}) and 7.3 mg of tri(o-tolyl)phosphine (P(o-tolyl)\were added. Then the mixture
was heated up to 110C under argon for 3 days. The polymer was end-capped with
tributylphenylstannane and bromobenzene in sequence. After cooling toteagrerature,
the reaction mixture was poured into methanol. The polymer wasfdiltend subjected to
Soxhlet extraction with methanol, acetone, hexane, dichloromethaneh&rdform. The
chloroform fraction was collected and added 30 mL of sodium diethyldahbamate
aqueous solution (1 g/100 mL) to remove residual palladium catalystithee was heated
to 60 °C with vigorous stirring for 2 h. The mixture was separated agdnic phase was
washed with water for 3 times. The chloroform solution was concedteatd precipitated in
methanol. The target polymer was collected by filtration andddnevacuum to afford a
black solid 102.7 mg (76%). Molecular weight by GPC {8): M, = 76.3 kg mot, PDI =
3.64.

Elemental analysis: Calcd. FoedE10eN4S7: 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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This polymer was prepared fromBr,-APhTQ (8, 0.1lmmol) and 5,5-
bis(trimethylstannyl)-2,2’-bithiophen®,(0.1 mmol) in similar procedure BBDTTQ-3 as a
black solid 94.6 mg (72%).

Molecular weight by GPC (38C): M, = 100.9 kg mot, PDI = 6.48.

Elemental analysis: Calcd. Foe£l110N4Ss: 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

A new acceptorRhTQ) was designed by attachment a photosensitizempgenanthrene, onto
thiadiazoloquinoxaline moiety. Subsequently, theresponding polymerRPhTQ) was synthesized
via Stille coupling between dibronfehTQ and distannyl-bithiophene. This polymer exhibits a
balanced ambipolar behavior in field-effect tratmiswith mobilities of 0.09 cAV*s* for holes and
0.06 cniV*s? for electrons. More interesting is the new appitaas a phototransistor 8PhTQ
with a maximum photoresponsivity of 400 A/W.

Note: Large part of this chapter has been publishé€hem. Mater.2015 27, 2218-2223
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5.1 Introduction

Organic phototransistors (OPTs) are a type of photosensitivastassthat use the
incident light intensity to modulate the charge-carrier dengitihé transistor channkThe
first OPT was traced back to 2011, regioregular poly(3-octylthiopherén®t)5as active
layer with photoresponsivityPg) of 100 A/W? Up to now, thePg of small molecules have
been improved up to £0A/W,** one order of magnitude higher than that of their single-
crystal silicon counterpart (~300 A/M/)n particular, single-crystal OPTs, tRg value is as
high as 16 A/W.*” However, donor-acceptor (D-A) conjugated polymers as the
semiconductors for OPTs were rarely reported, especially Dvbigolarity polymers.
Several key issues limited polymers application in OPTs, suclglats induced carriers
generation, carriers transport and collecfioAlthough the highesPr values have been
achieved to 1000 A/W in D-A copolymets? they only exhibited hole mobilities in OFETSs.
However, the ambipolar polymers as OPTs should be more interesimdo their potential

applications in complementary metal-oxide semiconductors logic circuits.

CiaHas e e CioHos
10! 21S 107121
-Ss CHyCHE—1 —
NN —+ O o7 TCHCH T3
s 0=¢ 0=¢
® WA B NH 0
S s s In HaC——CHa CH,

NS

Ci2Has CioHos
CioHz1 g C1oHz1
N N

FET

SN\ /A 7\

FET and

Figure 5.1 Design map for multifunctional condensed TQ polymers.
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Due to the ability to easily vary the chemical structurethiatliazoloquinoxaline (TQ)
based materials, it is possible to manipulate their electroapepies. In particular, polymers
containing different combinations of donors and TQ-functionalized moiétzae been
extremely effective in many applications, such as OPVsQFETs!** light emitting FETs
(LEFETs)® polymer light emitting diodes (PLEDS),near-infrared electroluminescente
and photoacoustic vascular imagiiddowever, to date there has been limited efforts towards
applying TQ-containing polymers in the field of OPTs.

Miyashita and coworkers have had interesting preliminary reshks they attached
phenanthrene group to a non-conjugated polym@PA/Phen), Figure 5.1) and used it as the
active component in molecular photoswitching devi¢ésinspired by this work, to enhance
the practical applications of TQ polymers in organic electroracphotosensitizer group,
phenanthrene, is attached onto the TQ moiety to replace the benzodithigrbapein
PBDTTQ-3. Polymer PPhTQ was, therefore, synthesizedPhTQ core is a known
functionality that has shown promise as an active component for ,Odt\s has been
incorporated into oligomeric materials with low degrees of polyragan (DP) ranging from
3-92%2% However, it is imperative to increase the macromolecular cizéhese kinds of
polymers to improve their processability and optoelectronic propertileed, 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 0.0% ¥fhs™ for holes and 0.06 ciwv s for
electrons in OFETs. Additionalll2PhTQ was used as the active layer in an OPT that achieve
a maximum value of 400 A/W and 0.5 for photoresponsi#y) @nd photosensitivityRs),

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-dinitrobenzolc][1,2,5]thiadiazdlewas converted to the
corresponding diaming, which was directly used without purification. The monomeTQ
was prepared by condensation reaction between crude compamtl phenanthrene-9,10-
dione. Afterwards, the dibromination was carried out to obtain polynti@rzprecursoBr »-
PhTQ. Finally, PPhTQ was synthesized via a Stille coupling betw&mPhTQ and 5,5'-
bis(trimethylstannyl)-2,2'-bithiophene)( PPhTQ exhibited a good solubility in common
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5.3 Optical and electrochemical properties
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5.4 OFET properties

To evaluate the charge carrier transpo®BhTQ, thin-film transistors were fabricated
with bottom-gate bottom-contact configurations. This was in collaboratior|jj Gz
(Max Planck Institute for Polymer Research, Mainz). Heavilyedogilicon covered by 300
nm thick thermally grown oxide dielectric acts as gate mldet The hexamethyldisilazane
(HMDS) was employed to functionalize the dielectric surfacerder to minimize interfacial
trapping sites. Au was evaporated as source and drain electrbéeidkness of 1-5 um of
PPhTQ films were deposited by drop-casting from 10 mg/mL chlorofootut®n. The
transfer and output characteristics are presented in Figure 5.6, nghawitypical
linear/saturation behavior. More importantly, a well-balanced apfoipcharge carrier
transport was evident from the transfer curve in both p- and ndgpeation modes for
negative and positive gate voltages. In the negative drain mode tare@eslrain voltage
(Vp) of -120 V, the crossover point was located at arougd V40 V indicating a change
from electron- to hole-dominated current (Figure 5.6a). Below thes\gatage the transistor
exhibited a hole transport in the accumulation mode. In the positireeed \b= 120 V the
electrons dominate the device operation from approximately 0 V, which was slightly
improved in comparison tBBDTTQ-3 (70 V). It might result from the immobile Si—@ns
at the semiconductor/dielectric interface caused by electrochgyntrapping the injected
electrons’’ Although the charge trapping could be reduced by HMDS, it did not ctetple
eliminate. It has been proven that this negative effect influemalgsthe threshold voltage,
but not the mobility® On the other hand, at lowp\the output plots exhibited a nonlinear
behavior clearly indicating contact resistance and charge iorjetinitation, as shown in
Figure 5.61¢° The field-effect mobilities oPPhTQ reached 0.09 chvs? for holes and
0.04 cnf Vst for electrons, which are among the best transistor performanc&g-
containing polymers. In addition, the electron transport was sliginthanced reaching a
mobility of 0.06 criV™*s* when chlorobenzene was used as solvent. The on/off ratio of the
devices was as low as 1021@hich could be ascribed to the adventitious doping due to the
high IP value of this polyméf Because glovebox conditions consist of an oxygen
concentration from 0.5 to 1 ppm and moisture concentration of around 0.2 ppnteAsyre
reported, moderate doping of organic semiconductors by “dilute air*{@pm and KD ~1

ppm) dramatically decreased the field-effect performahce.
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5.5 Self-organization

In order to elucidate tHePhTQ organization in thin films, the grazing-incidenaéle-

angle X-ray scattering (GIWAXS) was performed || GTcGE-# A
" A 1 8 ), as shown in Figure 5.7.

2L, 83, -

The GIWAXS pattern exhibits a pronouncedeongthich was evident from reflections up
to second order appearing in the out-of-plane patferom the first order peak @& 0.25 A®
andagy,=0 A an interlayer distance of 2.51 nm was determiAeidlitional reflections at,=
0 A' andgy= 0.32 A" correspond to a d-spacing of 1.96 nm, which waigaed to the
length of the repeating unit along the backbone fdflection at the wide-angle out-of-plane

was related to thp-stacking distance of 0.375 nm. The appearancéaeirtterlayer and-
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stacking reflection on the same plane indicatescbexistence of the face- and edge-on
organization, whereby the first type of arrangemestealed a6-stacking peak in the
GIWAXS pattern. However, the similar structuledPhTQ and PBDTTQ-3 possess poor

ordering in thin films (Chapter 4), it was relatedthe different acceptor cores of these three
polymers, considering they differ only in the adoepnits.

5.6 Phototransistor properties
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5.7 Summary

A new TQ-based conjugated polymBRhTQ, was synthesized®?PhTQ exhibited a
well-balanced ambipolor field-effect behavior with mobilitie0dd9 cnfV*s* for holes and
0.06 cnfV's* for electrons. It had only a slight influence on the chargeetamnsport in
comparison td?PAPhTQ andPBDTTQ-3. Interestingly, introduction of a phenanthrene group
into the TQ moiety madBPhTQ as an active layer in OPT devices. The resulting thin film
phototransistor showed a maximum photoresponsivity of 400 A/W, which not xcdeds
that of single-crystal silicon-based OPTs (~300 A/W), but s among the best OPT
performances for conjugated polymers.

Additionally, interestinglyPPhTQ has the best ordered arrangement in filRARPhTQ
has slightly higher ordered film th&BDTTQ-3 among these three polymers as confirmed
by GIWAXS. It is very important to investigate this question by studying thengement of
the monomeric subunits, because these polymers differ only in teptaccores. 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’-bithiophené) (

were prepared as descripted in Chapter 3.

10,14-Bis(4-(2-decyltetradecyl)thiophen-2-yl)dibenzo[a,c][1,2,5]thiadiai[3,4-
ijphenazine(PhTQ)

0, /O
\ CizHazs CagHart CioHa1._C12Ha2s
N
N N
CioHz1._ C12Has . \
C10H21,S\ CiMas ¢ oHas C1oHz21._ C12Hzs J 1\ J\
NN Fe, CHaCOOH NN 3 S s
7\ ]\ — > \ — > N N
S S /\ /\ \_/
oN No S S CH3COOH .
R O

H,N  NHp

CaoHas

! 2 PhTQ (4)
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A mixture of compoundl (0.5 g, 0.47 mmol) and ne iron powder (311 mg, 5.55
mmol) in acetic acid (15 mL) was stirred for 5 h at°@under argon. The reaction mixture
was cooled to room temperature, precipitated in 5% aqueous NaOH and extitcahidtiwl
ether (3x20 mL). The combined organic layers were washed with, liried with MgSQ@
The solvent was removed under reduced pressure to give corresponding davitmeeep
dark oil. This crude product was added into acetic acid (15 mL)i@olof phenanthrene-
9,10-dione 8, 98 mg, 0.47 mmol). The resulting mixture was heated tt€88vernight under
argon. After cooling to room temperature, the mixture was poured @ftorL 5% aqueous
NaOH and extracted with dichloromethane (3x20 mL). The combined orghases were
dried with MgSQ and filtered. The filtrate was concentrated and purified blnon
chromatography eluting with hexane dichloromethane (3:1) to give 0.§2¢n(solid, two
steps 58%) oPhTQ: 'H NMR (250 MHz, CBCl,, ppm)M9.30 (dd,J = 2.5 Hz,J = 7.5 Hz,
2H), 8.78 (s, 2H), 8.38 (dd,= 2.5 Hz,J = 7.5 Hz, 2H), 7.74-7.61 (m, 4H), 7.27 0= 2.5

Hz, 2H), 2.70 (d,] = 7.50 Hz, 4H), 1.80 (br, 2H), 1.40-1.22 (br, 80H), 0.87-0.82 (m, 12H).

%C NMR (62.5 MHz, CBCl,, ppm) M151.58, 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)dibenzola,c][2,5]thiadiazolo[3,4-
ijphenazine (Br-PhTQ)

CizHas CioHa1C12Ho2s

CioHas CioHz1_C12Ha2s C1oHz1
/\ B
r
S NBS
_—

S
.S. N
NN N
7 B 8
\ S S Br
S
N N
N\ /N THF i\ /i

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 dratdhes in dark. The
mixture was stirred for 5 h. After removing the solvent under redpoessure, the residue

was purified by column chromatography with dichloromethane/hexaned4:8)e eluent to
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give Br»-PhTQ as a green solid (280 mg, 87%). NMR (250 MHz, CDRCl,, ppm)M8.48 (d,

J=5.0 Hz, 2H), 8.34 (s, 2H), 7.84 (s, 2H), 7.3Q &, 7.5 Hz, 2H), 7.12 (1 = 7.5 Hz, 2H),

2.36 (d,J = 7.5 Hz, 4H), 1.71 (m, 2H), 1.36-1.24 (br, 80H), 0.8 &, 7.50 Hz, 12H)*°C

NMR (62.5 MHz, CRCI,, ppm)M150.38, 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

CioHas CiaHas CioHa1._C12H2s

C10H21 CioHz1_C12Hzs C10H21
Pdy(dba)s
tri(o
S n
\
Q sy A 0
OO L

6
Br,-PhTQ (5) PPhTQ

Br,-PhTQ (5, 0.1 mmol), 5,5-bis(trimethylstannyl)-2,2’-bithiophen@ ©.1 mmol),
and chlorobenzene (8 mL) were placed in a 50 mL Schlenk tube. Therenixés purged
with argon for 5 min, and then 5.5 mg of tris(dibenzylideneacetone)dipat@d) (Pd(dba))
and 7.3 mg of tri(o-tolyl)phosphine (P(o-tolylwere added. Then the mixture was heated up
to 110°C under argon for 3 days. The polymer was end-capped with tributylpteemase
and bromobenzene in sequence. After cooling to room temperatureatii®m mixture was
poured into methanol. The crude polymer was filtered and subjected tteSextraction
with methanol, acetone, hexane, dichloromethane and chloroform. The chioroéation
was collected and added 30 mL of sodium diethyldithiocarbamate wggetution (1 g/100
mL) to remove residual palladium catalyst, the mixture was tdat&0°C with vigorous
stirring for 2 h. The mixture was separated and organic phase askseavwith water for 3
times. The chloroform solution was concentrated and precipitated imanoét The target

polymer was collected by filtration and dried in vacuum to afford a black solidyg@50fo).

Molecular weight by GPC: Mn = 37.2 kg rifolPDI = 1.88.
Elemental analysis: Calcd. FoOp811 NsSK J E<?=- >7??-7 ? %D-, %% D< KJ
E<+>- D?%-7 @ D%-, %% <&
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Chapter 6. Tuning Optoelectronic Properties of Dual
acceptor Based Low Bandgap Ambipolar Polymers by

Thiophene-bridge Length

In this chapter, three DPP-TQ-based verybawdgap polymers were prepared. Both acceptors of
these polymers were separated by one, two, ané tfiephenes. Only inserting one thiophene
betweenDPP and the benzodithiophene conden$€l polymerPDPP-T-TQ has a very low optical
bandgap of 0.60 eV. When increasing the thiopheiggé length between both acceptors, the optical
bandgaps of the polymer were enlarged. From polgnDDP-T-TQ to PDPP-3T-TQ, the
coplanarity were significantly improved as confidigy GIWAXS, thereby th®DPP-3T-TQ has the
best ambipolar device performance with 5.0 £ t@7 V s’ for holes and 5.0 x 10cn? V s for
electrons among these polymers.

Note: Large part of this chapter has been submitt®blym. Chem 2015 Revision.
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6.1 Introduction

Conjugated polymers with a very low bandgapl(eV) have been drawing substantial
attention due to their broad and near-infrared (NIR) absorption, pleuliedox states in a
small potential window, ambipolar charge carrier transport, and paltarge in sensors,
batteries, and supercapacitbrés a significant breakthrough work, Wudl and coworkers
reported a poly(isothianaphthene) with an energy bandgap of ~1 eV dwstréma@ quinoid
character in the thiophene rifig.Recently, tailoring donor-acceptor interactions in D-A
copolymers has proven to be an effective strategy for developindovetyandgap polymers.
The combination of strong donors and acceptors with quinoidal characterodased many
soluble polymers with optical bandgags ') lower than 0.70 eV, such &DTP-BThBTT)
andP(CPDT-TQ) (Figure 6.1’

OC12Hos
Ci2Ha50 OC12Hos |

SN 3
N NI S s " N 'mt
7N J N s s, NG N Can\e 5
S SN/ N CioHas
Neg

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

However, many low bandgap polymers containing one strong acceptor phee hole
than electron mobility, such as those derived from benzobisthiadigB®&)*® and
diketopyrrolopyrrole DPP)®°. To improve electron transport and thus obtain balanced charge
carrier transport, a dual-acceptor design strategy has been propasedtruct D-A1-D-A2
polymers'®** For examplePDPP-BBT (Figure 6.1) exhibited aB,™ of around 0.65 eV and
well-balanced ambipolar charge transporting behavior with mobitifieis17 criV™* s* for
holes and 1.32 chv™ s* for electrons®> Compared to the polymers composed of only one
strong acceptor, dual-acceptor polymers with very low bandgap and dxhlehnarge carrier
transport are rarely studied.

In this chapter, we report two high electron affinity accep@Pf and new condensed
TQ derivative (compoun@ in Scheme 6.1), as building blocks which are combined in one

polymer backbone. As previously demonstrated (Chapter 2 and 4), thiEQialerivative is
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a new strong acceptor, the corresponding D-A copolymer exhibitsy dove E,>* of 0.76 eV
and hole-dominant ambipolar behavior. On the other HaR&, has been widely studied as a
strong acceptor in low bandgap polymers because numerous DPP-basedrpdigne
revealed excellent performance as ambipolar semicond§ccrherefore, it can be expected
that the combination of the two acceptors could endow the resultingceeptior polymers
the desired characteristics of both very low bandgap and balanced amityipdiaree
copolymers PDPP-T-TQ, PDPP-2T-TQ andPDPP-3T-TQ in Scheme 6.1) were designed
and synthesized, in which the two acceptors are separated in thmaepdbackbone by
oligothiophene bridges with varying lengths in order to elaborateig the optoelectronic

properties and charge carrier transport.

6.2 Synthesis and characterization
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Scheme 6.1Synthetic routes for the three polymers.
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The synthesis of the three polymers isioed in Scheme 6.1. In order to introduce
different oligothiophenes betweeBPP and condensedlQ derivative, the three TQ
precursors 3, 4 and7) were synthesized by flanking thiophenes onto easddTQ at both
sides. MonomeB was synthesized from 4,7-dibromobenzo]c][1,2,3ldmzole-5,6-diamine
(1) and 7-bis(2-ethylhexyl)benzo[2,1-b:3,4-b"ldithigme-4,5-dione 2) via a condensation
reaction. Monome# was obtained as description in Chapter 4. Monom®ras prepared
from Br,-BDTTQ-3 after two-steps reaction, Stille coupling and bnoation. Suzuki
coupling reactions were carried out between psmaB, 4 and7, and 3,6-bis-(5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-thiophen-2-yl))-Nki(octyldodecyl)-1,4-dioxo-pyrrolo[3,4-
c]pyrrole (8)* to give corresponding®DPP-T-TQ, PDPP-2T-TQ and PDPP-3T-TQ,
respectively. The number-average molecular weilyhi) @nd polydispersity index (PDI) of
the three polymers were determined by GPC methdaalg uysolystyrene as standard and
tetrahydrofuran as eluent at 30 °C. The data atediin Table 1IPDPP-T-TQ andPDPP-
2T-TQ have the low M of 7.4 and 7.3 kDa, respectively, which might arisom the low
reaction activity and the steric hindrance preventito produce higher M during
polymerization. Similar low M (8.7 kg mot") reported foPDPP-BBT (Figure 6.1):> After
introducing one more electron-rich thiophene ontonomer4 at both sides, the steric
hindrance betweeDPP and compound was reduced so that tiRDPP-3T-TQ possessed a

higher M, than the other two polymers.

Figure 6.2 TGA curves folPDPP-T-TQ, PDPP-2T-TQandPDPP-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 orgswoicents such as
chloroform and tetrahydrofuran at room temperature. Additionallythikeemal stability of
three polymers was measured by thermogravimetric analy&\)( (Figure 6.2). They
exhibited good stability with 5% weight loss up to 380 °CR@PP-T-TQ and PDPP-2T-

TQ, and 390 °C forPDPP-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 aratbfrm solutions
(c = 10° M) as well as in films. The relevant data are summarire@iable 6.1. In dilute
chloroform solutions, all polymers exhibit three absorption bands as sinokigure 6.3a.
The first intense band, between 300 and 500 nm, contains double peaks whithpwaie

for manyTQ polymers’ %%

suggesting that this band could be contributed by Gemoiety.

The second one ranges from 500 to 800 nm, similar to the region of langlerngth
absorption profile inDPP-based polymers:?? it could origin from the intramolecular
interaction betweeBPP and adjacent thiophene units. The last band broadly covers from 800
to 2250 nm, which was attributed to the intramolecular charge traiGfe) between donors
and acceptors in the polymer main chalRBPP-T-TQ exhibited inconspicuousQ and
DPP absorption characters but hadl g value up to 1343 nm, indicating a very strong ICT
process within this polymer. Increasing the thiophene bridge to tws beitveen th®©PP
andTQ led to a blue shift of 324 nm inn.« for PDPP-2T-TQ. Meanwhile, the absorption
profile is much more dominated by tA€) and DPP moieties. When introducing another
thiophene betweeDPP and TQ, thel ynax of PDPP-3T-TQ further shifted to 970 nm and
more remarkabl@Q and DPP absorption features were observed. Thin films were prepared
by drop-casting chloroform solutions of the three polymers ontcs gdides. The films
displayed slightly broadened spectra but with only small red-s#fifis 5 and 25 nm dtmax
compared with those in solutions (Figure 6.3b), indicating that the obweodshift occurs
along with the increased backbone coplanarity of the polymers. Thsalopandgaps of
PDPP-T-TQ, PDPP-2T-TQandPDPP-3T-TQ were calculated to be 0.60, 0.75 and 0.88 eV,
according to the onset of solid absorption spectra, respectivelyh vateens from the
electronic changes in the HOMO and LUMO (see DFT calaraji These results
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demonstrate that changing the distance betwddnandTQ acceptors by the oligothiophene
bridge length is an effective strategy for tunihg bptoelectronic properties of tB&P-TQ

dual-acceptor polymers.

Figure 6.3UV-visible-NIR absorption spectra of three polyséa) in chloroform solutions and (b) in
films.

6.4 Electrochemical properties

The electrochemical properties of three polgnveere determined by cyclic voltammetry
(CV). The films were drop-casted from chloroformusimns of these polymers onto glassy
carbon electrode. Cyclic voltammograms of thesgmels are presented in Figure 6.4. The
corresponding data are summarized in Table 6.1.€léaron affinities (EA) and ionization
potentials (IP) of the polymers were calculatedoading the onset of first reduction and
oxidation potential§® The values of EA are -4.23, -4.13 and -4.07 eV for - -

- - - - respectively, while the corresponding IP values-&r12, -
5.06, and -5.08 eV. Interestingly, the differenbgihene numbers can significantly alter the
EA values compared to their similar IP values. H2PP-T-TQ had a lowest EA level,
which was related to its strongest ICT ability, keda narrowest HOMO-LUMO bandgap
among these three polymers. The electrochemicaldzgnof three polymers were calculated
to be 0.89,0.93 and 1.01 eV for - - - - - - respectively.

It is the same tendency with their optical bandgeme only difference is that the electronic
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bandgaps are larger than their optical bandgapghwhk attributed to the exciton binding
energy of conjugated polymefs.

Figure 6.4 Cyclic voltammograms dPDPP-T-TQ, PDPP-2T-TQandPDPP-3T-TQin films.
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6.5 OFET properties

In order to evaluate the charge transport propedfeall three polymers, bottom-gate
bottom-contact field effect transistors were fabiel [
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| SEEFNE A 1 8 All polymers were deposited

by drop-casting 5 mg/mL chloroform solution onln/silicone dioxide (Sig) substrates in
nitrogen atmosphere, followed by annealing at 180f6r 1 h. The 300 nm thick SO

dielectric covering the highly doped Si and actagythe gate electrode was functionalized
with hexamethyldisilazane (HMDS) to minimize inteefal trapping sites.

The transfer and output characteristics oédhpolymers are shown in Figure 6.5. The

corresponding data are collected in Table 6.1.tiAdl polymers exhibited ambipolar device
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behavior. PolymePDPP-T-TQ possessed balanced charge transport with hole and electron
mobilities of 2 x 16 cn? V* s*and 3 x 10 cn? V! s'. One more thiophene units in the
bridge betwee®PP and condensetlQ acceptorsRDPP-2T-TQ) did not influence polymer
hole and electron mobility in comparison BDPP-T-TQ. A significant difference in
transport behavior was observed fBDPP-3T-TQ, which exhibited a hole-dominant
ambipolar behavior with 5 x T0cn? V* s? for holes and 5 x Idcn? V! s* for electrons,
the hole mobility was one order of magnitude higher than for the other polpD&B-T-TQ
andPDPP-2T-TQ. These results implied that the thiophene bridge length betid@erand
condensed Q can transform th®PP-TQ based polymers from well-balanced ambipolar to
hole-dominant ambipolar behavior. Additionally, for all polymers a contesistance is
observed in the transfer and output curves. This effect is probablydclydbe disorder at
the semiconductor/electrode interface which significantly redtiee#jection of the charge

carriers from metal electrode to the active layers.

6.6 Self-organization in films

To understand the molecular organizatiofDPP-T-TQ, PDPP-2T-TQ andPDPP-
3T-TQ in thin films, grazing incident X-ray wide angle scatter{f@&WAXS) was carried out
in collaboration with|jj | G <X ax Planck Institute for Polymer Research,
Mainz). For these measurements the same procedure folnhgréparation was used as for
the transistor devices. Figure 6.6 presents the GIWAXS patbérie three polymersrhe
GIWAXS patterns revealed slight variations betw@&@PP-T-TQ and PDPP-2T-TQ. For
both polymers, an interlayer distance of 1.60 nm and 2.17 nm was determanedhe
position of the main reflection in small-angle range. Theelangterlayer spacing fadPDPP-
2T-TQ was directly related to longer side chains. The isotropic distibubf these
reflections suggested a lack of long-range order and a random areamigdthe crystallites
towards the surface. A characterigiistacking reflection was missing indicating a disordered
organization of the polymer chains within the layer structures.ohirast, the GIWAXS
pattern ofPDPP-3T-TQ (Figure 6.6c) exhibited more distinct reflections. In the sinadjle
region, the maximum intensity of the reflection was located orethmtorial plane of the

pattern, whereby an interlayer distance of 2.65 nm was found. Thasti@h position in the
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- - However, it could not provide an
explanation
well-balanced ambipolar to hole-dominant ambipdtehavior. Therefore, density

functional theory (DFT) calculations were carriad.o

Figure 6.6 GIWAXS patterns of aPDPP-T-TQ, b) PDPP-2T-TQ and ¢) - - thinfilms.

Reflections corresponding Gstacking are indicated by dashed circles.

6.7 Density functional theory calculations

DFT calculations were carried out based one tep@aof polymer, name®PP-T-TQ,
DPP-2T-TQ and DPP-3T-TQ, carrying methyl substituents.
F98 8
6.7. All HOMO levels of three monomeric units wesery similar with delocalization over
the conjugated repeat unit. However, the electremsity distribution decreased in LUMO
levels of theDPP segment as we increased thiophene bridge lengthfodnd in previous
discussion in Chapter 2, the distribution of electdensity in HOMO and LUMO levels of
polymers are very important for their hole and &tat carrier mobilities. Therefore, the
electron density oDPP-3T-TQ was further reduced in its LUMO levels, it candxglained
why hole charge transport was dominant in this imely " 3
CV results, that
the thiophene bridge length can significantly attex EA in comparison with IP.
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strongly influence the ratio of electron and haerier mobilities.

Figure 6.7 DFT calculation (B3LYP, 6-31G), the electron dépsiistribution on one repeat unit of
PDPP-T-TQ, PDPP-2T-TQandPDPP-3T-TQ.

6.8 Summary

In this chapter, we have successfullytisgsized three D-Al1l-D-A2 architecture
polymers with very low optical bandgaps. The twaeptors of these polymers were
separated by one, two and three thiophenes. Thogemprs exhibited excellent thermal
stability and solubility. These polymers possesgey low optical bandgaps, in particular,
the optical band gap ®#DPP-T-TQ achieved 0.60 eV! To the best of our knowledges it
one of lowest optical bandgap among TQ-based palynBy increasing the thiophene bridge
length between both acceptors, the optical bandgipslymers were significant enlarged.

The cyclic voltammetry indicated theighielectron affinity (from -4.07 to -4.23 eV),
they are deeper than their single acceptor basgthpos. From polymer®DDP-2T-TQ to
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PDPP-3T-TQ, although the intramolecular charge transfer abilities of rpefg were
decreased, the coplanarities of polymers were significantly omepr as confirmed by
GIWAXS. PDPP-3T-TQ exhibited a hole-dominant ambipolar behavior with 5 ¥ ¢6F V"

! st for holes and 5 x 10cnf? V! s* for electrons, the hole mobility is one order of
magnitude higher than for the other polymd?®PP-2T-TQ. These resultsimplied
improvement of coplanarity of polymer is more important than enhamteofelCT of

polymers in improving the molecular charge transport.

6.9 Synthetic details

The intermediate compounds 4,7-dibromobenzolc][1,2,5]thiadiazole-5,6-diamine
(1),%° 2,7-bis(2-ethylhexyl)benzo[2,1-b:3,4-b]dithiophene-4,5-did)eafid B-BDTTQ-3 (4)
were according to Chapter 2 and 4. 3,6-bis-(5-(4,4,5,5-tetramethyl-1¢g@bdirolan-
thiophen-2-yl))-N,N-bis(octyldodecyl)-1,4-dioxo-pyrrolo[3,4-c] pyrrol®) (were prepared
according to the literature procedure as shown in scheme below.

@ /L Q £-BuOK Q NH
CN * o K,COs; DMF; KI; 145 °C
S o) j/ \/k I N A8
o) S \ /)
OH HN CgH17
65°C 0 Br/\(

CioH21
CSH17\SC10H21 CeHy7—CtoH21

o J

N N ,O

[ N A~ Fresh LDA; THF; -25 °C o. I\ PN §

S \/ > B™ g d \ /) 0

N (0]

(0]

N
L O YO\ B\/Oﬁ L
O
C10H21 C8H17 C10H21 08H17

8

Scheme 6.8ynthetic route for compourgi'®2°®
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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]

N’S‘N

N \

NN C2oHs C2Hs
\N/ l \ Br Br
Br*i__é*Br CaHg S 2 S CaHo
N\ /N
HaN NH 80 °C, CH3COOH
1 C2oHs I \ C2Hs
C4Hg S S C4Hg

A suspension ot (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 argh@with methanol, then
purified by column using hexane/dichloromethane (@sl¢luent to give 0.77 g of compound
3 (dark green solid, 85%JH NMR (250 MHz, CRQCl,) M8.03 (s, 2H), 3.00 (dd,= 2.5 Hz,J
= 5.0 Hz, 4H), 1.76 (m, 2H), 1.41 (br, 16H), 0.95 (br, 12f).NMR (62.5 MHz, CDG) M
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]thiadiaza][3,4-
ijdithieno[3,2-a:2',3'-c]phenazine(6)

CioHas Ci2Hzs

CioH21 _s_ CioHzs /R Ci2Has
NN (le\ _C4Hg
s~ Sn
1\ /| C4Hg CaHo
Br~ S S~ Br 5 ,
Ne N Pd(PPh3),Cl,
80 °C, THF
| |
S S

Br,-BDTTQ-3 (4, 0.35g, 0.26 mmol), 2-tributylstanylthiophe(® 0.30 g, 0.78 mmol)
and Pd(PP).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 sokantemoved under
reduced pressure to afford a dark-red oil, which was purified by colthmomatography

using hexane/dichloromethane (4d9 eluent to give 0.29 g (dark-green solid, 82%) of
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compounds. *H NMR (250 MHz, CRCl,, ppm)M8.62 (s, 2H), 7.79 (d = 5.0 Hz, 2H), 7.33

(t, J=5.0 Hz,J = 2.5 Hz, 2H), 7.08 (m, 6H), 2.67 (@~ 7.50 Hz, 4H), 1.80 (m, 2H), 1.38-

1.23 (m, 80H), 0.89-0.84 (m, 12HYC NMR (62.5 MHz, CBCl,, ppm)M150.67, 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, 14.3®MS (ESI+): m/z calc. 1351.6854, found
1351.6850.

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

¢ CizHzs

H
Ci2Hzs ¢, oHy 5. CigHas CiaHas 12725 C10H21N,S\NC10H21
NN \
B B NBS Ny Vs

S s S \ —> g \' S S ) Br
\ NN / R.T. Ne N

p— THF

i I I i |

S S S S
6 7

Compound (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 $atdhes under dark.
The mixture was stirred for 5 h. After removing the solvent umdduced pressure, the
residue was purified by column chromatography using hexane/dichldranget4:1as eluent
to give monomer7 as a dark-green solid (0.24 g, 86%). NMR (250 MHz, CDCl,) H
NMR (250 MHz, THFdg, ppm)M8.66 (s, 2H), 7.93 (d} = 5.0 Hz, 2H), 7.38 (d] = 5.0 Hz,
2H), 7.11 (dJ = 2.5 Hz, 2H), 6.92 (d] = 5.0 Hz, 2H), 2.67 (d] = 7.50 Hz, 4H), 1.81 (br,
2H), 1.39-1.22 (m, 80H), 0.88-0.83 (m, 12fC NMR (62.5 MHz, THFds, ppm)M150.97,
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 THHF-23.41, 14.33. HRMS (ESI+): m/z calcd
1507.5063, found 1507.5059.
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Synthesis of PDPP-T-TQ

\I #S $%& ' # I/
(  # p /\
I\

To a solution of monome3 (0.05 mmol)and diboronyl esteBPP (8, 0.05 mmol),
tri-tertbutylphosphoniumtetrafluoborate ((t-BB)HBFR,, 0.0067 mmol),
tris(dibenzylideneacetone)dipalladium(0) {gitbay, 0.00335 mmol) and aliquat 336 (2 drops)
in 6 mL of toluene was added a solution of potassium phosphate (0.074 g, 0.35m0nt0)
mL of degassed water. The mixture was vigorously stirred at 9€f € days. The polymer
was end-capped with phenyl units by adding phenyl boronic acid awdobenzene in
sequence. After cooling to room temperature, the reaction miwasgoured into vigorously
stirred methanol (100 mL). The polymer was filtered and subject&adxhlet extraction with
methanol, acetone and hexane. The hexane fraction was collected an8@&ddedf sodium
diethyldithiocarbamate aqueous solution (1g/100 mL) to remove regdlatlium catalyst,
the mixture was heated to 8C with vigorous stirring for 2 h. The mixture was separated and
organic phase was washed with water for 3 times. The hexane selasoconcentrated and
precipitated in methanol. The resulting solid was collected tratidn and dried in vacuum
to afford black solid (55 mg, 77%). Molecular weight by GPC 180 M, = 7.4 kg mot,

PDI = 3.54. Elemental analysis: Calcd. fagldi22NsO.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 oPDPP-2T-TQandPDPP-3T-TQ

PDPP-2T-TQandPDPP-3T-TQwere prepared using monomkand? instead of
monomer3 in similar procedure and workup RDPP-T-TQ.
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N N
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| \ 74 \ (t-Bu);P- HBF,4
Br S S Br >
N N Aliquat 336
- H,0, 90 °C, 3 d
| | 8
S S
4

BI'Z

PDPP-2T-TQ (black solid, 75 mg, 74%). Molecular weight by GPC {8): M, = 7.3 kg
mol?, PDI = 3.18. Elemental analysis: Calcd. fapd8100Ns0>S7: 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.

CioHa1 Ci2Has Ci2H2s
Coatas Cubr s Cota C1oHas CgHq7 C1oH’2\l1/s\,S1oH21
W Pdy(dba); KsPO, -
B A (t-Bu)3P* HBF,
B~ S S” "Br > {
NN Aliquat 336 NS0 >4
Toluene, H,0, 90 °C, 3d S/CSHW EQE
8
[ Si ES \} CioHa1 S S
4
Br,

PDPP-3T-TQ (black solid, 88 mg, 80%). Molecular weight by GPC (8): M,, = 13.2 kg
mol™?, PDI = 3.31. Elemental analysis: Calcd. fagf104NsO,Ss: C 73.84, H 8.85, N 3.80, S
13.06; found: C 72.55, H 9.15, N 3.73, S 12.88.
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Chapter 7. Condensed Derivatives of
Thiadiazologuinoxaline as Strong Acceptors

In this chapter, three novel condenseddibzoloquinoxaline (TQ) derivative$|PS-APhTQ,
TIPS-PhTQ andTIPS-BDTTQ, were synthesized by introducing two triisopropylsthynyl groups
and upon altering the aromatic-ring units in thadensed moiety of TQ. The synthetic route is very
efficient providing high yields. Cyclic voltammetisuggested high electron affinity value of them.
Single crystal X-ray diffraction revealed that tharenolecules form corresponding dimers by
intermolecular S-N interaction and have very simigo-dimensional (2Dp stacking. 6 -

@ @? -@?&c

Note: Large part of this chapter has been publishéityst. Growth Des2015 15, 1934-1938.
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7.1 Introduction

Since the first report on the synthesis of [1,2,5]thiadiazolo]giinoxalines (TQS)as
an o-quinoid strong acceptor unit, this buliding block has been explored in etefu®-A
copolymers for electronids! In chapter 4 and 5, whave synthesized and studied three
condensed TQ-based polymers as shown in Figure 7.1. They exhibitdiéréxambipolar
behaviour in OFET. Interestingly, GIWAX measurements suggeste®@ARNTQ displayed
more orderly morphology thalPBDTTQ-3, while PPhTQ showed the best orderly
arrangment among these three copolymers. It should be attributieeirt different TQ cores,
considering that the structures of three copolymers differ onlgomdensed TQ cores.
Therefore, the fundamental question arised as to whether pbssible to design and
synthesize new TQ monomers with strong crystallization apiiigyanwhile they only differ
in these three TQ cores. In the past few years, TQs have hdely wxpanded by the
condensation reactioff but the crystal structures of TQs with analysis of the nutdec
ordering were rarely reported and studied. It is thus vital tololevew TQ small molecules

and study theip-p stacking in these crystals. Additionally, developing new TQ rnaddeis

also important to broaden our understanding of their characteristics.

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

Introducing triisopropylsilyl (TIPS)-ethynyl groups has provebdauccessful not only
in improving solubility and stability of acenes and heteroaceneslbaitin enhancing their
capability forp-stacked array$>? Two familiar methods were used to introduce TIPS-ethynyl
groups into acenes and heteroacenes. The first is the nucleophilioraddil IPS-ethynyl

anion, which proceeds via the corresponding dione precutSbféie second method is the
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Sonogashira coupling reaction which is carried out between thegtoisylsilyl)acetylene
and corresponding dibromo precusttdhe first method was employed and produced a TQ
molecule with four TIPS-ethynyl groups (Scheme B1) by Bunz and his coworker$he
problem here is that the dione precursor had a complex synthatedpre from commercial
material 1, 4-dimethoxybenzene as shown in Schem&* Recently, substituted benzene
condensed TQ (Scheme 7B2) with strong6-6 stacking were reported, although the steps of
synthesis were signifiacntly reduced, the step of introducin@ fP8-ethynyl group was only
achieved in a yield of 2194:*® Previously, our group also grafted the ethynyl groups into a
TQ core by a Sonogashira coupling reaction between 2-ethylpfitehe and dibromo TQ
molecules as shown in Scheme 7.3. However, as a drawback afteutieg reaction was
finished, the palladium acted as a hydrogen-transfer catalgsiing the triple bondS:%° It

is, therefore, still a challenge to introduce TIPS-ethynyl grangesTQs aromatic backbone

to promote strong-p stacking structures.

Me

OMe o OMe OMe
N02 NH2 /N\
e » — = D
NO, NH, N
OMe o OMe OMe

Me
4PrSi
X .o
OH o "o 4PrSi S o}
=N, HoN N gPrSi N _N_
S —  » =N | S
<N S —_— ~ <\
H,N N = N
OH S 4PrSi o}
7
SiIPr3 SiiPI'3
1 4PrSi I Prsi I
NV H 3
_ N N~ =N N _N _N
2 KI,NaH,PO, j;:E\ S ————>= s
CH;COOH a N . N
3PrSi Il TIPS I
SiPrs B1  siPr

Scheme 7.1Synthesis route of compoud.

Page 154



Siipfs Qi’Pr3
/N H2N N
S —> SN —_— I:E/ s
2 KI,NaH,PO, N HoN N
CHACOOH I I
Yield 21%
R , Si'Prs SiPr,
il
R /o Si Pr3
R
—>
I R=H,F,cl
SiPr; B2-4

Scheme 7.5ynthesis route of compounB&-4.

CazHzs
s Cul o
’

THF: Pr,NH S
12 h

Ci2Has
CizHas

Scheme 7.3 he route ofeducing the triple bonds in TQ molecules.

In this chapter, we describe the synthesis and charatiteriph TQ derivatives with a
pair of TIPS-ethynyl groups/IPS-APhTQ, TIPS-PhTQ andTIPS-BDTTQ (Scheme 7.4),
which are attached to the TQ core by acenaphthylene, phenandméneenzo[2,1-b:3,4-
b’ldithiophene BDT) groups, respectively. A new approach is first used to gridS-T
ethynyl groups onto the 4,7-dibromo-5,6-dinitrobenzothiadiz@)ep(ecusor. The ease of
synthesis and information about theip stacking structures are appealing features of this

study.
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O2N _N, 2 O2N _N HoN _N,
< s — s
ON N OCl, THF,  ON N Fe, CH3COOH, HoN N

80 °C,16 h, 93% \ 75°C,5h

5.7 / Ny ‘ ~s < _8

CH3COOH

80 °C, \
il 58
two steps for 67 % two steps for 76 % two steps for 68 %

Scheme 7.45ynthesis offIPS-APhTQ, TIPS-PhTQ andTIPS-BDTTQ.

A facile synthetic route is illustrated in Scheme 7.4 for ttheettarget molecules. The
4,7-dibromo-5,6-dinitrobenzothiadizold)(was synthesized from commercial 4,7-dibromo
benzothiadizolé® which was reacted with 1-trimethylstannyl-2-triisopropylsithyne @)%
by Stille coupling to produce compourllin high yield of 93%. After reduction, the
corresponding diaminé was obtained, which was directly converted via a condensation with
the corresponding dionds7 without purification to give the desired final moleculd®S-
APhTQ, TIPS-PhTQ, and TIPS-BDTTQ, respectively. In our previous methddsa key
issue was that diisopropylammonium salt can provide a hydrogen Jounszlucing triple
bonds in Sonogashira coupling under palladium catalyst involvement. Wisl@énipossible
to find hydrogen source for reducing triple bonds in Stille couplingereby avoids the
reduction of the triple bonds. In combination with good yields, it is gaaghieve gram scale
for these three compounds. Additionally, these molecules have good isplimbitommon
organic solvents (>10 mg/mL in dichloromethane) and exhibit extelfermal stability as
shown in Figure 7.2, with 5% weight loss upon heating up to 360 °TIRB-APhTQ and
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Figure 7.3UV-vis absorption (a) and fluorescence (b) speatrBIPS-APhTQ, TIPS-PhTQ and
TIPS-BDTTQ in dichloromethane.
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Figure 7.4The cyclic voltammograms of three compounds in ldi@dmethane.
A three compounds.
Compounds 4 4 ™ 4 " | B | B : i(
$ $ $° $ € $d B B :
%" - =<+@D+ @D2&+ ?2&+<>+ <??$?+>  <E+ $+ =<' =& -3.82
%" - =<+@>+ @><++ <++&@+ <D=$?+E' &%> $+ %?' = -3.95
%" - =<+@@< @?KW< <@E&>< &O@=3%$?UE'&>@ $++@' <% -3.99
3 $ ; %+ “8- I#
<%? ?7>> 2<% TIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ "
$+% 87 ;
+D% <%? 7?>> +D+ 2<% ' “°@'EA were estimated from the onsets of the first ctidn

peaks, while the potentials were determined usangpéene (Fc) as standard by empirical formulas
Eea = - (Ered onset Erc/re+(1/2+4.8) €V, wherein Frc.12= 0.63 eV.
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7.5 Density functional theory calculations

$3 4@FHA &@%2' E< 3
F98 -@<>-@EE -@D= :
O $F8 -8" =%D % D> %ED : %" - %" - %" -
#
# F98 I( D $F98 - 8°
#
3 $4@FHA &@%' F98 8 %" - %" -
%" - & isopropyl groups were replaced by hydrogens

7.6 Crystal packing properties

/| -
I (Johannes Gutenberg-Unitgrsi
Mainz). The X-ray crystallographic data for the moleculesemeollected on a STOE IPDS

2T difractometer using a graphite monochromator Kéoradiation sourceTIPS-APhTQ,
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TIPS-BDTTQ), and a Smart CCD difractometer using a graphimechromator Mo-I¢
radiation sourceT(PS-PhTQ). The structures were solved by direct method {&1R and

refined by SHELXL-97 (full matrixd* 445 refined parameter§IPS-APhTQ), 454 refined
parametersTIPS-PhTQ) and 436 refined parameteRS-BDTTQ).

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

The vertical offset (red plane to blue plane) wittlie dimer <@ ¢

0" -
+&Ec %" - =+=cC %" - #
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Figure 7.8 The packing offIPS-APhTQ (a), TIPS-PhTQ (b), TIPS-BDTTQ (c). The TQ cores are
shown with ball-stick models and the TIPS-ethyrud<ituents are shown with wireframe models.
Hydrogen atoms are removed for clarification. Carbotrogen, sulfur and silicon atoms are shown in
grey, blue, orange and yellow, respectively.

The packing of these three molecules was similayu@e 7.8), due to the same unit
cell. The dimers form a brick wall packing styl[EIPS-PhTQ has the shortesi-
stacking distances of 3.34 and 3.35 A, suggestitgs the stronge$t6 interaction.
Introducing the acenaphthylene unit, slightly irases thes-6 distances to 3.37 and
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3.39 A. The largest distances of 3.40 and 3.46 ATI®S-BDTTQ indicate that it
possesses the weakésh interaction among these molecules. Grazing in@demide
angle X-ray scattering (GIWAXS) for our previouslyoer systems revealed that
PAPhTQ was slightly higher ordered in thin films thaPBDTTQ-3. PPhTQ
exhibited best ordered thin film&€onsidering the different substituents of polymeainsl
monomer units the molecular packing may alreadylbered, and for sure there will be a
difference between crystal packing and arrangenrettin films. Although the condensed
TQ cores’6-stacking ability cannot provide direct evidencetfte ordering of corresponding
polymers, some correlation should exist for the s@tceptor core between small molecules

and corresponding polymers
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7.7 Summary

We report a facile and highly efficient apgeh to synthesize three TQ derivatives
with two TIPS-ethynyl groupsTIPS-APhTQ, TIPS-PhTQ and TIPS-BDTTQ,
which had good solubility and high electron affiest Changing the fused aromatic
unit in the TQ core significantly affected the nml&ar opoelectronic properties and
crystal packingTIPS-BDTTQ possesses a very low EA value of -3.99 eV, without
strong withdrawing groups like fluorine, chlorinenda cyano groups. All three
molecules demonstrate a brick wall packing motiotigh their dimer interactions.
Among these molecule3IPS-PhTQ possesses the shortest distances with 3.34 and
3.35 A. On the other hand, it has to be emphagtzaicthe key intermediatcould be
reduced to the corresponding tetraamine, which emsing to synthesize
centrosymmetric large azaacenes by condensatiartioeawith two equivalents of
corresponding diones. Further investigation of swattions are carried out in Chapter
8.

7.8 Synthetic details

Intermediates 4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazbl@rid benzo[2,1-b:3,4-
b'ldithiophene-4,5-dione8] were prepared according to Chapter 2. 1-trimethylstannyl-2-
triisopropysiylethyne 2)** was synthesized according to the literature procedure as shown in
Scheme 7.5.

Y n-BulLi Y
} ).\: (Cha)SnCl } Sln_

THF
2

Scheme 7.8ynthetic route for compourf?
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Br Pd(PPh3),Cly
THF

4,7-Dibromo-5,6-dinitrobenzothiadiazol&, (1.23g, 3.2 mmol), compourii (2.55 g,
7.40 mmol), and Pd(PBBCI, (225 mg, 0.32 mmol) were dissolved in 40 mL of anhydrous
THF under argon. The resulting solution was stirred at 80 °C for 16tér Afmoval of the
solvent, the crude product was purified by column chromatographyg dé&thloromethane/
hexane (1:4) as the eluent to give 1.74 g (yellowish solid, 93%) of com@UrdINMR
(250 MHz, CDCl,, ppm)M1.19 (m, broad, 42HJC NMR (175 MHz, CBCl,, ppm) M
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-PhTQandTIPS-BDTTQ

A mixture of compoun8 (100 mg, 0.171 mmol) and ne iron powder (113 mg, 2.018
mmol) in acetic acid (10 mL) was stirred at @S for 5 h under argon. The reaction mixture
was poured into 50 mL of water after cooling to room temperaturee§uéstly, the pH was
adjusted to 6 7 using 5% aqueous NaOH. The solution was extracted with digtér(&x20
mL). The combined organic layers were washed with brine, driedMgiB0O,. The solvent
was removed under reduced pressure to give corresponding diamitiedeep red oil. This
crude product was directly added into acetic acid (10 mL) solutionsragésponding diones
(5-7, 0.256 mmol). The mixtures were heated to°80overnight under argon. After cooling
to room temperature, each mixture was poured into 100 mL 5% aqueotisdaCextracted
with dichloromethane (3x50 mL). The combined organic phases were driedlg8Q, and
filtered. The solution was concentrated and purified by column chromagtogeluting 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]ginoxaline
(TIPS-APhTQ)

b b
i FH (O >4
I Il O’ . I
ON :NS Fe HzN /NS 5 N :NS
OaN I N cHycooH Ha I § CHsCOOH O N I "
4 o »o
3 4

Red solid (77 mg, 67% for two step#}, NMR (250 MHz, CBCl,, ppm)M8.41 (d,J =
5.0 Hz 2H), 8.22 (dJ = 7.5 Hz, 2H), 7.95 (ddl = 7.5 Hz,J = 2.5 Hz, 2H), 1.34 (m, broad,
42H).*C NMR (62.5 MHz, CBCl,, ppm)M156.44, 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)dibenzola,c][1,2,5]thiadiazolo[3,4-ijpheazine (TIPS-
PhTQ)

~ ~ b
s 9 O‘ o s
I I o )

ON _N . Fe HaN N . O ] N :N .
o R I T N}S{N
< < X

3 4

Deep red solid (91 mg, 76% for two stefl$)NMR (250 MHz, CDCl,, ppm)M9.49
(dd,J = 2.5 Hz,J = 2.5 Hz, 2H), 8.52 (d] = 7.5 Hz, 2H), 7.88 (m, 2H), 7.73 (m, 2H), 1.35 (m,
broad, 42H)3C NMR (62.5 MHz, CBCl,, ppm)M155.05, 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)

Y
/K4<
-
Y
he

]\
1
]\
e — |
WA
7\
]\

N
A
A

Dark green solid (90 mg, 74% for two stefi$)NMR (250 MHz, CBCl,, ppm)M8.45
(d, J = 5.0 Hz 2H), 7.63 (dJ = 5.0 Hz, 2H), 1.34 (m, broad, 42HYC NMR (62.5 MHz,
CD.Cly, ppm) M154.94, 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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Chapter 8. A Highly Ordered Phenanthroline-Fused

Azaacene
In this chapter, a new synthetic route ptepare a phenanthroline-fused
%" - ( # phenanthroline-fused
TIPS-PhNTQ 4

Note: Large part of this chapter has been submiti€tyst. Growth Des2015
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8.1 Introduction

Large acenes, particularly exemplified by pentacene, have fengreat attention in
organic field-effect transistors (OFET}.The molecular size and structure of acenes are very
important for their optoelectronic propertfedut their solubility and stability gradually
decrease with increasing numbers of aromatic fused Tiffidree strategies are usually used
to stabilize large linear acenes. (1) Introducing special itudasts into the acenes backbone,
like triisopropylsily (TIPS) acetyleri& and tritertbutylsilyl (TTBS) acetylefit which can
stabilize the LUMO level and prevent singlet oxygen semgitn by lowering the molecular
triplet energy? (2) Replacing tertiary carbon atom (C-H) moieties using imitregen atoms
(-N=) in acenes backbone increases the stabilization of tf@M® and LUMO levels to
obtain linear extended azaacefh®¥. (3) Expanding laterally the conjugation of the linear
aromatic backbone using aromatic rings, such as pyrene-fusexaedd?* where the sextet
of p electrons are localized on the external rings, Additionally, pusvcomputational studies
by Winkler and Houf indicated that replacing a CH moiety by a nitrogen atom aitigg
one cyano group onto the terminal ring at both sides can help fomr@dtimtermolecular
interconnection by hydrogen bonds (C H---N). More interestingly, loo@tion of these
features with moleculap-p stacking can create a highly ordered two-dimensional (2D)
arrangement. However, such azaacene molecules are rardigsyat because of a lack of
effective synthetic protocols.

Currently, a very common approach for preparing soluble TIPSamzx is the
nucleophilic addition between TIPS-ethynyl anion and corresponding diaaeeenes’?**
However, it suffers from a difficulty in synthesizing the kéipne azaacenes for further
extension of conjugation of TIPS-azaacenes due to their veryspadyility. Ideally, for the
purpose of synthesizing highly conjugated centrosymmetric TIPSezees, it would be
desirable to use a TIPS-ethynyl containing intermediate compauadeactant, which yields
directly soluble TIPS-azaacenes during the condensation step, withoypost-
functionalization.

With all of the above reasons in mind, in this chapter we repmmb\aenient synthetic
route for preparing a key intermediate compound, 3,6-bis((triisoprogydsilynyl)benzene-
1,2, 4,5-tetraamine3f (Scheme 8.1), which can be directly used to produce TIPS-azaacenes
by condensation reaction with correspondiadione derivatives. Considering that the imine
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N atoms in 1, 10-phenanthroline offer a great opportunity to formmuaiecular hydrogen
bonds (C H---N)?*?’ 1,10-phenanthroline-5,6-dione was, therefore, chosen to be condensed
with tetraamineS. It can be expected that the resultii§S-BisPhNPQ (Scheme 1) will be a
soluble and stable centrosymmetric azaacene molecule with ipthyeatdered arrangement
in the solid state. For contrast, an axialsymmeliPS-PhNTQ (Scheme 1) was also
synthesized. For both functionalized azaacene derivatives, we @gatestihe effect of
different symmetric structures on both the electronic propertidssalid-state packing in

their crystals.

8.2 Synthesis and characterization
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Scheme 8.1Synthetic route folTIPS-PhNTQ andTIPS-BisPhNPQ

The synthesis of the two small molecules is illustrated in Schem&I®SEPhNTQ was
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synthesized from 5,6-dinitro-4,7-bis((triisopropylsilyl)ethynyl)bemr{d],2,5]thiadiazole X)
in a high yield of 67% for two-steps as descripted in Chapter fadtgood solubility in
common solvents, such as dichloromethane, chloroform and THF.

Table 8.1The list of different reaction conditions for reduction of compolindo compouncB.

No. Conditions (100 mg compourid ( The signal of compoun8 (detected by FD-
protect) MS)
1 %+ -%+ )74 4 <+°J- %= Didn't find
2 %+ -%+ )F( & Didn’t find
- 0p=

3 %+ -@ < - Didn't find
=+ ).-<+ °J-%=

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

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

6 > -= -+? J $%7- strong signal
=+ ).-D+ °J- %&

7 > -= -%  J $%7- strong signal

=+).-D+ °J-9h.

In order to obtain key intermediate 3,6-bis((triisopropylsilyegl)benzene-1,2,4,5-
tetraamine §), many reduction systems were attempted from startingriaateas shown in
Table 8.1. Firstly, the method 3 was tried according to previoustlite?a due to their
similar structures (reduction 5,6-dinitro-4,7-di(thiophen-2-yl)benzo[c][1ifaA&diazole into
3,6-di(thiophen-2-yl)benzene-1,2,4,5-tetraamine). Another consideration ishinallPS-
ethynyl group could be more sensitive than thienyl group under irgdwonditions.
Therefore the initial temperature was controlled afG0But the peak of compouriwas
not observed by FD-MS, even when the reaction time was extend@dhwours, the starting
material signal was clearly observed during this reaction pevitetn the temperature was
raised to 70C for 12 hours (method 4), the signal of compo8mdas not still found by FD-
MS. Until the temperature was further increased t6®@or another 12 hours (method 5), the
very weak signal of compound8 was observed by FD-MS. The methods 1 and 2 were
reported to reduce the benzothiadiazole into the corresponding diZrnfiiidais combination,

however, also failed to obtain the desired compdimdour reaction system. In order to find
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@ ? < Finally, an optimal reduction systeen E' was successfully discovered

to achieve compound using zinc, HCI, acetic acid and ethanol #

# #
%" - %" -
-0p =
$ D%+ $ ' 9
# %" -
# $ K ED% = o
3 -8, 4
# U
3 -8, %" -
%" -
- 8
2( TIPS-PhNTQ %" -
%+ TJB
The electron-withdrawing nature of e%+ can stabilize the HOMO

and LUMO energy levels of the resulting molectlién order to develop stable azaacene
derivatives, we designed and synthesized a newcemadIPS-BisPhNPQ.
) % %+ - <&
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%" - 2%\ - ( both
molecules have good solubility in common solvenishsas chloroform and tetrahydrofuran.
TIPS-PhNTQ exhibits good thermal stability with 5% weight lcs®und 375 °C, and even
better thermal stability is observed fotPS-BisPhNPQ with 5% weight loss at 468 °C
$ >%

8.3 Optical properties

UV-vis absorption (a) and fluorescence (b) speatfBIPS-PhNTQ and % " -
in dichloromethane solutions.

$%+ ~8 >z - =<+ -<++

p-pl -pl @4
<++ &<+

# %" -

%" - &E% $ > =
=E == %" - 0" - ' 3
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Fluorescence quantum yield measurements were pextbin dichloromethane using a
cuvette with a 1 cm path length at room temperatlifee absorption spectra were
measured within a maximum wavelength between 00a@8l. TIPS-PhNTQ andTIPS-
BisPhNPQ were excited at 453 and 475 nm in dichloromethsol@tions, respectively.
Quantum yields were estimated +=D + =+ by using the comparative
method with fluorescein (0.1 M NaOH,em = 0.90 at 453 nnij for TIPS-PhNTQ and
rhodamine 110 (Ethanol,em= 0.91 at 475 nnif for TIPS-BisPhNPQ.

8.4 Electrochemical properties

voltammograms %" - %" -t
IF
$I( $A
4 #
# $ >@ I
7+@ %" - 2+% : %" -

_ _@ %> _@ E> : %> ===
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8.5 Crystal packing properties

The single crystals ofo" - %" - were grown by slow
evaporation from solutions in dichloromethane abmmotemperature. / -

# I (Johannes
Gutenberg-University, Mainz)X-ray crystallographic data for the molecules were
collected on an IPDS 2T diffractometer using a M®{KS mirror system radiation farPS-
PhNTQ, and a STOE IPDS 2T diffractometer using a gra&pitonochromator Mo-&
radiation source folIPS-BisPhNPQ. The structures were solved by direct methods {SIR
97)* and refined foffIPS-PhNTQ by SHELXL-2014 (full matrix) 524 refined parameters
and forTIPS-BisPhNPQ by SHELXL-97 (full matrix), 290 refined parameters

Single crystal X-ray structure cfo " - %" - Carbon,
nitrogen, sulfur, silicon and chloride atoms arevsh in grey, blue, orange, yellow, and green,
respectively.

Their crystal structures are shown inureg8.4.4
% n -

%" - %" - >E >D %" -

$@ %?c 7-73%@ +E %" - #
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# CH---N - J ---N interactions. The
intermolecular distances of H-to-dhd J-to-N are 2.64 and 3.24
L - $=E< ¢ -
$@=<c'
%781 %" - 3Bl o $

The vertical offset (red plane to blue plane) witthie adjacent moleculés ++ c
%" - ++=C %" -

in the'H-NMR spectra (Figure 8.5), the proton signals (G HN)
of %" -"' are significantly different in €b,Cl, (9.86 ppm) and CDgI(9.90 and
9.68 ppm), -4 %" - #
- TIPS-BisPhNPQ -
$ Figure 8.6) % ++ ++=¢c
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%" - %" -
%" - -
Figure 8.7 The intermolecular interaction o " - $' %" - (b). The
packing of TIPS-PhNTQ (¢c) and % " - ' (d). The conjugated cores are shown with ball-

stick models and the TIPS-ethynyl substituentsstu@avn with wireframe models. Hydrogen atoms
are removed for clarity. Carbon, nitrogen, sulfod &ilicon atoms are shown in grey, blue, orangk an
yellow, respectively. Van der Waals radius: H 1@ 1.70 A; N 1.55 A; S 1.80 A.

(

>E >E %" - = -3
6 -6 @@? @??c @<gpm . # =3

||A _ IIA _ %+%@ =<
6 %" - @@= @@?c
"A, - $@?E ¢ **( 6 -6
A : s@=> @@>c¢
0" - ++=C -
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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 phenaetifused azaacenes
derivatives,TIPS-BisPhNPQ and TIPS-PhNTQ, by a novel synthetic route. Both of them
exhibit good solubility and high stabilities. Although both molecules psssinilar optical
bandgap and electrochemical properties, they have different packies) $ti?S-BisPhNPQ
shows a6-stacking of 2D brickwork arrangement. More interesting, tinidecule forms the
intermolecular H-bonds by phenanthroline as end capping groups, whichtéeadsighly
ordered solid-state arrangement. On the other hand, it has tmgleaszed that the key

intermediate3 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 ) was prepared according to Chapter 7.

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

z—
\
o
/

|
O2N /N\S Fe HoN N NN o N AN /N\S
~ A E— | ~ ~ /
ON N CHCOOH |, AN Asy® Z 4 NN N
=

I Il CH;COOH !

TIPS TIPS }Si{

1 PN

A mixture of compound (100 mg, 0.171 mmol) and ne iron powder (113 mg, 2.018

mmol) in acetic acid (10 mL) was stirred at % for 5 h under argon. After cooling to the
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room temperature, the mixture was poured into water and extraittediethyl ether (3 x 20
mL). The combined organic layers were washed with brine, driedMgiBO,. The solvent
was removed under reduced pressure to give the corresponding diawmithedeep red oil.
This crude product was directly added into acetic acid (10 mLytieol of 1,10-
phenanthroline-5,6-diond) (0.256 mmol). The mixture was heated to°80overnight under
argon. After cooling to room temperature, the mixture was poured @ftorL 5% aqueous
NaOH and extracted with dichloromethane (3x20 mL). The combined orghases were
dried with MgSQ and filtered. The filtrate was concentrated and purified blnon
chromatography eluting with hexane dichloromethane (4:1) and 5%ytaetine toTIPS-
PhNTQ. Red solid (80 mg, 67% for two step$),NMR (250 MHz, CBCl,, ppm)M9.71 (dd,
J=2.5Hz,J=5.0 Hz, 2H), 9.24 (dd] = 2.5 Hz,J = 2.5 Hz, 2H), 7.79 (dd] = 2.5 Hz,J =
5.0 Hz, 2H), 1.35 (m, broad, 42HYC NMR (125 MHz, CDQCl,, ppm)M155.35, 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]quinoxali no[2,3-
ijdipyrido[3,2-a:2',3'-c]phenazine (TIPS-BisPhNPQ)

/

TIPS TIPS |

H N~ (0]
I
B e [ |
N 3
ON I HCI: ethanol HN Ntz CH,COOH
I
TIPS TIPS

Compoundl (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 1mL HCI (HNY) stirred at 90C for
9 h under argon. After being cooled to the room temperature, the enixais poured into 50
mL of water and extracted with diethyl ether (3x20 mL). The captbiorganic layers were
dried with MgSQ. The solvent was removed under reduced pressure to give the key

Page 181



2 '% $

intermediate 3,6-bis((triisopropylsilyl)ethynyl)benzene-1,2,4,5-tetaa @) with deep red
oil. This crude product was directly added into acetic acid (10 miu}isn of compound}
(0.256 mmol). The mixture was heated to°80overnight under argon. After cooling to room
temperature, the mixture was poured into 100 mL 5% aqueous NaOH aadtexktwith
dichloromethane (3x50 mL). The combined organic phases were driedMg$Q, and
filtered. The filtrate was concentrated and purified by column caroegnaphy eluting with
hexane dichloromethane (3:1) and 5% triethylamine to §iS-BisPhNPQ. Red solid (59
mg, 41% for two stepsjH NMR (250 MHz, GD,Cls, ppm)M9.86 (dd,J = 2.5 Hz,J = 5.0
Hz, 4H), 9.29 (dd) = 2.5 Hz,d = 2.5 Hz, 4H), 7.84 (dd} = 2.5 Hz,J = 5.0 Hz, 4H), 1.44 (m,
broad, 42H)!*C NMR (62.5 MHz, GD,Cls, ppm)M153.65, 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, characterizatiora@pictation of
aromatic rings condensed thiadiazolo[8]quinoxalines (TQs) based copolymers and small
molecules for organic electronics. Such acceptors have planar, quisioiddure and high

electron deficient nature.

This work began with the systhesis of benzodithiophene condense8DOTJ @,
Chapter 2) based polymers formed from different reactive sitek,eapanded it towards
novel synthetic protocols that were used to prepare new TQs arzklesaasmall molecules
with strong crystallization characteristics. We focused oreocubdr rational design. Within

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

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

good agreement with DFT calculations.

The structure and charge transport correlationsT@f2T-based polymers were
investigated in Chapter 3. Two crucial modifications were found iramhg the charge
transport of TQ-based polymers. Firstly, the unsubstituted donor umtsireed withTQ-2T
into polymer conjugated backbone, like polymd?$-P4 Such strategy improved the
molecular arrangement in the fibers and films. Therefore, therholslities of P1-P4 were
achieved higher than for previously reported TQ polymers. Secofally, dodecyl side
chains of P4 were regrouped into a pair of branched 2-decyl-tetradecyl alkgins and
yielded P6. In comparison withP4, the planarity ofP6 did not significantly change, but its
molecular weight and solubility were remarkably improved. Meanwthie crystallinity was
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further enhanced. Therefores exhibited the highest hole charge carrier mobility of 0.24 cm

V! st among these polymers.

Subsequently, a pair of 2-decyl-tetradecyl alkyl chains waféed onBDTTQ and
APhTQ cores and two high performance ambipolar polymer semicondu@BRBTTQ-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 hitjae forPBDTTQ-2.
Changing the fused aromatic rings from acenaphthylene to bempptiéne in the TQ
moiety also played a significant role on the optoelectronic pregerind the device
performances of these polymeRBAPhTQ exhibited a larger optical bandgap and a weaker
EA compared t&?’BDTTQ-3. Although both polymers had quite disordered filPBDTTQ-
3 still exhibited well-balanced ambipolar charge carrier trarispidth mobilities up to 0.22
cn’ V! s* for holes and 0.21 ¢ st for electronsPAPhTQ revealed also ambipolarity

with slightly lower average mobilities.

A photosensitizer group, phenanthrene, was condensed onto TQ moietg & nesV
acceptorPhTQ (Chapter 5). It expanded a new applicationPbiTQ-based polymers in
organic phototransistor (OPT). The corresponding polyPBhTQ exhibited a balanced
ambipolor field-effect behavior. As expectddPhTQ as an active layer in OPT device
showed a maximum photoresponsivity of 400 A/W, which not only exceedsftlsaigle-
crystal silicon-based OPTs (~300 A/W), but is also among the@@$t performances for

conjugated polymers.

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

for DPP-TQ based copolymers.
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Althogh the chargr carrier mobilities of the TQ-based polymers haveabkigved up to
0.2 cnf V' st in our work, it is still possible to further improve mobilities vielecular
design. Some proposed TQ polymer structures are shown in Chart 91y, tHesbenzene
units replace the benzodithiopheneBDBTTQ, shuch ag Q3-5, the introduction of fluorine
and chlorine atoms in benens units can enhance the intermoleculactiotexaThe DFT (6-
31G) calculations indicated th&Q1 has a similar LUMO level (-3.72 eV) &DTTQ (-3.70
eV), However, the LUMO levels afQ2 andTQ3 are surpurisingly decreased to -4.16 and -
4.17 eV, respectively, which are lower than dithienyl-benzobisthiadigz4l62 eV DT-
BBT). These results implied that the corresponding polynk®irs?3 could have highly
ordered arrangement in films and exhibit high performance ambipolax-type device
behaviors. Secondly, the branched alkyl chainBBDTTQ-3 can be replaced by tuning the
distance of the branching poinP4-Y) or siloxane-terminatedP§g). It could improve

molecular packing in films, leading to better ambipolar charge carresptoat.

NS
- \ / .S\
N\ IN / \ / \ N\ IN
/ \ $ S S ]\ ]\
S \ / NN S S
\ /
N\‘s"N NN TQ1, X=H
[ Q ) X‘Q‘X TQ2, X=F

S S

TQ3, X=ClI

Chart 9.1 The structures of small molecles grdposed condensed TQ-based polymer structares
the future investigations.

The results that were mentioned in the polymer parts also encousagestudy some
small moleucles. Therefore, three target moleculB2S-APhTQ, TIPS-PhTQ, and
TIPS-BDTTQ, were synthesized via facile and highly efficient route (Chapter 7).
TIPS-BDTTQ exhibited a very low EA value of -4.0 eV. All tleremolecules
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demonstrated a brick wall packing motif throughirtldémer interactions. Among these
molecules,TIPS-PhTQ andTIPS-BDTTQ possessed shortest and largestacking
distances, respectively. Interesting, It was irodgagreement with the polymers
morphology wherd?PhTQ had the best ordered arrangement in filRBSPhTQ exhibited
slightly higher order thaRBDTTQ-3 among these three polymers in films.

The synthetic route was further modified and susftdly synthesized a
centrosymmetric phenanthroline-fused azaaced@&S-BisPhNPQ (Chapter 8) In
comparison with axialsymmetriphenanthroline-fused azaacene derivatiVi?S-PhNTQ),
TIPS-BisPhNPQ shows a&6-stacking of 2D brickwork arrangement. More interestingly, this
molecule formed the intermolecular H-bonds by phenanthroline as epithgapoups, which

led to a highly ordered arrangement in solid states.

M1-3 M4-6 M7-9

Chart 9.2 Proposed newzaacenefr the future investigations in OFETSs.

It should be noted that the key intermediate 3,6-bis((triisopropygsiiynyl)benzene-
1,2,4,5-tetraaming€3 in Chapter 8)provides a chance to synthesize more large azaacenes.
The new molecule@V1-9) are designed as shown in Chart 9.2. These molecules could show
some advantages for application in OFETSs. Firstly, the introducfifloorine, chlorine, and
cyano groups will enable to enhance molecylatacking ability and stabilize molecular
HOMO energy levels. Secondly, the TIPS-ethynyl groups weaehsd to new molecules
which are beneficial for improving molecular crystallization ibind solubility. Besides
these new molecules, we believe that this new synthetic protatproduce more azaacenes

which possess excellent electron charge transport in OFETS.
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Appendix

Appendix-l1 General methods

Chemicals and solvents

All chemicals and reagents were used as received from comi&rarces (Sigma-
Aldrich, Acros Organics, Fluka, Merck, Tokyo Chemical Industmyjthout further
purification. Solvents for chemical synthesis were used as receva Sigma-Aldrich and

Acros Organics, unless stated otherwise.

Chromatography

Preparative column chromatography was carried out on silicatBOavgrain size of
0.063-0.2 mm or 0.04-0.063 mm (flash silica gel), which were receivedNracherey-Nagel.
Some special preparative column chromatography was performeg neutral and base
aluminum oxide (Fluka). The analytical thin layer chromatography, 0.2 mm silica gel
with fluorescent indicator, was used from Macherey-Nagel. Compounds detected by
fluorescence quenching at 254 nm, self-fluorescence at 366 nm. Eotseglthe analytical
grade solvents were used directly, and technical grade solvean@)exas distilled prior to

the use.

Microwave assisted synthesis

The microwave assisted synthesis was performed for some Stillengprgaictions 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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Appendix-1l1 Analytical techniques

NMR spectroscopy

'H NMR and™C NMR spectra were recorded in deuterated solvents on a Bruker DP
250, 500 and 700 spectrometers. Chemical shijtsvére given in parts per million (ppm)
with tetramethylsilane as internal standard. The measursnvegrite carried out at room

temperature (293 K), unless stated otherwise.

Mass spectrometry

Field-desorption mass spectra (FD-MS) were recorded on an$i@iinents ZAB 2-
SEOFPD spectrometer (range 100-3300). High Resolution Mass Spectra (HRMSpawied
out by the Microanalytical Laboratory of Johannes Gutenberg-UsityeMainz. UV-Vis-
NIR absorption spectra were measured on a Perkin-Elmer Lambpec@aphotometer at

room temperature.

UV vis-NIR and steady sate fluorescence spectroscopy

Solution and solid state UV-vis-NIR spectra were recorded arkarPEImer Lambda
15 spectrophotometer. Unless otherwise noted, a concentratior® shdlOL™* was used in
solvents of spectroscopic grade at room temperature. The quantuntebrsezady state
fluorescence spectra were registered on a SPEX-Fluorolog21P) ( spectrometer.
Fluorescence quantum yields were determined by the comparatihednghe references
were mentioned in text) and corrected for the refractive indée solvent of the probe. The
solutions were prepared with an absorbance between 0 and 0.1 atviiengtn region of
experimental interest. Conversion into an absolute quantum yield imethtay solving the

following equation:

— 2
Fl,.Sample— FI, Reference™ (OD Reference/ oD Samplg X (A Sample/ A Referenc} X ( Sample/ Referenc}
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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;

: Refractive index of the solvent.

Cyclic voltammetry

Cyclic voltammetry (CV) was carried out on a computer-contlo&STAT12 in a
three-electrode cell in anhydrous solvents solution gNBi; (0.1 M) with a scan rate of 50
mV/s at room temperature under argon (dichloromethane for monomeesetadhitrile for
polymers). A Pt wire, a silver wire, and a glassy carbon reléetwere used as the counter
electrode, the reference electrode, and the working electragpecteely. For the monomers,
the measurements were carried out using a 0.1 rifotithloromethane solution of n-
BusNPFs as electrolyte, while the analytes were dissolved in conciemisanf 10° mol L™.
EA were estimated from the onsets of the first reduction pebKe the potentials were
1/2

determined using ferrocene (Fc) as standard by empirical fasfgdas - (Bred - Erc/res
+4.8) eV wherein /e = 0.63 eV.

Thermogravimetric analysis and differential scannirg calorimetry

Thermogravimetric analysis (TGA) were carried out on a IErett500
Thermogravimetry Analyzer with heating rates of 10 K/min. Diffegdrgtanning calorimetry
(DSC) were measured on a Mettler DSC 30 with heating and cooling rates ohitD K/

Gel permeation chromatography

The molecular weights were determined by PSS-WinGPC (RB8)p( alliance GPC
2000) GPC equipped with an UV or RI detector running in tetrahydrofatr80°C or 1,2,4-
trichlorobenzene at 13% 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 HeraeuslVasia E

service of the Institute for Organic Chemistry, Johannes Gutenbergskihna Mainz.

Computational methods

The geometry optimizations were performed using Gaussian 03, 2idRe#d<4
quantum chemistry program at the B3LYP level of théohl. calculations were carried out
using the 6-31G, 6-31G* or 6-31G** basis setsFor all compounds the lowest energy
conformers, found by conformational search, were subjected todathetry optimization
(Gaussian, Inc., Pittsburgh PA, 2003).

OFET devices fabrication and measurements

All FETs were fabricated employing the bottom-gate, bottom-cbraechitecture.
The 200 nm thick Si@dielectric covering the highly doped Si acting as the gatetrelde
was functionalized with hexamethyldisilazane (HMDS) to mimarinterfacial trapping sites.
Polymer thin films were deposited by spin-coating or drop+ogsti different solutions with
different concentrations (Mentioned in text) on FET substrates unttegen atmosphere,
followed by annealing. The channel lengths and widths are 20 and tMiQ@spectively. All
the electrical measurements (using Keithley 4200 SCS) wei@mped in a glovebox under

nitrogen atmosphere.

Organic Phototransistors (OPTs) fabrication and meaurements

Bottom-gate bottom-contact architecture was utilized for devichs. source and
drain electrodes with 60 nm in thickness were deposited by Au eviapord&efore
measurement, annealing at 18D was carried out to remove residual solvent. A Keithley
4200-SCS was used for all electrical measurements in a glovebaxnitndgen atmosphere.
The white light of a Nikon microscope (SMZ100€15 mW cn¥) was directly used for

irradiation.
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OPV devices fabrication and measurements

The photovoltaic devices were prepared using the common fabricatiorsqrdde
active layer was deposited by spin-coating a solution of the daceptor mixture onto
indium thin oxide (ITO) glass substrates, which were precoatedth
poly(ethylenedioxythiophene) doped with polystyrene sulfonic acid D@PEPSS, a
conducting polymer); then a typically 100 nm thick Al layer was vajeposited onto the
active layer. The photovoltaic response of the device was detefragieg an AM 1.5G

standard, operating with an illumination intensity of 100 mWcm

X-ray diffraction

Film X-ray diffraction was performed on a theta-theta Philigé 820 Kristalloflex
diffractometer with a graphite-monochromized Cea-K-ray beam (Cu kK, C = 1.5418
A Hhitting the thin film deposited as described in each case.diffraction patterns were

recorded in the@range from 0O to 30.

Two-dimensional wide-angle X-ray scattering

2DWAXS measurements were performed using a custom setup ounss$tthe
Siemens Kiristalloflex X-ray source (copper anode X-ray tube,atgubrat 35 kV/20 mA),
Osmic confocal MaxFlux optics, two collimating pinholes (1.0 and 0.5@wis, Germany)
and an antiscattering pinhole (0.7 mm — Owis, Germany). The mmtiesre recorded on a
MAR345 image plate detector (Marresearch, Germany). The sanwyére 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 ofjrotatin
anode X-ray source (Rigaku Micromax). By orienting the substrafacguat or just below
the critical angle for total reflection with respect teetincoming X-ray beam~(Q.2°),
scattering from the deposited film was maximized with respect tedogtfrom the substrate.
The GIWAXS data were acquired using a camera comprising auaeal sample chamber
with an X-ray photosensitive image plate. A rotating Cu-anode opgrait42 kV and 20 mA
(Cu Ke, C= 1.5418 A) was used as X-ray source, focused, and monochromatized by a 1D

multilayer. Diffraction patterns were recorded on a MAR345 image platetdete

Scanning force microscopy

The scanning force microscopy (SFM) analysis was performed in ittemhcontact
mode (MFP-3D, Asylum Research, Santa Barbara, USA). The SFM was operatgovia a
box filled with dry N2 at room temperature. Silicon cantileversI(@. 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 softwar
(http://gwyddion.net/).
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Appendix-11l Crystallographic table

Compound TIPS-APhTQ TIPS-PhTQ TIPS-BDTTQ
CCDC number 1035450 1035451 1035452
Chemical formula GeH1sN4SILS CoHs0N4SILS GgHaeN4SIiLS;
Formula Mass (g md) 673.06 699.1 711.15
Crystal system triclinic triclinic triclinic
Space group =3 P P

Crystal size (mr)

0.03 x 0.14 x 0.48

0.02x0.19x1.3

0.06 x0.18 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)
e (°) 67.602(6) 105.315(4) 105.750(9)
h(°) 78.490(7) 93.718(5) 94.034(10)
i (%) 82.794(7) 99.307(5) 90.134(10)
z 2 2 2
Unit cell volume / & 1909.4(3) 1931(1) 1842.2(4)
Temperature®C) -60 -100 -60
Absorption (mr) 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 GeH1sN6SILS, CH,Cl, Cs,H54NgSky
Formula Mass (g md) 786.01 847.21
Crystal system triclinic triclinic
Space group P P

Crystal size (mm)

0.03x0.04 x0.6

0.05 x 0.1 x 0.45

a (A) 8.0609(14) 8.2898(8)
b (A) 16.2948(11) 9.0365(8)
c A 17.4620(12) 15.893(2)
e (°) 70.798(5) 84.845(8)
h(°) 85.053(6) 84.909(8)
i (°) 82.202(6) 74.567(8)
4 2 1
Unit cell volume / R 2143.9(3) 1140.4(2)
Temperature®C) -80 -80
Absorption (mri) 2.63 0.12
Radiation GKa Mo-K,
Diffractometer IPDS 2T STOE IPDS 2T
No. of reflections measured 25974 11788
Rint 0.1508 0.0501
WR2 0.3425 0.1386
Goodness of fit 1.805 0.981
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