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Abstract

Semiconducting polymers are promising materials for organic field-effect transistor

applications. Design of the polymer structure is essential to achieve the best charge

transport characteristics. It can be optimized by heteroatom substitution, backbone

planarity tuning and/or side group engineering. First, charge transport properties of

novel thiadiazolo[3,4-f]benzotriazole and 1,2-di(thieno[3,2-b]thiophen-2-yl)ethylene

based polymers were optimized by tuning the backbone planarity using side alkyl group

engineering approach. Second, effect of incorporation of electron-donating methoxy

groups into a diketopyrrolopyrrole and quaterthiophene based copolymer was studied

by synthesizing new random copolymers. Third, in-film cross-linking of

poly(arylenebutadiynylene)s by thermal annealing and UV irradiation was

demonstrated for the first time, and its effect on the charge transport properties was

investigated. Experimental results were used together with theoretical calculations to

derive the structure-property relationship in these polymers.
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Chapter 1.

General Introduction

1.1. Introduction
Organic semiconductors are a promising alternative for conventional inorganic
semiconductors applied in electronics due to the versatility of synthesis, tunable

(141 One of such applications is

electrochemical properties and solution-processability.
organic field effect transistors (OFETs). As electric current switching and amplification
devices, OFETs are an integral part of potentially all electronics, such as displays,
sensors, smart tags, electronic papers, and integrated circuits.**!

Organic semiconductors can be classified into small molecules and polymers,
both of which have their own pros and cons in terms of OFET performance and
manufacturing process engineering. Small molecule semiconductors can be easily
purified during the synthesis and can form crystalline films, which is advantageous for
high-performance devices.”) Polymers, on the other hand, possess good solution-
processability (e.g., sprayable, printable, etc.), which makes the device fabrication
process more scalable.”! In addition, polymer films can have good flexibiltiy.!*! These

two properties make semiconducting polymers more attractive candidates than the

small molecule counterparts for applications in flexible and large-area printed



electronic devices.
1.2. Semiconducting Polymers
1.2.1. Charge transport in semiconducting polymers

Understanding of fundamentals of charge transport in semiconducting polymers
is important for the development of high-performance materials for OFET applications.
This section shortly introduces the basics of charge transport in organic semiconductors,
which can be found in more details in literature. 148!

Semiconducting polymers have a m-conjugated backbone consisting of
alternating carbon-carbon single bonds (C—C) and carbon-carbon double bonds (C=C).
A C=C bond contains a ¢ molecular orbital formed by direct overlap of sp? hybridized
atomic orbitals, and a m molecular orbital formed by parallel overlap of p- atomic
orbitals. In conjugated polymers, m bonding and m* antibonding orbitals tend to
delocalize, forming band-like highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), respectively (Figure 1.1). With
increasing conjugation length, the energy gap (Eg) between HOMO and LUMO
becomes smaller, so that electrons can be excited from HOMO to LUMO by thermal
activation or by absorption of photons. Then electron or hole charge carriers can be
generated by reduction or oxidation, respectively, which can then be transported across

the semiconducting polymer film. Although band-like charge transport along the



polymer chain is possible in polymers with highly rigid backbones, bands formation is
limited to several repeat units in a typical polymer due to backbone torsion. In addition,
charge transport channels of electronic devices are much larger than the polymer chain
length.B! Therefore, operation of the electronic devices inevitably involve inter-chain

charge transfer.

A)

1, ¥,

1

A P
> .. _ ¥
? m* antibonding MO E, LUMO
g n H# ' ' ' ' ‘
_ J
T bonding MO HOMO

Figure 1.1. Illustration of energy levels in conjugated polyenes with increasing repeat C—C and C=C
bonds. Structures of © bonding MO and ©* antibonding MO of ethylene, as well as HOMO and LUMO

of polyacetylene are also given.

Since polymer chains are held by weak van der Waals forces, they have large

separation and experience significant vibrations. As a result, inter-chain HOMO and

LUMO bands do not form and charge transfer between polymer chains happens by

tunneling (“hopping”). Furthermore, due to the planarity of the conjugated backbone

the m-m overlaps have high directionality, so that charge hopping strongly depends on

their alignments. Thus, the crystallinity and molecular packing orientation are

important factors that determine the charge transport properties of semiconducting

3



polymers.

The molecular packing motif of a crystalline region of a conjugated polymer film

can be simplified as a parallel alignment of planar backbones (Figure 1.2). Then, band-

like charge transport can take place along the conjugated backbone, while charge

transport takes place by their “hopping” in the n-n stacking direction. Due to the large

separation of the conjugated backbones, charge transport does not take place in the

lamellar stacking direction.

Along m-conjugated backbone:
band-like charge transport

In lamellar stacking direction:
No charge transport

In =17 stacking direction:
by charge tunneling (“hopping")

Figure 1.2. Idealized illustration of anisotropy of charge transport direction in conjugated polymers.

The speed of charge carriers per unit applied electric field is called charge carrier

mobility (1) and is expressed in units of cm* V™! s7!. For comparison, amorphous and

-1

crystalline Si have 4 = ~1 and >1000 cm? V' s!, respectively.l”! Currently,

semiconducting polymers giving u beyond 10 cm? V™! s ™! have been reported.” ' Thus,

4



current level of developments of semiconducting polymers makes their implementation

as alternative materials for amorphous Si-based electronic devices possible.

1.2.2. Brief history of development of semiconducting polymers

Conducting properties of organic polymers was first discovered in polyacetylene
(PA) in 1977 (Scheme 1.1).["?! Following this discovery, research in semiconducting
polymers gradually increased.['*"'% PA was first applied in OFETs in 1983.!'61 PAs were
termed as First Generation semiconducting polymers.[!! However, PA films were
intractable and had low chemical stability due to rapid oxidation in air. These made
researchers search for solutions to overcome these issues.

Polymers with repeat aromatic units, like poly(1,4-phenylene) (PPP),
poly(thiophene) (PT), poly(pyrrole) (PPy), showed better stability compared to PA
because of the lowered energy levels due to localization of charge carriers in aromatic
units (Scheme 1.1). Especially, heterocyclic units proved to be promising and the first
working polymer-based OFET was prepared from PTs in 1986, showing hole mobility
(un) of 2x107° ecm? V! 571171 By introducing side alkyl groups, polymers were made
solution-processable. For example, poly(3-hexylthiophene) (P3HT), which is one of the

most studied semiconducting polymers, exhibited improved un of up to 10# cm? V! s

I.[18] The early studies in PAs and PTs were important in terms of understanding the



physics of charge transport in semiconducting polymers. Alternation of repeat units in
the polymer backbone showed to be an effective approach to improve .21 For
example, inclusion of thieno[3,2-b]thiophene (TT) further improved un, reaching 0.2—
0.6 cm? V! 571119201 These polymers marked the Second Generation of semiconducting

polymers.!!]

First generation : Second generation

P H

trans-PA N PPy PT

cis-PA Regioregular Regiorandom

poly(2,5-bis(3-alkylthiophen-2-
P3HTs: R = CgHia yl)thieno[3,2-b]thiophene)s

Scheme 1.1. Structures of notable early polymers (first and second generations). R stands for arbitrary
side group (e.g., alkyl).

Polymers with alternating electron-deficient (acceptor) and electron-rich (donor)
units exhibited low Eg and gave higher u, due to significantly improved intra-chain
charge transfer.”¥) Success of the donor-acceptor (D-A) semiconducting polymer
design in early 2000s boosted the development of building blocks with more atoms in
n-conjugated  backbone.l'!  Prominent examples of acceptor units are
diketopyrrolopyrrole (DPP),® 1124291 isoindigo (IID),?°33! naphthalene diimide

(NDI),?*3%1 benzodifurandione-based oligo(p-phenylene vinylene) (BDOPV),*041]
6



benzothiadiazole (BT),[4>4] benzobisthiadiazole (BBT),#2:4547] and
thiadiazolobenzotriazole (TBZ) (Scheme 1.2.).[*8] On the other hand, donor units are
mostly based on thiophene and its derivatives, such selenophene (S), TT,

di(thienyl)ethylene (DTE), and so on.*:*"]

i Acceptor units

R P
O N0 R R 5
, N0 Np® 00 D y
0 -ONO- OO Y AT
0N 0770 PN
O N0 R R b T T
R
NDI D BDOPV
R
N S
N0 . s
QA f\ /f \ _/
© Ni? Ne N
e
DPP BT BBT
| Notable D-A polymers (Third generationy
o NAL o
M. Ao s /15 M L s I\ ~X
2 |/ 2
S N/ \ /s " S [: \ [/ X /"
/
£ © Ry ©
— PDPP(7DN)-DTE: X = S

PDPP(7DN)-DSE: X = Se

Ra
-N
NN

PBPT-DTE PNDI-TBZ Ra

R, = C1oHa21 R, = C1oH21 Rg = CizHas R, = C4Hg

4= R. =% CeH13
H11(\(53H17 WC12H25 Lll.{\CrmHm Hzl(\Cr2H5 ° ‘Hf

Scheme 1.2. Structures of notable acceptor and donor units, as well as D-A polymers based on these

units. R stands for arbitrary side group (e.g., alkyl).

PDPP-TT was the first D-A semiconducting polymer with zn = 0.94 cm? V! 57!

approaching that of amorphous Si, which was reported in 2010.?*! Few years later

7



ultrahigh uns exceeding 10 cm? V! s7! were reported for PDPP(7DN)-DTE,!
PDPP(7DN)-DSE, ! and PTIID-Np.*?! Designing of strong acceptor units allowed to
prepare n-type and ambipolar semiconducting polymers, whose development was
lagging behind their p-type counterparts.’! In addition, in the past few years all-
acceptor polymers with zes above 5 cm? V! s™! emerged, such as PBPT-DTE,*”) PNDI-
TBZ,*° and PNDI(V)-DBT(F).! Following the above convention, D-A polymers

were classified as Third Generation semiconducting polymers.!!!

1.3. Organic Field Effect Transistors

The terms OFETs and organic thin-film transistors (OTFTs) are used
interchangeably in literature.¥ This arises from the resemblances in structural design
and bottom-up fabrication used to prepare both inorganic and organic TFTs.°?! This
thesis will follow the convention of naming these devices as OFETs.

OFETs comprise of source, drain and gate electrodes. Depending on the positions
of the electrodes relative to the semiconductor film, there are four different architectures
of OFETs (Figure 1.3): bottom-gate top-contact (BGTC), bottom-gate bottom-contact
(BGBC), top-gate top-contact (TGTC) and top-gate bottom-contact (TGBC).I>¥ The
architecture affects both fabrication feasibility and device performance. In general, for

characterization of p-type semiconductors BGTC configuration is used due to



fabrication simplicity. TGBC design is preferred for n-type semiconductors due to the

added protection by the top gate dielectric from the ambient atmosphere.

drain

_Tj

drain

FL

semiconductor

drain

source

L=

semiconductor

—

gate —__ |- dielectric gate |
i | I~ dielectric
substrate substrate
BGTC BGBC
gate gate
1 drain | T 1 source
drain dielectric source dielectric

L&

semiconductor

=

substrate

TGBC

i

semiconductor

—

substrate

TGTC

Figure 1.3. OFET configurations.

The operation principles of OFETs are provided below as described in
literature.[>? If a negative potential is applied at gate of a p-type OFET, the holes are
attracted to the dielectric-semiconductor interface due to the capacitive effect and form
a p-channel. Then if a negative potential is applied at drain, the holes are injected from
source and transported to drain. The gate voltage (Vi) at which the channel forms is
called threshold voltage (V) of the device and the OFET is said to be on when Vi > V.
The relation between Vi and drain voltage (Vp) affects the properties of the channel
and, thus, determines how drain current (Ip) behaves. When Vb is low, the channel

thickness is almost uniform and it depends on the magnitude of Va. Since channel
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resistance is inversely proportional to its thickness, the device acts as a variable resistor

as long as Vp < Vg — V1 holds true. This implies that Ip depends linearly on Vp:

W
I :T/Jci (VG —V; )VD >

where W and L are channel width and length, respectively, Ci — specific surface
capacitance of the dielectric. This operation mode is called linear mode or triode mode.
As Vb increases, electrons are injected from drain into the semiconductor and the
channel thickness near drain decreases due to the charge recombination. When Vp
becomes substantially high so that Vp = Vg — V1, the channel pinches off near drain.
Further increase in Vp enlarges this pinched off region but does not affect Ip because
now the charge transport happens through a thin channel, whose thickness cannot be
altered. Thus, Ip saturates with respect to Vb, and it is essentially controlled by the shape
of the remaining part of the channel, which still depends on Vg. This mode is called

saturation mode or active mode, and Ip is determined as:

W 2
ID:Z Ci (VG _VT) .
OFETs are characterized by measuring current-voltage behavior using output and

transfer curves (Figure 1.4). Output curve represents Ip-Vp behavior at constant Vg,

while transfer curve depicts Ip-Ve behavior at constant Vp.
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Output Curve Transfer Curve

10 104 0.004
saturation regime linear regime by = 2Lm2 (WC)) I
8 -
106 4 - 0.003
. B 4
3 =1 2
o @ 10 4 - 0.002 &
-0 o L
T4 ~—
1010 4 - 0.001
2 -
0 —_— 1012 —_— = 0
-100 -80 -60 -40 -20 o] -100 - - - - 20

Vo, V

Figure 1.4. Typical output and transfer curves of a p-type OFET.

Field-effect 4 can then be calculated from the 1-V equations of either the linear or
saturation regime. Since FETs in practice are employed in active mode, x4 extracted

from the saturation regime is reported in literature:

oLy
WCi (VG —VT )2 .

U

First, (Ip)">~Vg curve is plotted and the linear fit is applied at the slope region (Vg >
V). The slope of the linear fit gives the second term of the equation. Extrapolation of
the linear fit line to the horizontal axis gives V. Ratio of the on and off currents (lon/loff)
is determined from the maximum and minimum Ip. lon/loff shows the difference between
current when device is on and the leakage current when it is off. Higher lon/lofr is
preferred for all FETs, which is typically in the range of 10°~10',

OFETs are benchmarked according to their x, Vr and lonoff, as well as other

properties like contact resistance, hysteresis of the transfer curve, subthreshold swing,

11



(53] Out of these, values of u are used for basic comparison

reproducibility and stability.

because high y usually guarantees high lon/oft, in addition to fast response time and large

current output of the device.

1.4. Strategies to Design High-Performance OFETs
1.4.1. Structure-property relationship in semiconducting polymers

Ultimate goal in producing an OFET is to achieve high charge carrier mobility
and control the type of the major charge carriers (i.e., p-type, n-type or ambipolar), as
well as to achieve good stability. While the type of the charge carrier is mostly pre-
determined by the intrinsic electronic properties of the polymer, x can be strongly
influenced by the film properties, such as n-n stacking distance (d=-x), lamellar stacking
distance (dv), molecular packing orientation, and crystallinity. Firstly, due to the
anisotropy of charge “hopping” direction edge-on stacking of polymer backbones with
respect to substrate surface is the favorable molecular packing orientation for OFETs
(Figure 1.5).54 Typically, polymers have dxx in the range of 3.6-4.0 A, while some
exceptionally tight packing with drx as short as 3.4 A were also reported.!! Secondly,
long-range ordered and tight n-m stacking facilitates efficient intra-crystallite charge
transport, which is much faster than inter-crystallite charge crossing.[>>! Thus, higher

crystallinity leads improved x due to less boundaries between crystallites. In addition,

12



inter-crystallite charge transfer can be facilitated by n-conjugated pathways that can be

created by long polymer chains.!!

-1 stacking
distance (d,,.,)

a)

Charge transport
directions y dL

Charge transport

Lamellar stacking directi
irections

distance (d,)

Edge-on packing Face-on packing

b) Inter-crystallite
crossing (slow)

Crystalline domains Intra-crystallite charge
\ transport (fast)

Amorphous region *

Figure 1.5. (a) Illustration of preferred orientation of edge-on and face-on packing orientations of
conjugated polymers. (b) Illustration of intra- and inter-crystallite charge transport in (edge-on packed)

semicrystalline polymer film.

Film morphology and microstructure, in turn, can be controlled by deliberately
tuning the polymer design. Although the design of D-A conjugated polymers has almost
endless variety, the most influential approaches can be roughly classified as controlling
donor-to-acceptor ratio, heteroatom substitution, side chain engineering, backbone

planarity tuning, random copolymerization. In addition, film properties also depend on

13



molecular weight distribution of the polymers as well as the film preparation conditions.
The next sections will discuss these methods in detail and cover some examples to gain
insight into the current trends and challenges in improving polymer OFET
performances.

Recently, synthesis of polydiacetylenes by in-film topochemical polymerization
of monomers has emerged as a promising method to prepare semiconducting films.

Recent advances in this field will also be shortly covered.

1.4.2. Controlling acceptor/donor ratio

Each acceptor building block can perform differently depending on what donor
unit is used.[**3746] Enhanced charge transport properties can be achieved by altering
the acceptor/donor ratio.[?>%7] Increasing the donor content from m =4 to m = 6 in
DPP-mT copolymers led to the improvement of un from 0.97 to 3.94 cm? V' s, up to
point when solubility became a hindering effect for m = 7 due to the decreased
alkylation extent. On the other hand, increasing the acceptor/donor ratio in the polymer
backbone can lower ELumo and Enomo levels and open prospects for designing n-type
and ambipolar semiconducting polymers. For example, a dual-acceptor polymer PBPT-
DTE showed ambipolar charge transport with high un/ue of 6.87/8.94 cm?> V! s 1% A

prominent example of all-acceptor polymers is PDTzTI, which exhibited ue = 1.61 cm?
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*m=4, y, =097 cm?Vv's"
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m=4, 4, =282cm? Vs’
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PBPT-DTE
1/ 11 = 6.87/8.94 cm? V' 57
R3
0. ]
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s hf \_/
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n
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PNDI(V)-TBZ Ry

PNDI(V)-DBT(F)E
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R, =1\(4< R, = 10M21 Ry = 813 Ra =11(4< Rs —%CGHB
CioHa1 Ci2Has CigHas C4Hg

Scheme 1.3. Structures of the notable high-performance semiconducting polymers achieved by

controlling acceptor/donor ratio. * As reported in the same series of works.[*®

A tandem effect of two different acceptor units were implemented in several Ai-
D-A2-D polymers to obtain enhanced n-type charge transport.[*44%-3%-3.601 For example,
PNDI-TBZ and PNDI-PT were reported as unipolar n-type polymers, which exhibited
ueof5.35and 2.11 cm? V! s7!, respectively.>®) PNDI-TBZ assumed bimodal molecular
packing orientation (Grx = 3.63 A), while PNDI-PT exhibited edge-on dominant

packing (0zrx = ~4 A). By including vinylene bridges, both planarization and extension
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of the m-conjugation in dual-acceptor units was achieved in PNDI(V)-TBZ, which
exhibited ge=7.16 cm? V' s7!, while PNDI(V)-DBT(F)E gave uc =3.87 cm? V1 s71 1]
Both polymers showed very deep ELumo of —3.87 and —3.80 eV, respectively. In
addition, PNDI(V)-DBT(F)E films acquired tight edge-on packing (dzx = 3.49 A),

while PNDI(V)-TBZ had tight bimodal packing (0x-x = 3.40-3.45 A).

1.4.3. Heteroatom substitution

Heteroatom substitution in semiconducting polymers

PDPP-2Ph2T: X = CH, R = Ry, s, = 0.04 cm? V1 PBDOPV-2T: X = CH, g =1.72cm? V' s
PDPP-2Py2T: X = N, R = Ry, s/ute = 2.78/6.30 cm? V' 71 PBDOPV(N)-2T: X = N, g = 3.22cm? V' s

PDPP-DTE: X = H, g, = 3.05 cm? V' s°1 PDPP-AT: X =S, s, = 1.0 cm? V' 1
PDPP-DTE(4F): X = F, uy/tte = 3.40/5.86 cm? V' 571 PDPP-2T2S: X = Se, 14, =1.5cm? V' s’
Rq
Os_N.__O
| N\
xS~
\ |
0”"N"70o
Rq

PDPP(2DT)-DTE: X=S, 14,=28cm? V"' s

S = - 2 \/1 o1
PDPP(2DT)-DSE: X = Se, 1, = 4.4 cm? V' 571 PRDIDTE: % =S pe= T8 em ¥

PNDI-DSE: X = Se, o =2.4 cm? V' g™

R, = “‘<S12H25 MC18H37 CgHi7 CioHa1
1= R, = = Ry = ﬁ
2 CigHaz Rs “<_<C10H21 * CizHas

Scheme 1.4. Examples of heteroatom substitution in semiconducting polymers.
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Heteroatom substitution is an effective tool to design semiconducting polymers
with desirable charge polarities (Scheme 1.4). In general, N-substitution is used as a
means to enhance n-type charge transport or to flip the p-type charge transport into n-
type/ambipolar.?8334048] For example, PDPP-2Ph2T showed a un of 0.04 cm? V!
s 1111 while its N-substituted counterpart PDPP-2Py2T exhibited high un/ue of
2.78/6.30 cm?* V! 57128 Nitrogen atoms can be introduced into the m-conjugated
backbone of the acceptor units as well. For example, N-substituted BDOPV(N)-2T
exhibited improved ue of 3.22 cm? V™! s! thanks to the tight n-m stacking (3.44 A) and
lowered ELumo,*! compared to the original BDOPV-2T.[*! Presence of several distinct
positions for N-substitution opens a further way to optimize this method.**! Halogen-
substitution, of which fluorine (F)-substitution is the most widely applied, is also
effective in lowering the energy levels of the polymers. For example, the Enomo of
PDPP-DTE was lowered by 0.15 eV by F-substitution of the DTE unit, and the resulting
polymer gave balanced ambipolar charge transport with un/ue = 3.40/5.86 cm? V!
s 1121 Thus, heteroatom substitution with atoms with high electronegativity allows to
improve the n-type properties of polymers.

On the other hand, swapping of S with more electron-rich Se can enhance the
electron-donating nature of the donor units and produce more p-type polymers. For
example, changing 2,2’-bithiophene of PDDP-4T with 2,2’-biselenophene (PDPP-
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2T28) resulted in enhancement of the un from 1.0 to 1.5 cm? V! 71182 Improvements
were attributed to the lowered Egopt (from 1.39 to 1.32 eV) and more fiber-like texture
with shortened di (from 19.10 to 18.53 A). Improvements of un in a similar order (by
~1.5 times) can be observed in PDPP-DTE and PDPP-DSE.!'" In both series of the
polymers, DSE-variants tended to give more long-range ordering together with shorter
dr-x due to the stronger interchain attraction between DPP and DSE units. Contrary, Se-
substitution of PNDI-DTE resulted in enhanced n-type charge transport,*%*°! which
shows that Se-substitution has a great potential and versatility for applications. This is
further supported by the fact that almost all conjugated polymers consist of thiophene-
like S-containing units in their backbones. This method was also be applied to acceptor

BBT units.[*]

1.4.4. Side group engineering

Initially introduced to solubilize the conjugated polymers, alkyl side groups have
become an important unit to optimize both the optoelectronic properties and the film-
forming properties of polymers.!%] Effect of alkyl substituents can be categorized into
two, depending on whether their position affects the polymer backbone or not. For
example, alkyl chains placed on neighboring units can create a steric hindrance and

increase the backbone torsion, which in turn affects its t-conjugation and film-forming
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5.1 On the other hand, changing the length and branching of alkyl groups do

propertie
not alter the electronic properties of the polymer backbone, but control the film forming
properties.!®%] In addition, shorter alkyl substituents induce pre-aggregates in the

deposition solution due to lowered solubility, which can give polymer films with larger

crystallites.[®”]

Side group engineering in semiconducting polymers

R
O N_O
B \S in
s
0”7 "N"o
R
PDPP(R)}-DTE: R = 20D, s, = 4.5cm2 V' s PDPP(R)-DSE: R =2DT, 4, = 4.4 cm? V'™ PNDI(R)-2T: R = 2HD, s = 1.90 cm? V' s
R=2DT, gy = 8.2cm? V' s" R = 7DN, s, = 12.04 cm? V' s R =20D, g = 1.22 cm? V' &7
R = 7DN, s, = 10.54 cm2 V-1 s R=2DT, 4o =0.39 cm? V' s
R = C18F, # = 6.50 cm? V' 57!
R R
OUN O N_O N\
Q04 S
s S OO N\
N"So Var
0" "N"o
R
PID(R)-2T: R = 20D, s, = 1.06 cm? V' s PNDI(R)-DTE: R = 2DT, go = 1.84 cm? V"' s
R =3DTr, g, = 0.40cm? Vs R =C18F, e = 5.64 cm? V' s
R =4DT, s, =3.62cm? v'1s
R =5DP, i =176 cm? V' &7
CgHia CgH1z CioH24 CigHz21

2HD = “4,_<C10H21 20D = “[<C10H21 20T = ¢‘4«_<C12H25 3pTr = WC1OH21
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CioHz1 C1gHa21 GroHs WC
- = C18F = F~
4DT = owHﬂ - W 7DN "{\/\/\/J\CQH% AR CFs

CigHzs

Scheme 1.5. Examples of side group engineering in semiconducting polymers.

Here we will focus on the optimization of the structure of the alkyl groups, while
the effect on the polymer backbone is discussed in the next sub-section. Since branched
side alkyl groups are mostly used in polymer designs, their lengths and branching points

can be optimized. For example, by increasing the lengths of the branches of alkyl group
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from 2-octyldodecyl (20D) to 2-decyltetradecyl (2DT) in PDPP-DTEs, un was
enhanced from 4.5 to 8.2 cm? V! s7!, respectively.[® With other physical properties
being identical, this was attributed to much closer n-r stacking distance in PDPP(2DT)-
DTE (3.62 A). Moving the branching point away from DPP unit by using 7-
decylnonadecyl (7DN) resulted in the un of 10.54 cm? V! s71.11% Similar results were
observed for PDPP(20D)-DSE (4.4 cm? V! s™!) and PDPP(7DN)-DSE (12.04 cm? V!
s1). In both cases, 7DN-based polymers had much stronger long-range ordering in
lamellar direction, as well as smaller dxr (~3.6 A) compared to 2DT-based counterparts
(~3.7 A). Similar optimizations have been performed for series of PNDI-2T3¢! and
PIID-2T.B! A systematic study of the branching point position in PDPP-DSE showed
that polymers with even number of C atoms between the DPP and the branching point

resulted in tighter dr and higher zm.!'!]

It is worth noting that besides alkyl groups, functionalized side groups/chains (e.g,
polyethylene glycol, fluoroalkyls, etc.) can also be used.!® For example, PNDI-2T and
PNDI-DTE polymers containing semifluoroalkyl side groups gave enhanced ue above
5 cm? V! 57135 Despite the increasing dr.x from ~3.8 to ~4.1 A, polymers exhibited
great rigidity of the polymer backbone induced by highly ordered interdigitation of the

fluorinated side groups.
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1.4.5. Backbone planarity tuning

Tuning backbone planarity by side group engineering

CgHy7 CgHy7
2EH= ‘\4_< 20D = ﬂ‘4—<
CioHz1 CigHzq
CigHz1 CioHzq

20T = "‘4_<C12H25 6DO = WCQHZG

CioH21
PNDI(20D)-2T: R4 = 20D, Ry = H, ste = 0.03 cm? V"' s°1 DN = WC h,. C18F= H{(/\,)«LC?\CQ
PNDI(C12)-2T(2EH): Ry = C12, Ry = 2EH, 15 = 0.01 cm? V' 57" 12ti2s 5 7

High-performance polymers with high backbone planarity obtained by using diaryl ethylene units

R
0 N_O
R \ X
I =
0" "N"o
R
PDPP(20D)-DTE: R=20D, X =8, Y =H, s, =4.5cm? V"'’ PNDI(2DT)-DTE: R = 2DT, X= S, 4o = 1.8 cm2 V"' 51
PDPP(7DN)-DTE: R=7DN, X =S, Y = H, 4, = 10.54 cm? V" &1 PNDI(2DT)-DSE: R = 2DT, X = Se, s = 2.4 cm? V' 5”1
PDPP(6DO)-DSE: R = 6D0, X = Se, Y = H, 1, = 13.9 cm? V-1 &1 PNDI(C18F)-DTE: R = C18F, X= S, 15, = 5.64 cm? V"' 5”1
(

PDPP(2DT)-DTE(4F): R =6DO, X =Se, Y = F, s/ = 3.40/5.86 cm? V' 57!

PTBZ(C16)-DTE: R = 2DT, 44, = 3.22 cm? V"' &' PDPP(2DT)-DTTE(C7): R = 2DT, 14, = 9.54 cm? V' 5!

Scheme 1.6. Examples of backbone planarity tuning in semiconducting polymers.

Backbone coplanarity can facilitate strong conjugation length and tight m-m
stacking. One of the factors that affects the backbone planarity is the hindrance between
side groups of neighboring units.[’”®! For example, PNDI-2T films with 3,3’-dialkyl-
2,2’-bithiophene units had no defined n-n stacking and the ue decreased by nearly 3

times compared to the polymer with unsubstituted 2,2’-bithiophene (Scheme 1.6).57!
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Scheme 1.7. Dihedral angles between NDI, 11D, TBZ, DPP acceptors and their flanking units.

Backbone planarity also depends on the steric hindrance between the conjugated
units themselves. For example, DPP-2T has a dihedral angle of 12°,[7' while NDI-2T
has a dihedral angle of >40°.1?! On the other hand, IID-2T and TBZ-2T exhibit almost
planar backbones (Scheme 1.7).7>7#1 Heteroatom substitution can improve the
backbone coplanarity. For example, DPP-2F gave more planar backbone than DPP-2S
due to smaller O atoms in furan units compared to S atoms in thiophene units.!”!]
However, although Se atoms are larger than S, DPP-2S also showed highly planar

structure, which was attributed to the strong attractive interaction between Se of

selenophene unit and O of DPP unit.
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Scheme 1.8. Enhancement of coplanarity by “conformational locks” in T—T and Ph—T units.

Attractive interactions between pairs of atoms with large difference in
electronegativity, such as halogen--sulfur (X--S), oxygen--sulfur (O--S),
nitrogen---sulfur (N---S), can be used to improve the planarity of conjugated backbone
(Scheme 1.8).1°"78] Theoretical calculations and crystallography showed that in
molecules containing such “conformational locks” the actual distance between the
involved atoms is significantly shorter than the sums of their van der Waals radii.l”3!
In addition to these, hydrogen bonding was also employed to planarize conjugated
backbone in semiconducting polymers.[>!]

Inclusion of a planarizing moiety between aryl units is also an effective method
to obtain highly rigid conjugated backbone. Vinylene bridge in diarylethylenes (DAE)

units is one of the notable examples.*!) Extensively studied DAE donor units are

dithiophenylethylene (DTE), diselenophenylethylene (DSE) and dithieno[3,2-
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b]thiophenylethylene (DTTE). For example, PDPP(20D)-DTE gave un of 4.5 cm? V!
s 111 while PDPP(20D)-4T was reported to exhibit un = 0.97 cm? V1§11
PDPP(20D)-DTE exhibited long-range ordered m-m stacking compared to
PDPP(20D)-4T. Thus, it is not surprising that for many acceptor units, their DAE-based
copolymers exhibited very high u: PDPP(7DN)-DTE (un = 10.54 cm? V! s71),l10
PDPP(6DO)-DSE (un = 13.9 cm? V! s71) !l PDPP(2DT)-DTE(4F) (un/pe = 3.40/5.86
cm? V! s71) 21 PNDI(2DT)-DTE (e = 1.8 cm? V™! s71),38 PNDI(2DT)-DSE (ue = 2.4
cm? V! s71) T PNDI(C18F)-DTE (ue = 5.64 cm?> V! 71,33 PTBZ(C16)-DTE (un =

3.22 cm? V! 71,48 and PDPP(2DT)-DTTE(C7) (un = 9.54 cm? V1 s71).[82

Polymer with acceptor diaryl ethylenﬁ unit Polymer with vinylene bridges

R =
CsHi7

“‘4_<C10H21

) C2Hs

am

Re= CyoHa

CyoHzs
PDPP-DBTE: s/ue = 0.32/0.13 cm? V' s7! PNDI(V)-TBZ, pe = 7.37 cm? V' s7*

Scheme 1.9. All-acceptor polymers utilizing planarizing vinylene bridge in conjugated backbone.

Similar bridging units were applied to the acceptor units as well. For example,
PDPP-DBTE gave balanced un/ue of 0.32/0.13 cm? V! s7!, thanks to very high
crystallinity and short drr of 3.66 A (Scheme 1.9).133] This approach was then further
expanded into bridging different acceptor units. For example, vinylene bridged

PNDI(V)-TBZ exhibited ue of 7.16 cm? V! s7! B! while the same units without
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vinylene bridges (i.e., PNDI-TBZ) gave uc of 5.35 cm? V! g71.[30]

1.4.6. Random copolymerization

min = 100/0
min=98/1
min=97.5/2.5
min = 96.25/3.75
min = 95/5
min=92.5/7.5

P(IID-2T),,(BDOPV-2T),,

min=0/M1

m/n=0.1/0.%
min=0.3/0.7
min=0.5/0.5
min=0.7/0.3
min=0.9/0.1
min=1/0

P(DPP-TT),,(DPP-DSE),

Scheme 1.10. Examples of random copolymers.

Incorporation of a third structural unit into D-A polymers is another effective way
to tune the electronic structures of the polymers, without having to re-design the already
established building blocks. For example, random copolymers prepared by
incorporating low levels of BDOPV into PIID-2T gave optimized un of 7.01 cm? V!
s~! at the loading ratio of 2.5mol%, while the original PIID-2T had unh = 2.10 cm? V!
s™! (Scheme 1.10).%*) The random copolymer had minimally deepened Erumo from
—3.57 to —3.61, while Enomo was practically identical. In addition, the dz.x decreased

from 3.51 to 3.49 A. It is worth noting that, PBDOPV-2T was earlier reported as an n-
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type polymer with ue = 1.74 cm? V! 5711411 Although adding completely unrelated
structures is possible,[® in general, incorporation of units with similar structures gives
better results, due to the similarities in molecular packing. As a result, structures
optimized by controlling acceptor/donor ratio, heteroatom substitution, alkyl side chain
engineering, and incorporation of conformational locks can be used to prepare random
copolymers.!® In other words, random copolymerization approach allows to achieve
trade-off between positive and negative effects of each optimization method. For
example, in a series of random copolymers based on PDPP-DSE and PDPP-TT,®"! the
un gradually increased from 3 to 9 cm? V! s7! with increasing DSE-content, while the

solubility, ELumo and Egopt exhibited increasing-decreasing trends.

1.4.7. Molecular weight distribution

Entangled

20 40 60 80 100 120 140 160
M, /kDa

Figure 1.6. Dependence of film morphology and u» on M, in PBTTT. Reproduced with permission.8
Copyright (2021) American Chemical Society.
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Polymers with large molecular weights can form semicrystalline films where
crystallites are interconnected by long polymer chains that serve as inter-domain charge
transport pathways.!>! For example, PBTTT with low number-averaged molecular
weight (Ma) of 5-20 kDa formed fibers, in which the crystalline domains hardly
interconnected (Figure 1.6).%] With increasing Mn (20-50 kDa), polymer chains
formed interconnecting “terraces” with neighboring domains. However, when the Mn
was further increased (50-151 kDa), rough surface morphology was observed due to
the entanglement of long polymer chains. Authors suggested that entanglement of
polymer chains led to a substantially increased lamellar spacing at Mn = 89.7 kDa. As
a result, the un of the films increased quickly, saturated, and degraded as the Mn was
increased. Similar trend was demonstrated in DPP-based polymers.*! In both works,
blending the low-Mn fraction with high-Mn fraction led to un values comparable to those
of pure high-Mn fractions. This further supported the hypothesis that long polymer
chains formed interconnecting pathways for charge transport between fiber-like

crystalline domains formed mostly by the low-Mh fraction.

1.4.8. Improving device fabrication conditions
Aspects of the OFET fabrication process that affect the film morphology and

microstructure include selection of solvent, film thickness, post-deposition treatment
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(e.g., thermal annealing), film deposition method. In addition to these, device

configuration also plays an important role.

1.4.8.1. Device Architecture

Bottom-gate designs are often employed due to commercial availability of high-
quality heavily n-doped Si (n"-Si) wafers with a thermally grown SiO2 layer, where the
latter acts as dielectric.’® In top-gate configurations, the dielectric layer atop the
semiconducting material can protect it against ambient atmosphere. For example,
PDPP-TT in TGBC device configuration showed ambipolar charge transport with zn/ge
of 1.36/1.56 cm? V! 71261 while earlier bottom-gate device configurations gave
unipolar p-type charge transport (0.94 cm? V! s7).[24 By further improving the device
fabrication conditions, un = 10.54 cm? V! s7! was reported for PDPP-TT films later the
same year (see below).””! Similarly, N-substituted PIID-2T gave p-type charge transport
in BGBC architecture with un = 7.28 cm? V™! s7!, while TGBC devices exhibited un/ue
= 2.33/0.78 cm? V! 571133 These examples showed how device configuration and
fabrication processes can dramatically affect the performances. Another factor to
consider during the fabrication of top-gate OFETs is that the solvent used for deposition
of organic dielectric must be inert to the semiconductor layer.!*3 Furthermore, charge

carriers generated at the dielectric-semiconductor interface are more prone to trapping
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due to the roughness of the semiconductor surface.

Due to the preparation of source and drain contacts before the semiconductor
layer deposition in bottom-contact devices, high-precision techniques can be used to
obtain narrow channel length and width.!>3! For example, PDPP-TT showed xn of up to
8.0 cm? V! 57! in BGTC devices with W/L = 4000/100 pm, while un of up to 10.5 cm?

V157! was obtained by using BGBC architecture that had W/L = 1400/40 pm."!

1.4.8.2. Film deposition

r——1 \— =
brush painting inkjet printing stamp printing spray coating )

L

L . o . B |
]

U

-
e C—

\ dip-coating zone casting hollow pen writing blade coating slot die coating solution shearing /

Figure 1.7. Illustration of solution-based deposition techniques for polymer films. Adapted under

Creative Commons Attribution 3.0 Unported Licence.! Colors were modified.

There are numerous polymer film preparation methods at the disposal of
researchers: drop-casting, spin-coating, printing and meniscus-guided coating
techniques (Figure 1.7).%) Printing and meniscus-guided coating techniques are ideal

for large-area applications. However, these techniques for polymeric semiconductors
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are still relatively underdeveloped due to the non-equilibrium conditions during the
drying step. Nevertheless, a full-adder circuit was demonstrated using PNDI(20D)-2T
as n-type semiconductor with inkjet-printing technique.”” Meniscus-guided coating
methods can be used to achieve anisotropic alignment of polymer chains which could
potentially give better charge transport along one of the axes. For example, solution
sheared PTDPP(2DT)-DTTE films exhibited un of 7.43 cm? V™! 57!, while spin-coated
films had un = 3.13 cm? V! 71 P!l Researches are being done to improve the uniformity
of the films (hence, of the OFET performances) prepared by meniscus-guided
techniques.?!

Spin-coating is by far the most reported method in research publications due to
simplicity of the process, uniformity of prepared films and high reproducibility. As
mentioned earlier, Si/SiO2 substrates are often employed for OFET fabrication.!’]
Surface-modifiers, used to facilitate the deposition of polymers onto SiO2 surface, can
be roughly classified as self-assembly monolayers (SAMs) and polymeric materials.
SAM can be prepared from silanes (e.g., alkyltrichlorosilanes, alkyltrimethoxysilanes,
etc.) by chemically binding the silane center to the SiO2 surface.”*! On the other hand,
polymeric materials (e.g., poly(methyl methacrylate), parylenes, Cytop®, etc.) are
applicable in TGBC or TGTC configurations, since they can be deposited onto the

semiconductor surface and can serve as protective layer as well.[’+%]
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1.4.8.3. Film thickness, post deposition treatment and additives

Thickness plays an important role both in the crystallinity and the molecular
packing orientation of the films. For example, thinner P3HT films exhibited better
OFET performances due to the ultrathin layer of edge-on crystallites at the SAM-
polymer interface.”®®”) Film thickness can be controlled by altering the deposition
solvent, concentration of the solution and spin-coating rate.

Post-deposition treatments, such as thermal annealing and solvent vapor
annealing can also affect the molecular packing and surface morphology of the films.
[92.989] Heating the polymer film to glass transition or melting temperatures (i.e.,
thermal annealing) allows polymer chains to reorganize into crystallites with tightly
packed polymer chains. In some cases, complete change of orientation was observed.
For example, PNDI(20D)-T2 annealed at 150-180 °C was highly crystalline with
predominantly (77.5%) face-on orientation, while after annealing above melting
temperatures (300-320 °C) polymer film retained its crystallinity but orientation
changed to predominantly edge-on (94.5%).%!

Small-molecule additives can be used to facilitate polymer packing orientation or
its crystallization in general.l'%! Tonic additives, such as organic salts, can interact with
the polymer chains at an electronic level. For example, incorporation of

tetramethylammonium iodide (MesNI) into PDPP-TT locked the side alkyl groups of

DPP unit at certain angle due to attractive interaction between DPP and MesN*.11%! This
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resulted in improved stacking of polymer chains and the average un was boosted from

0.8t019.5cm?*V!'s

1.4.9. Topochemical polymerization

a) b) HBC film
0.44 nm +*, PDA 'T R \\\ /Hl
7177V S
5 qyygyle |
L0109, 1

gl

Fiber direction

== DA side chain = Saturated alkyl chain
— PDA unit

Figure 1.8. (a) PDA film for OFET applications prepared by topochemical polymerization of DCHD.
Reproduced with permission.['%) Copyright (2021) John Wiley and Sons. (b) Topochemical
polymerization of n-n stacked HBC by UV irradiation. Reproduced with permission.['® Copyright
(2021) American Chemical Society

Single crystals of polydiacetylenes (PDAs) are known to exhibit un of up to 50

~11192] The intriguing fact is that PDAs can be synthesized by topochemical

cm? Vs
1,4-coupling polymerization of 1,3-butadiyne (diacetylene) monomers by ultraviolet
(UV) light irradiation or thermal annealing. For example, photopolymerization of a 1,6-
di-(N-carbazolyl)-2,4-hexadiyne (DCHD) film gave un of 0.039 cm? V! s71.HBI [f the
butadiyne moieties are present in the side groups, the formation of PDA chains can
“freeze” and improve the molecular packing motif of the starting material (Figure 1.8).

For example, photopolymerization of hexa-peri-hexabenzocoronene (HPC) derivatives

which had diacetylene-containing side groups was reported recently.[' After UV
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irradiation Orx of the crystallites decreased by 0.05-0.1 A owing to the formation of
cross-links. As a result, the films exhibited un = 1.5 cm®* V™! 57!, which was 10° times
higher than those of the monomeric films. The authors attributed the improvement to
tighter packing induced by the cross-links and to the additional charge transport paths
from the PDA backbone. Such a cross-linking approach can be expanded to polymeric
semiconductors as well. For example, cross-linking of PIID-DTE was reported and the

[195] However, no application in OFETs

films retained their photophysical properties.
was reported. Thus, cross-linking of semiconducting polymers by topochemical

polymerization of butadiynes has a promising potential for obtaining photo-patternable

films.

1.5. Concluding Remarks

In the development of each building block and related polymers one can see
systematic improvements. After discovery of a building block, it is copolymerized with
various other well-studied units. Then for the best combination, the energy levels are
modulated to control the charge carrier type by introducing heteroatoms into the design.
Solubilizing alkyl side groups are optimized to achieve the best possible molecular
packing motif with edge-on/bimodal orientation and tight n-n stacking distance. In

addition, polymers with high Mn are desired due to their facile film-forming properties.
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During these optimizations, theoretical calculations are performed to evaluate polymer
chain backbone because various conformations can have different backbone planarity
and affect the overall electronic structure and the film-forming properties. Finally,
OFET device preparation conditions are also optimized to ensure uniform film
morphology that can give highly reproducible results. The stability of the devices is
also evaluated at this point. As a consequence, design and development of
semiconducting polymers for OFET applications requires good understanding of
structure-property relationship in these materials.

The next chapters will demonstrate structure-property relationship in three series
of polymers: PTBZ-DTTE, PDPP-4T and butadiyne-containing polymers. Firstly,
OFET performances of PTBZ-DTTE polymers were optimized by side-chain
engineering. The positions of alkyl chains were changed to alter the backbone
coplanarity, which led to the best possible un of 0.2 cm? V! s7!. Flanking thiophenes
of TBZ unit were found to be the main sources of backbone torsion, whose removal
gave a polymer with an almost planar backbone and un of 0.4 cm? V! s7!. Next,
methoxy groups were introduced into PDPP-4T polymer as conformational locks. To
observe gradual change of the properties, the random copolymerization approach was
applied by substituting 3,3’-dimethoxy-2,2’-bithiophene instead of 2,2’-bithiophene at
loadings of 25, 50, 75 and 100mol%. At incorporation extent of 25mol%, a polymer
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with OFET performances comparable to those of original PDPP-4T was obtained.

Effect of an ionic additive on the charge transport was also studied. Finally, thin films

of poly(arylenebutadiynylene)s (i.e., polymers with butadiyne units in the conjugated

backbone) were cross-linked by UV irradiation and thermal annealing to study the

effect of the cross-linking on the OFET performances. A polymer with a straight

backbone demonstrated enhancement of un due to improved molecular packing. On the

other hand, a polymer with a zigzagged backbone failed to give long-range ordered

molecular packing. The cross-links deteriorated the charge-transport pathways leading

to complete loss of field-effect un.
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Chapter 2

Backbone Planarity Tuning by Side-Chain Engineering

This chapter was adapted with permission from the published article: Otep, S.;
Wang, Y.; Kohara, A.; Matsumoto, H.; Mori, T.; Michinobu, T. Tuning Backbone
Planarity in Thiadiazolobenzotriazole-Bis(thienothiophenyl)ethylene Copolymers for
Organic Field Effect Transistors. ACS Appl. Polym. Mater. 2019, 1, 2302-2312.
https://doi.org/10.1021/acsapm.9b00329. Copyright (2021) American Chemical

Society.

2.1. Introduction

TBZ is a promising building block of high-mobility D-A semiconducting
polymers for OFET applications.[**) Its development can be traced back to BT, which
was synthesized and characterized in 1970s, and first reported in D-A semiconducting
polymers in 1996 (Scheme 2.1). To achieve higher electron mobilities, another electron
deficient fused ring was added to the BT unit to give BBT, which lowered its LUMO
level.*?! For example, a copolymer of DPP and BBT (PDPP-BBT) exhibited balanced
wn/pe of 1.17/1.32 em? V! 571141 Main disadvantage of BBT is its low solubility, due

to the lack of a position for side group substitution. In 2011, by changing one of the
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thiadiazole rings in BBT to a triazole ring, Grimsdale et al reported the TBZ unit, which
had a position available for solubilizing alkyl chain substitution.!°! This unit had
shallower ELumo and Enomo than BBT, resulting in more p-type dominant copolymers

when polymerized with identical donor units.[*”!

R1 and Ry = arbitrary substituents '?1
S S /N\
NN N\/ ;N NN

S \ S S, S’ N S’

| Y \ | | / \ | ‘ / \ \

Rz R» Rz Ro R7 Ro
N\\S// N\\S//N
BT BBT TBZ

Scheme 2.1. Structures of BT, BBT and TBZ. Flanking thiophene units are shaded. R; and R, are
arbitrary substituents (usually long and/or branched alkyl groups to improve solubility and control the

thin film molecular packing).

DAE donor unit was first reported as DTE in PDPP-DTE polymer in 2012, which
exhibited un of 4.5 cm? V! s7! for 2-octyldodecyl substituted polymer and un of 8.2 cm?
V! s7! for 2-decyltetradecyl substituted polymer.[®®) Other DAE structures widely-
reported in literature include DSE, DTTEs, and difluorophenylethylenes (DFPEs). For
example, a series of PDPP-DSE polymers exhibited ultrahigh un values exceeding 12
cm? V! s LHOMDTTE forms a more extended and planar n-conjugated core compared
to DTE in the polymer backbone. In addition, there are several positions for side chain

engineering. Effect of substituted alkyl group position of DTTE was studied in PDPP-

DTTE polymers. The highest un of 9.54 cm? V™! s7! was obtained for 3,3’-substituted
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DTTE,®? while polymer with 6,6’-substituted DTTE showed un 0f 0.72 cm? V! s71.1107]
These can be compared to the polymer with the same backbone and unsubstituted
DTTE unit, which exhibited un = 3.13 cm? V! s71,P!l under similar conditions. As it
was revealed by theoretical calculations, the dihedral angle between DTTE and
neighboring thiophene ring was high in 6,6’-substituted DTTE (37.8°), while other two

units showed moderate values (=17°).11%7]

previous work C1oHa4 C1oH21
C1aHas H\Cnst
N AN
N NN
s N/ CgHi7 S " / CieHas
) | /- ) GG
CgH17 S | X/ % C1eHag | >—/_<S
N \S//N / n Ny N N/ n
PTBZ-DTE: X =8 PTBZ-DFE: X=0 PTBZ-DTzE
this work :
CioHzs R1=H orn-CqgHas CioHa4 i
H\CQHZS Rz, R3 =H or n-C41Ha3 H\C“st
N’N‘N N,
\ Ri S R3 s Ro NN C11Ha3 s §
S I\ N\ S ;
L) PV NS CID D>
s " S S /n |
R N\‘s’/N R, Rs N\\S//N Ci1Hzs

Series of TBZ-DTTE copolymers

Scheme 2.2. Structures of TBZ-DAE based copolymers reported previously, and those of TBZ-DTTE

based copolymers developed in this work.

Recently, copolymerization of TBZ with electron rich DTE and difuranylethylene
(DFE) units resulted in p-type semiconducting polymers (Scheme 2.2), which showed
un of 3.22 and 1.21 cm? V! s7!, respectively.*8 Introduction of electron deficient

dithiazolylethylene (DTZzE) resulted in ambipolar polymers with un/ue of 0.027/0.16
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em? Vsl

To further develop TBZ-based high-performance polymers, this work focuses on
the synthesis and characterization of a series of novel TBZ-DTTE based copolymers.
In addition to the alkyl substitution positions of DTTE unit, alkyl substituents on the
thiophene flanking units of the TBZ were modified as well. These modifications not
only controlled the backbone planarity, but also significantly impacted the solubility of
the polymers. Thus, five polymers differing in the alkyl chain positions were
synthesized and their OFET performances were evaluated. Optical and electrochemical
properties as well as film microstructures and theoretical calculation results were used
to determine the effect of the substituent position on the charge-transport properties.
Copolymers based on the 3,3’-substituted DTTE unit exhibited un of up to
0.18 cm? V! 57!, while 6,6 -substitued DTTE gave un of ~0.01 cm? V™! s7!. In addition
to these polymers, to further improve the backbone planarity and the electronic structure
of the polymer, thiophene flanking units were removed from the backbone, giving the

sixth polymer. This approach led to the further improved un of 0.44 cm? V' s7!,
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2.2. Materials and Methods
2.2.1. Materials

All chemicals were purchased from Tokyo Chemical Industry (TCI), Kanto
Chemical, Co., Inc., and Sigma Aldrich, and were used as received. Acceptor units Al,
A2 and A3 were synthesized following identical or slightly modified reaction protocols
as reported in literature.[*$19%-11% Donor units D1, D2 and D3 were prepared adopting
the reported procedures.!821:1071LI2 polymerization procedures for P1-P6 were
performed as reported.[*®! The polymerization conditions were modified where

necessary.

2.2.2. General measurements

Proton nuclear magnetic resonance (\H NMR) and carbon-13 nuclear magnetic
resonance ('*C NMR) spectra were recorded by a JEOL AL-300 (300 MHz)
spectrometer at room temperature. Deuterated chloroform (CDCls) was used as the
solvent and the chemical shifts were reported in parts per million (ppm) relative to the
residual solvent peak at 7.26 ppm for 'H NMR and 77.23 ppm for '*C NMR. Coupling
constants J were given in Hertz. The resonance multiplicity was described as singlet (s),

doublet (d), triplet (t), multiplet (m) and broadening (br).
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The matrix assisted laser desorption/ionization time of flight (MALDI-TOF)
mass spectra were measured by a Shimadzu/Kratos AXIMACFR mass spectrometer
equipped with a nitrogen laser (A = 337 nm) and pulsed ion extraction, which was
operated in the linear-positive ion mode at an accelerating potential of 20 kV. Test
samples were prepared by dropping 1 pL aliquots of tetrahydrofuran (THF) solutions
containing a test compound, dithranol (matrix) and CF3COONa at the concentrations
of 1,20 and 1 g L™}, respectively.

Gel permeation chromatography (GPC) was measured by a JASCO GULLIVER
1500 equipped with the pump (PU-2080 Plus), absorbance detector (RI-2031 Plus), and
two Shodex GPC KF-803 columns (8.0 mm [.D. x 300 mm L) at 40 °C. The flow rate
was 0.5 mL min! for the o-dichlorobenzene (0-DCB) eluent. The Mas and
polydispersity indexes (PDIs) were calculated based on the calibration curves using
polystyrene standards.

Elemental analysis (CHN content) was performed on JM10 (J-Science Co.) with
combustion temperature and time of 950 °C and 4 min, respectively. Helium was used
as carrier gas and the amount of resulting gases was determined with thermal
conductivity detector.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

measurements were carried out using a Rigaku TG8120 and Rigaku DSC8230,
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respectively, for 3-5 mg samples under flowing N> at the heating rate of 10 °C min ™",
Decomposition temperature (Td) was estimated as the temperature corresponding to the
5% weight loss in TGA curves. Glass transition temperature (Tg) was determined from
the step changes in DSC curves. Melting points (m.p.) of the acceptor and donor
monomer units were determined from the peaks of endotherms in heating cycles of
DSC curves.

Ultraviolet—visible—near-infrared (UV-vis—NIR) spectra were recorded by a
JASCO V-670 spectrophotometer for 0.03 mg mL ™! solutions or thin films deposited
on a glass substrate from 2-3 mg mL"! of the sample solutions in either chloroform or
chlorobenzene. Optical energy gap (Egopt) was estimated from the onset of the
absorption band in as-cast thin films as Egopt = Aonset/ 1243 {eV }. Prior to film deposition,
the glass substrates were pre-cleaned by subsequent sonication in water, acetone and
isopropanol, followed by drying under hot air gun.

Cyclic voltammetry (CV) measurements were performed on a BAS
electrochemical analyzer model 612C at room temperature in a three-electrode cell at
the sweep rate of 0.01 V s™!. The working, reference, and auxiliary electrodes were a
glassy carbon, Ag/AgCl, and Pt wire, respectively, while 0.1 M tetrabutylammonium
perchlorate ((C4H9)aNCIlO4) in acetonitrile was used as electrolyte. Polymer films were

drop cast onto the working electrode from 2-3 mg mL™' of the sample solutions in
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chloroform or chlorobenzene. Positive and negative sweeps were measured from
separate samples at a rate of 0.01 V s™!. Electrolyte was bubbled with Ar for 5-10 min
before every run. Electrolyte was renewed before the measurements of a new polymer.
From the positive and negative sweeps, the onsets of corresponding oxidation and
reduction peaks vs. Ag/AgCl electrode (pox and ¢red, respectively) were recorded. For
calibration, the redox potential of ferrocene/ferrocenium (Fc/Fc™) vs. Ag/AgCl
electrode (@rc/re+) was measured under the same conditions. It was assumed that the
redox potential of Fc/Fc¢™ has an absolute energy level of —4.80 eV to a vacuum
(Ere/re+).1*8] Then Enomo and Erumo of the samples were calculated according to the
following equations:

Enomo = Erc/Fe+ — @ox + @Ferer {€V}

ELumo = EFc/Fet — @red + @Fc/Fe+ {€V}
Since for most polymers reduction peak was unclear, additionally, ELumo was estimated

using optical band gap as ELumo = Enomo + Egopt.

2.2.3. Theoretical calculations
Density functional theory (DFT) calculations were performed on Gaussian 09 software

using GaussView 5 program to build input structures and visualize results.!'1>!14] All
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side alkyl chains were reduced to methyl groups to save computational time. B3LYP/6—

31G(d) basis set was used for all calculations.

2.2.4. OFET fabrication and characterization

BGTC OFET devices were fabricated on n*-Si with a thermally grown 300-nm-
thick SiO2 layer (Ci = 13.7 nF cm2). The SiO2 surface was modified by the SAM of
octadecyltrimethoxysilane (OTMS) by the reported method.®*! First, the substrates (1
x 1 cm?) were cleaned by sequential sonication in distilled water, acetone, and 2-
propanol for 10 min each, followed by a treatment with ultraviolet light irradiation for
20 min. A solution of 3 mM OTMS in trichloroethylene (100 pL) was then dropped
onto the substrates and held for 10 s to allow self-assembly. After the substrates were
spun at 3000 rpm for 10 s to remove the residual solvent, they were placed in a closed
container with a small amount of ammonia overnight in order to chemically fix the
SAM layer. The substrates were finally washed with water to remove any excess
ammonia and sonicated in toluene to remove the excess OTMS. Polymer thin films
were deposited onto the treated substrates by spin-coating 3—5 mg mL ™! of the sample
solutions in selected solvents in an Ar-filled glovebox, followed by thermal annealing
at temperatures of 150-300 °C. After the polymer thin film deposition, an ~40 nm thick

gold layer was vacuum deposited as the source and drain contacts using a shadow mask
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(W/L of 100/1000 pm). Current-voltage (I-V) performances were measured under
ambient conditions using a Keithley 4200 parameter analyzer. The un values were
extracted from transfer curves in saturation regime.[8-%:5]

2.2.5. Film morphology and microstructures

For the grazing-incidence wide-angle X-ray scattering (GIWAXS) and tapping
mode atomic force microscopy (AFM) measurements, samples were prepared by the
methods similar to those of the OFET devices: polymer films were spin-coated onto n'-
Si/Si02/OTMS substrates, followed by thermal annealing.

GIWAXS measurements were carried out at BL40B2 in a SPring-8 (Hyogo, Jap
an). The samples were irradiated at a fixed incidence angle on the order of 0.125°, and
the GIWAXS patterns were recorded with a 2D image detector (PILATUS3 S 2M,
Dectris, Ltd.). The wavelength of the X-ray beam was 1 A, and the camera length was
350 mm. X-ray diffraction (XRD) patterns were obtained using a Bruker AXS D8
DISCOVER with GADDS (Cu Ka, wavelength = 0.154 nm) operated at 50 kV and 22
mA. The samples were exposed to the X-ray beam for 5 min with a sample-to-film
distance of 200 mm. Scattering vectors, g, parallel (in-plane) and perpendicular (out-
of-plane) to the sample surface were defined as Ox and Qz, respectively. Peaks

corresponding to (h00) and (010) planes were assigned as described in literature.[>¥

Presence of intense (h00) reflections on Q. or (x axes was considered as indication of
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edge-on or face-on packing, respectively, while the absence was considered as a sign
of amorphousness of the film. The dv and drz.x were calculated from (100) and (010)
reflections, respectively, using Bragg’s equation.

Tapping-mode AFM measurements were conducted using a Seiko Instruments

SPA-400 with a stiff cantilever Seiko Instruments DF-20.

2.3. Results and Discussion
2.3.1. Polymer synthesis

Acceptor units Al and A2 were synthesized starting from benzotriazole (Scheme
2.3). Firstly, N-hydrogen in benzotriazole was substituted with 2-decyltetradecyl in the
presence of diisopropyl azodicarboxylate (DIAD), K2COs and triphenylphosphine
(PPh3) under inert atmosphere to give 1 in 69.3% yield.!'%®! The rest of the reaction
conditions in the synthesis of A1 and A2 were adopted from literature.*! Thus,
bromination of 1 was done with Br in refluxing 48% HBr to give 2. Low yield of 22.6%
in this reaction was associated with difficulty of controlled electrophilic substitution of
benzotriazole at the 4,7-positions, giving 4-monobrominated compound as a major by-
product. It is interesting to note that the latter can be isolated and used for the synthesis
of alternative acceptor units. Next, 2 was nitrated with nitric acid in the presence of

sulfuric acid under ambient conditions to afford 3 with 59.1% yield. Although higher
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yield (=70%) was reported for nitration in the presence of trifluoromethanesulfonic
acid,"%! sulfuric acid was used due to safety considerations. Substitution of the 4,7-
positions of the benzotriazole 3 to 4-hexadecylthiophen-2-yl or thiophen-2-yl in the
presence of tris(dibenzylideneacetone)dipalladium(0) (Pdz(dba)s) and tris(o-
tolyl)phosphine (P(0-tolyl)s) gave 4 (95.0% yield) and 6 (97.1% yield), respectively.
Due to difficulty of controlling the purity of starting organotin compounds, they were
used in excess. Nitro groups of 4 and 6 were converted into amino groups with Fe in
hot glacial acetic acid (AcOH), followed by ring closure reaction with N-thionylaniline
(PhNSO) in the presence of trimethylsilyl chloride ((CH3)3SiCl) to give 5 (49.4% yield)
and 7 (62.1% yield), respectively. The higher yield of 7 was likely caused by its less
hydrophobicity, which allowed it to better dissolve in AcOH during the reduction
reaction. Finally, 5 and 7 were brominated with N-bromosuccinimide (NBS) to give Al
(92.3% yield) and A2 (86.8% yield), respectively. For the synthesis of A3, nitro groups
of 3 were reduced with Fe in AcOH under milder conditions to give 8 (86.5%), which
was subjected to thiazole-forming ring-closure reaction, giving A3 (73.5%).'1% A1 and
A2 were stable under ambient conditions, while A3 quickly darkened. Therefore, A3
was stored in a fridge (~10 °C), where no changes were detected after several months

of storage.
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Scheme 2.3. Synthesis of acceptor monomers Al, A2 and A3.

Donor units D1, D2 and D3 were synthesized by McMurry coupling from the

corresponding carboxaldehyde precursors (Scheme 2.4). In all cases divalent titanium

was preliminarily prepared by refluxing TiCls and Zn in THF, to which the precursors

were added. For the synthesis of D1, thieno[3,2-b]thiophene-2-carboxaldehyde was

coupled to give 9.°'1 However, 9 was not fully isolated due to the low solubility, and

was directly functionalized from the product mixture by step-wise treatment with n-

butyllithium (n-BuLi) and tributylstannyl chloride ((n-C4Ho9)3SnCl). Obtained stannane

(D1) had a good solubility and could be purified by high-performance liquid
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chromatography (HPLC) with the two-step yield of 25%. For the synthesis of D2,!!!!]
firstly, 3-bromothiophene was acylated by Friedel-Crafts reaction to give 10 and its 2,4-
isomer. Since the latter is inactive in the next reaction, this crude mixture was not further
purified. Crude 10 was treated with ethyl thioglycolate in the presence of bases (K2COs3,
NaOH) in dimethylformamide (DMF) to afford 11, giving the two-step yield of 62.3%.
The resulting ethyl ester (11) was hydrolyzed in the presence of NaOH to give 12 in
69.0% yield. In literature,!''!! decarboxylation of the acid (12) is typically carried out
with Cu in quinoline at 240 °C (in a Woods metal bath). Instead, applicability of a

milder procedure, reported for the decarboxylation of aromatic acids,'!?!

was explored
here. Thus, 13 was prepared in a high yield (96.7%) by treating 12 with Cu20 and
N,N,N’,N’-tetramethylethylenediamine (TMEDA) in N-methyl-2-pyrrolidone (NMP)
at 140 °C. Treatment of the obtained 13 with 1 eq. of nucleophilic n-BuLi resulted in
2-substituted intermediate, due to the higher acidity of the unsubstituted thiophene ring.
Thus, 13 was converted into 2-carboxaldehyde by transferring the carboxyl group from
N-formylpiperidine (NFP) via pre-treatment with n-BuLi to give 14 with 76.5%
yield.1"%”! The latter was coupled by McMurry reaction to give 15 (42.2% yield), and
subsequently functionalized with tributylstannyl to afford donor monomer D2 (55.3%

yield), as described above. Electrophilic substitution of 13 with NBS resulted in 6-

substituted thieno[3,2-b]thiophene, thus allowed the synthesis of D3.1%?1 Hence, 16,
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obtained by bromination of 13 (83.8% yield), was treated with n-BuLi and then reacted
with NFP to give 17 with 63.4% yield. McMurry coupling of 17 afforded 18 (66.9%
yield), whose stepwise reaction with n-BuLi and trimethylstannyl chloride
((CH3)3SnCl) gave donor monomer D3 (49.5% yield). To ensure high purity for
polymerization reactions, all donor units were purified by HPLC, whereas in literature
organotin compounds are occasionally not purified due to their instability to silica gel

used in column chromatography.
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Scheme 2.4. Synthesis of donor monomers D1, D2 and D3.
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Scheme 2.5. Synthesis of P1-P6. A typical condition for Pd-catalyzed Stille polycondensation is

illustrated, see the text for details.

Polymers were prepared by Pd-catalyzed Stille polycondensation between the
corresponding donor and acceptor monomers (Scheme 2.5). Typically, a donor
monomer (1 eq.) and an acceptor monomer (1 eq.) were reacted in the presence of
Pdz(dba)s (1/15 eq.) and P(o-tolyl)s (1/4 eq.) in toluene at 120 °C for 24 h under N2
atmosphere.[*®! Polymerization reaction conditions for the synthesis of P3, P4 and P6
were modified. After the reaction, the resulting polymers were subjected to Soxhlet

extraction sequentially with methanol, acetone, hexane, chloroform and chlorobenzene,
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assuming that fractions with increasing molar weights are extracted in this order.

Fractions containing the largest amounts of polymers were used for further

characterization.

Table 2.1. Molecular weights and thermal properties of P1-P6.

Soxhlet solvent @ M,, kg mol’! PDI Ta,°C @ T,,°C ®
P1 Chlorobenzene 13.4 1.3 398 119
P2 n-Hexane 53 1.7 373 66
P3 Chloroform 7.6 1.4 376 70
P4 Chloroform 5.7 1.4 378 126
P5 Chlorobenzene 8.5 1.2 381 149
P6-CF Chloroform 3.0 1.2 383 130
P6-CB Chlorobenzene N/A N/A 386 146

@ Solvent used in Soxhlet extraction that contained the most fraction of polymers.  Temperature at

which 5% weight loss occurred. ) Onset in the 2nd heating cycle of DSC curves.

Among the polymers, the chlorobenzene fraction of P1 displayed the highest Mn
of 13.4 kg mol ! with PDI of 1.3 (Table 2.1). P2, extracted with n-hexane, showed low
Ms of 5.67 kg mol™' (PDI = 1.49). Therefore, it was re-precipitated from n-hexane—
acetone solution (1:1, v/v) to give higher M = 7.63 kg mol! (PDI = 1.54). After
polymerization with the above procedure, the chloroform fraction of P3 showed Mn of
6.04 kg mol™! (PDI = 1.40). The M of the polymer was increased by adding Cul (1/5
eq.) to the polymerization reaction, as well as changing the solvent to chlorobenzene
and increasing the reaction time to 48 h. After these changes, Mn of the chloroform
fraction increased to 7.65 kg mol™! (PDI = 1.37). During the synthesis of P4, an
insoluble solid precipitated after 4 h of stirring, which was re-dissolved by adding more

solvent. Its chloroform fraction exhibited the Ma of 5.7 kg mol™! (PDI = 1.4). P5 was
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almost entirely extracted with chloroform (8.5 kg mol™!, PDI = 1.2). The reaction
mixture of P6 became gel-like after 1 h of stirring, which separated into a homogeneous
solution and precipitated upon dilution. The solution was further stirred overnight.
Although a larger amount of P6 was mainly extracted with chlorobenzene (P6-CB,
38%), the chloroform fraction (P6-CF, 3.0 kg mol™!, PDI = 1.2, 16%) was also
collected and characterized. The Mn of P6-CB could not be measured due to its limited
solubility, and we assumed that the Mn of P6-CB was at least equal to or higher than

that of P6-CF.

Table 2.2. Evaluation of CHNS(Br) elemental analysis results of P1-P6.

Elemental composition P1 P2 P3 P4 P5 P6-CF  P6-CB
measured 69.08  71.85 68.13 6791 72.50 69.71 69.72
C,% calculated 70.62  73.34 69.05 69.05 73.34 70.60 70.60
corrected ® 7037  73.25 68.87 68.64 72.92 70.35 70.04
measured 8.67 9.87 8.09 8.13 9.83 9.10 9.30
H, % calculated 8.69 9.70 8.07 8.07 9.70 8.88 8.88
corrected ® 8.83 10.06 8.18 8.22 9.89 9.18 9.34
measured 4.77 3.93 5.40 5.43 4.04 5.87 5.99
N, % calculated 491 4.03 5.44 5.44 4.03 6.24 6.24
corrected ® 4.86 4.01 5.46 5.49 4.06 5.92 6.02
measured 15.65 12.44 17.30 17.47 13.05 14.41 14.54
S, %  calculated 15.78 12.93 17.44 17.44 12.93 14.28 14.28
corrected @ 15.94 12.68 17.49 17.66 13.13 14.54 14.61
Total of measured, % ® | 98.17  98.09 98.92 98.94 99.42 99.09 99.55
Measured Br, % 0.13 1.17 0.09 0.00 0.00 0.00 0.00

@ corrected = (measured x 100%)/(total of measured); ® total of measured = (measured C) +

(measured H) + (measured N) + (measured S).

Elemental analysis showed that the polymers contained <2wt% impurities (Table
2.2), which could be caused by leftover Pd catalyst or unreacted terminal functional
groups (i.e., —Sn(nN-C4Hv)3, —Sn(CH3)3, or —Br). For example, assuming that one chain
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of P1 could contain two remnant groups (at each end) as any combination of
—Sn(C4Ho)3 and —Br, the sum of their weight fractions can be calculated to be from
1.2% (in case of two —Br groups) to 4.3% (in case of two —Sn(CsHy)3 groups). Since
the other polymers have lower Mn, the estimates for those would be even higher. Note
that —Sn(C4Ho)3 could be unstable towards hydrolysis, and its decomposition can bring
the possible range of values to 0—1.2% (in case of two —Sn(CsHo)3 groups). This is also
supported by the fact that traces of —Br were detected only in P1, P2 and P3.
Nevertheless, when corrected for impurity, the results were in good agreement with the
expected elemental composition giving <0.5% deviation.

Compared to DPP and NDI, whose polymers tend to show high M, the TBZ unit
has only one position for solubilizing alkyl group incorporation, which could have
decreased its solubility and resulted in the observed moderate Mss. In addition, large -
conjugation of DTTE could further affect the solubility, making PTBZ-DTTE polymers

have lower M than those of similar PTBZ-DFE, PTBZ-DTzE and PTBZ-DTE.[*!!
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2.3.2. Thermal properties
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Figure 2.1. Thermal characterization results. (a) TGA curves of P1-P6. Second cycle DSC curves of (b)
P1, (c) P2, (d) P3, (e) P4, (f) P5, (g) P6-CF and (h) P6-CB.

According to TGA measurements, the polymers were highly stable to heat (under
N2 flow) with Tq in the range of 375-400 °C (Figure 2.1a). Polymers also exhibited
“step-down” changes in heating cycles of the DSC curves, indicating the glass transition
of the amorphous phases (Figure 2.1b—h and Table 2.1). These changes happened near
75 °C for P2 and P3, and at around 150 °C for other polymers. P4, P5, and P6-CB

exhibited small exothermic peaks at 236, 264, and 233 °C, respectively. Assuming that
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these are associated with crystallization of the polymer chains, these three polymers

could be classified as semicrystalline.

2.3.3. Optical and electrochemical properties

The UV—vis—NIR spectra of the polymers consisted of two distinct absorption
bands at 400—-600 and 600—1200 nm (Figure 2.2). The absorption spectra of P1 and P3
were similar with bands near 500 and 860 nm, while those of P4 and P5 were also
similar and had slightly red-shifted bands at ~510 and ~900 nm. This could be
associated with the resemblances of the polymer backbone conformations in these pairs
due to alkyl group placements.[”! For example, P1 and P3 had a similar extent of
alkylation and had their alkyl side groups facing into the same space with regards to the
polymer structure, which could cause very similar twist in the polymer backbone. On
the other hand, due to the lack of an alky group on the thiophene flanking unit, P4 could
be expected to have more planar backbone than PS. As expected, P4 exhibited a slightly
bathochromically shifted absorption peak than PS. Furthermore, due to extensively
alkylated backbone and high steric hindrance between flanking thiophene units and
DTTE, P2 had significantly hypsochromically shifted absorption band among the

polymers. The most red-shifted absorption spectra (peak at 1065 nm) were obtained for

56



P6 (both P6-CF and P6-CB had identical spectra), whose backbone was expected to
be highly planar.

Absorption band edges of P1, P2, and P3 shifted to higher wavelengths when
these polymers were cast into thin films. This could be attributed to the increase in the
interchain overlap of the molecular orbitals in the solid phase due to the closely packed
polymer chains.!”) On the other hand, P4, P5, and P6-CF films exhibited marginal red-
shifts of the absorption bands, suggesting that these polymers were partially aggregated
in their solutions. Absorption spectra of thermally annealed films of P4, PS, and P6-
CF underwent a clear red-shift, with an additional shoulder appearing. This indicated
that molecular orbital overlap increased because polymer chains packed more tightly
into crystalline domains upon thermal treatment. Annealed films of P1, P2, and P3 did
not show any shifts of the absorption bands, suggesting that these polymers did not
form long-range ordered crystallites of m-n stacked polymer chains. These observations
were in good agreement with the DSC results, which revealed that P4, P5, and P6 had
crystallization peaks, while P1, P2, and P3 were mostly amorphous. The Egopt of the
polymers were in the range of 1.00—1.44 eV (Figure 2.3b). By correlating the Egopt with
the backbone planarity of the polymers, they can be ordered as P2 < P1 ~ P3 < P4 ~

PS <Pé6.
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Figure 2.2. Absorption spectra of (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, and (f) P6 (P6-CF) in dilute

solutions (in chloroform, CF, or chlorobenzene, CB), as-cast and annealed films.

CV curves of the polymers exhibited clear oxidation peaks, whereas the reduction
peaks were not distinct (Figure 2.3), suggesting that the polymers had more p-type
nature. Interestingly, the calculated Enomo of P1 was identical to that of PTBZ-DTE
(=5.00 eV), while the ELumo was shallower (=3.45 eV).[*¥) Taking into account the
general uncertainty of the p-type semiconducting polymers’ ELumo estimated from CV,

the Enomo values of P1-P6 were compared. Clear similarities can be observed for P1
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and P3 (around —5.00 eV), and for P4 and P5 (around —4.90 eV). This is in good
agreement with the resemblances observed in the absorption spectra. The energy gaps
estimated from the CV curves (Egrc) were in the range of 1.42—1.62 eV. It is agreed
that Egkc is typically 0.2-0.4 eV higher than the Egopi.l”! Nevertheless, the Egrc and
Egopt values among the polymers had similar trends, which suggested that the same

molecular orbitals were involved in both band gaps.
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Figure 2.3. (a) CV curves of the films of P1-P6 and (b) energy level diagram of electrochemically

determined Enomo and Erumo of P1-P6 as well as Eg o extracted from UV—vis—NIR absorption spectra.

2.3.4. Theoretical calculations
DFT calculations were performed using the Gaussian 09 program with the

B3LYP/6-31G(d) basis set (Figure 2.4). All alkyl groups were reduced to methyl
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groups to decrease computational costs. Firstly, geometries of (D—A)4 and D—A-D
structures of P1 were optimized and compared. Since there were no differences,
calculations for all other polymers were conducted on D—A—D segments only, which

allowed to avoid costly processes.
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Figure 2.4. Optimized structures of the polymers calculated with DFT. (a) Optimized structure of the
four repeat D—A segments of P1. Optimized structures of D—A—D segments of (b) P1, (c) P2, (d) P3, (e)
P4, (f) P5 and (g) P6. Alkyl substituents were reduced to methyl groups.

Polymers were evaluated on the basis of the dihedral angles between the TBZ and

flanking thiophene units (61sz-1), between the DTTE and thiophene units (6prTe-T), and
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between vinylene-bridged thieno[3,2-b]thiophene units (fprte) (Figure 2.4b—g). Both

Oprre and frez-T were negligible (<1.75 and <1.12°, respectively) in all polymers. On

the other hand, @prre-1 fluctuated significantly depending on the presence/absence of

alkyl groups at the thiophene spacer and/or at the 6,6 -positions of DTTE. Thus, OprTe-T

values were 26, 37,31, 11 and 26° for P1, P2, P3, P4 and PS5, respectively. As expected,

P2 had the highest backbone torsion due to the steric hindrance between the two alkyl

groups competing for common space. When the alkyl groups were removed from the

flanking thiophene units as in P3, the backbone slightly planarized. Interestingly, when

the alkyl groups were removed from the DTTE units (P1 and PS), backbone became

more planar than that of P3. This suggested that 3-alkylthiophene results in less steric

hindrance than 6,6’-DTTE. Backbone of P4 was even more planar due to the lack of

alkyl groups on both thiophene and DTTE units. Remarkably, P6 exhibited fprre-1 =

1°, suggesting that its backbone was exceptionally coplanar and rigid. This can explain

the low solubility of the polymer, which is likely caused by strong aggregation.

Coplanarity of the backbone among the polymers can be ordered as P2 <P3 < P1 ~ P5

< P4 <P6.

In addition to the molecular geometries, frontier molecular orbital distributions

were calculated as well (Figure 2.5). Thus, HOMOs of all polymers were delocalized

over almost all of the conjugation length, whereas LUMOs were mostly confined to the
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TBZ units. This supported the CV results in that the polymers were expected to exhibit

p-type charge transport.
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Figure 2.5. DFT-calculated HOMO and LUMO of (a) P1, (b) P2, (c) P3, (d) P4, (¢) P5 and (f) P6. Alkyl

substituents were reduced to methyl groups. g) Representation of calculated energy levels.
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2.3.5. OFET performances

Table 2.3. Summary of OFET performances of P1-P6

Annealing M, cm? Vg1 Lon/lott V1, V
T,°C maximum © average ®
P1 — 7.2x107* (52£1.6)x10* 10%-10° —25to—12
200 1.1x107 Q1+ 1.7)x10* 10103 ~20to —10
220 23x1073 (20£0.2)x 1073 10%-10° —10to 0
240 8.0x1073 (6.4+1.1)x1073 10-102 —5to0 10
260 8.1x1073 (6.9+0.9) x 1073 10-10? —Sto9
280 42x1073 (2.8+1.4)x1073 10102 —10to 5
P2 — 0.5x10* 3.0+1.8)x107° 10%-10° 10to 18
150 1.9x10™ (1.5+£0.4)x 10 10104 —20 to —14
200 1.1x10™ (9.8+1.0)x 107 10°-10* =15 to —5
P3 - 19 %107 (15+02)x10°  10°-10° 210 10
150 42x1073 (3.4£0.4)x 1073 103-10° —2to 10
200 8.9 %1073 (7.3£0.8) x 1073 10*-10° —5to5
250 1.9 x1072 (1.7£0.1) x 1072 10*-10° =5t00
300 4.8 x107? (42£0.4)x 1072 10%-10° —-5to2
325 9.0 x 1072 (7.7 £0.6) x 1072 104-10° —6 to —3
350 8.1 x 1072 (7.0£0.1) x 1072 103-10° —10t0 0
P4 — 0.04 0.03 £0.01 103-10* —4to0 8
150 0.09 0.08 £0.01 10*-10° —4to 10
200 0.14 0.12+0.01 10*-10° 0to 10
250 0.15 0.10 = 0.02 10%-10° 5to 15
300 0.14 0.12+0.01 10°-10* Oto 15
P5 — 0.08 0.07 £0.01 103-10* 1to 10
150 0.12 0.10£0.01 103-10* 4t012
200 0.14 0.12+0.01 103-10* 8to 15
250 0.18 0.13+0.02 10°-104 12 to 14
300 0.11 0.09 +0.02 10°-10* 15to 18
P6-CF — 0.09 0.08 £0.01 10%-10° 22 to 31
150 0.14 0.14 £ 0.01 10-102 25to 41
200 0.21 0.18 £0.01 10%-10° 23 to 30
250 0.18 0.17+0.01 102-103 26 to 30
300 0.18 0.15+0.01 10-10? 20 to 32
P6-CB - 0.24 0.20+0.03 103-10* 8to 19
150 0.29 0.25+0.03 103-10* 7to 15
200 0.43 0.34+0.05 103-10* 9to 18
250 0.44 0.36 = 0.05 10°-10* 9 to 21
300 0.41 0.29 +0.06 10-102 28 to 58

@ The highest mobilities; ® The average mobilities and their standard deviation ranges calculated from

|-V performances of 10-20 devices, which were prepared on 2—3 separate films.

Thin films of P2, P3, P5, and P6-CF were spin-coated from chloroform solutions

for OFET fabrication. Due to the lower solubilities in chloroform, chlorobenzene

solutions were used for deposition of P1 and P6-CB. On the other hand, despite its
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sufficient solubility in chlorobenzene, films of P4 were spin-coated from an 0-DCB
solution due to poor uniformity of films deposited from chlorobenzene solutions.
Similarly, P2 exhibited good solubility in n-hexane but a chloroform solution was used
for spin-coating. As expected, all polymers showed unipolar p-type charge transport
when the devices were tested under ambient air in the dark (Figure 2.6 and Table 2.3).
P6 with the highly coplanar backbone showed the highest 4n among the polymers. Thus,
the optimized un values were 0.44 and 0.21 cm? V™' s™! for a P6-CB film annealed at
250 °C and a P6-CF film annealed at 200 °C, respectively. P4 and P5 showed un of

)'2_Vg curves for the P5 devices

0.15and 0.18 cm? V! s7!, respectively. Since the (—Ip
were “kinked”!!'>] and the un values were calculated from the high-slope region. The
non-ideal |-V behavior could not be eliminated by altering the device fabrication
conditions, such as deposition spin rate, solvent, and annealing temperature. Although,
the reason for such a “kinked” transfer curve is debatable, some of the suggestions
include charge trapping by the semiconductor,!'!%! charge trapping by the dielectric,!'!”)
and gate-dependent contact resistance.'’® P1 films exhibited the un of
8.1x 103 em? V'!s!, which was over ten times lower than that of PTBZ-DTE
copolymer with a similar n-hexadecyl alkyl group on the thiophene flanking units.! 3]

We attribute this to a lower alkylation extent in P1, which could negatively affect its

film-forming properties. By changing the alkyl substituent from the thiophene flanking
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unit to the DTTE unit, P3 exhibited an improved un of 0.09 cm? V™! s™!. Interestingly,
the optimized un among the P3 devices was obtained from films annealed at extremely

high temperature of 325 °C. P2 devices annealed at 150 °C gave a limited un of
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Figure 2.6. |-V behavior of polymers films in BGTC OFET devices: (a) transfer and (b) output curves
of P1 annealed at 260 °C; (c) transfer and (d) output curves of P2 annealed at 150 °C; (e) transfer and (f)
output curves of P3 annealed at 325 °C; (g) transfer and (h) output curves of P4 annealed at 250 °C; (i)
transfer and (j) output curves of P5 annealed at 250 °C; (k) transfer and (1) output curves of P6-CF
annealed at 200 °C; (m) transfer and (n) output curves of P6-CB annealed at 250 °C. Measurements were

done under ambient conditions in the dark. Transfer curves were recorded at Vp of —60 V.
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Again, the polymers can be ordered according to their un values as P2 <P1 ~ P3
< P4 ~ P5 <P6. The trend of P2 <P1 < PS5 can be compared to PDPP-DTTE polymers
with similar alkyl side group placements on the DTTE units: 3,3’-DTTE < DTTE <
6,6’-DTTE.[3291197] This relationship can be further extended to P3 < P4. On the other
hand, the effect of thiophene spacers was not studied in PDPP-DTTE polymers.
However, PDPP-DTE polymers without a thiophene spacer showed lower un compared

to the one with spacers.[''”] This was contrary to the trend observed in P4 < P6.

2.3.6. Film morphology and microstructures
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Figure 2.7. GIWAXS images of (a) P1 film annealed at 260 °C, (b) P2 film annealed at 150 °C, (c) P3
film annealed at 325 °C, (d) P4 film annealed at 250 °C, (¢) P5 film annealed at 250 °C, (f) P6-CF film
annealed at 200 °C and (g) P6-CB film annealed at 250 °C. Films were deposited onto n*-Si/SiO2/OTMS

substrates and annealed for 10 min under Ar atmosphere.
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Figure 2.8. (a) Out-of-plane and (b) in-plane 1D GIWAXS peak intensities of P1 film annealed at 260 °C,
P2 film annealed at 150 °C, P3 film annealed at 325 °C, P4 film annealed at 250 °C, P5 film annealed
at 250 °C, P6-CF film annealed at 200 °C and P6-CB film annealed at 250 °C. Films were deposited

onto n*-Si/Si0,/OTMS substrates and annealed for 10 min under Ar atmosphere.

In order to investigate the crystallinity and polymer packing orientation,
GIWAXS measurements of the polymer thin films were performed. According to a
weak (010) reflection in the out-of-plane direction (Q. axis), P1 acquired face-on
molecular packing orientation with a short dr.r of 3.53 A (Figure 2.7). Surprisingly,
there were no clear peaks in the in-plane direction, indicating that it lacked a lamellar
stacking. Although the dzz was shorter in P1 than that of similar PTBZ-DTE polymer
(3.57 A)," inferior un of P1 can be related to the absence of well-ordered crystallinity.
P2 was completely amorphous, as there were no observable reflections in any of the

directions. P3, P4 and PS5 films also exhibited face-on packing orientation. From the
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(010) reflections in the out-of-plane direction, the dzx values were 3.69, 3.56 and 3.69
A, respectively. Tighter n-n stacking in P4 could be caused by higher backbone
planarity. From the (100) peaks in the in-plane direction, the du of P3, P4 and P5 were
22.52, 21.74 and 28.3 A, respectively. Higher dr of P5 can be caused by the longer
alkyl groups at the thiophene spacer (n-hexadecyl), as compared to the ones at the
DTTE units in P3 and P4 (n-undecyl). Better OFET performance of P3 compared to
that of P1 obviously originated from the higher crystallinity of P3, as observed from
more intense (010) and (100) reflections. On the other hand, the peak intensities in P3
and P4 films were similar but P4 showed higher un, which was caused by the tighter -
7 stacking (Figure 2.8). Despite the larger dz«, P5 showed better un than P4 due to much
higher crystallinity (judged from reflection intensities). Nevertheless, these unfavorable
face-on molecular packing motifs in P1, P3, P4 and P5 could be the reason why these
polymers showed inferior un than the PTBZ-DTE polymer with n-hexadecyl alkyl
group.®! In addition, similar PDPP-DTTE polymers also showed much higher pn
because these polymers acquired edge-on molecular packing orientation.32-91:107]
P6-CF film showed up to four orders of (h00) peaks in the out-of-plane direction,
as well as a sharp (010) peak in the in-plane direction, indicating that polymer chains

packed in a long-range ordered edge-on orientation. On the other hand, P6-CB

additionally exhibited a single (100) peak in the in-plane direction and an intense (010)
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peak in the out-of-plane direction. This indicated that P6-CB had the mixture of edge-
on and face-on packed crystallites. This bimodal packing mode is deemed to be
beneficial for macro-scale charge transport due to the creation of alternative charge
“hopping” pathways.>*>! The dr.. and dv values of both P6-CF and P6-CB were
3.66 A and ~22 A, respectively. Thus, improved un of P6-CB can be attributed to the
presence of bimodal packing motif, which in turn could be caused by the differences in
the molecular weights (Mn of P6-CB > M, of P6-CF).!8

PDPP-DTE polymer without a thiophene spacer had a face-on packing
orientation with dr.x = 3.89 A, which was changed to edge-on packing with Or-x = 3.84
A when the spacer was incorporated.!''! This was almost exactly the opposite to what
was observed for P6 (without thiophene spacer) and P4 (with thiophene spacer). As a
result, exclusion of the thiophene spacers in PTBZ-DTTE polymers led to superior
OFET performances. In general, uniform distribution of alkyl side groups in P4, P5 and
P6 gave films with higher crystallinity.[*%°! On the other hand, P1 and P3 had less
crystalline films, due to the concentrated alkyl groups near or/at the TBZ unit only. In
addition, excess alkylated P2 gave completely amorphous films.

The AFM topographical images showed that P1 failed to form a uniform film
(Figure 2.9). The surface of the film was irregular with ~200-nm-wide fiber-like

aggregates stretching up to several micrometers. The root-mean-squared (RMS) surface
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roughnesses of P1, P2, P3, P4, P5, P6-CF and P6-CB films were 2.83,0.27, 0.76, 0.49,

0.99, 1.45, and 1.18 nm, respectively. Excluding P1, the RMS surface roughness values

were consistent with the intensities of the GIWAXS peaks. For example, P2 film,

earlier concluded as amorphous, was smooth due to the absence of crystalline

aggregations. Surface roughness order of P4 < P3 < P5 is also reflected by the

intensities of (100) peaks in the GIWAXS images.

Figure 2.9. AFM images of (a) P1 film annealed at 260 °C, (b) P2 film annealed at 150 °C, (c) P3 film
annealed at 325 °C, (d) P4 film annealed at 250 °C, (e) P5 film annealed at 250 °C, (f) P6-CF film
annealed at 200 °C and (g) P6-CB film annealed at 250 °C. Films were deposited onto n*-Si/SiO/OTMS

substrates and annealed for 10 min under Ar atmosphere.

In addition to the absence of long-range ordering in P1, its non-uniform surface
morphology could also cause its low un. Surface of PS was also not as uniform as those
of the other polymers, which could be the reason for the deviation of its |-V behavior in

OFETs.!''®) The extent of crystallinity and surface morphology of the polymers can be
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placed in the order of P2 < P1 < P3 < P4 < P5 < P6. This is in good agreement with

the observed OFET performances.

2.4. Conclusion

Backbone planarity in PTBZ-DTTE polymers was tuned by using side alkyl
group engineering. Due to the rigidity of the DTTE unit and coplanarity of the
TBZ—thiophene linkage, the only dihedral angle affected by the alkyl side group
placement was that of the DTTE—thiophene segment. Thus, the overall dihedral angles
estimated from DFT calculations were 26, 37, 31, 11, and 26° for P1, P2, P3, P4 and
PS5, respectively, which had thiophene spacers in the m-conjugated backbone. Both
experimental and theoretical optoelectronic properties showed good correlation with
these results. On the other hand, film-forming properties of the polymers showed
dependence on both the alkylation extent and its uniform distribution across the
polymer backbone. As a result, highly alkylated P2 with a strong backbone twist formed
amorphous films which exhibited limited xn (0.0002 cm? V™! s71). By removing one of
the alkyl side groups, the backbone planarity was improved in P1 and P3, but clustering
of alkyl groups near/at the TBZ unit gave less crystalline films with the moderate un of
0.008 and 0.09 cm? V! 57!, respectively. The lower un of P1 was attributed to non-

uniform film morphology. On the other hand, P4 and P5 with uniformly distributed

71



alkyl groups gave highly crystalline films that exhibited the improved un of 0.14 and
0.18 cm? V! s7!, respectively. Unlike other reported TBZ-based polymers, P1-P5 films
acquired unfavorable face-on molecular packing orientation, which could be the reason
for the limited OFET performances of PTBZ-DTTE polymers in this work. Since the
DTTE—thiophene segment was causing the main backbone torsion, a sixth polymer
(P6-CF and P6-CB) without a thiophene spacer was also synthesized. Despite the
limited molecular weights, both fractions gave highly crystalline films which contained
advantageous edge-on packing motifs. As a result, P6-CF and P6-CB devices exhibited

the improved un of 0.21 and 0.44 cm? V™! 57!, respectively.
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Chapter 3

Random Copolymers with Methoxy Conformational Locks

This chapter was adapted from the published article: Otep, S.; Lin, Y.-C.;
Matsumoto, H.; Mori, T.; Wei, K.-H.; Michinobu, T. Diketopyrrolopyrrole—thiophene—
methoxythiophene based random copolymers for organic field effect transistor
applications. Org. Electron. 2020, 87, 105986.

https://doi.org/10.1016/j.0rgel.2020.105986. Copyright (2021) Elsevier.

3.1. Introduction

One of the first D-A polymers reported with ¢ comparable to that of amorphous
Si (~1 cm? V! s71) was PDPP-TT in 2010, which showed un of 0.94 cm? V! s71.[24]
Since then, DPP was applied in many D-A designs for high-mobility OFET applications
and turned into a versatile building block.>!?!2!] Structure-property relationship
studies utilizing heteroatom substitution and side-group optimization have shown the
importance of backbone planarity to achieve high performance polymers.[-11:36.82.107.122]
Prominent examples of DPP-based polymers that exhibited ultra-high un approaching
and exceeding 10 cm? V! 57! are PDPP-TT,! PDPP-DTE,!'%! PDPP-DSE,!'%!] and
PDPP-DTTE.®?! Specifically, PDPP-DTE, PDPP-DSE and PDPP-DTTE formed
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tightly packed semicrystalline films thanks to highly planar polymer backbones, which
were achieved by incorporation of vinylene bridges into the design.!!%!11:82]

Another method to enhance the planarity of the polymer backbone is the
incorporation of noncovalent “conformational locks” into neighboring units. “Locks”
can be formed by hydrogen bonding®!! and pairs of electron-deficient and electron-rich
heteroatoms, such as halogen---sulfur (F---S, Cl--S and Br---S), oxygen---sulfur (O---S),
and nitrogen---sulfur (N---S).[>123:124] When a locking is realized, the actual distances
between the atoms are significantly smaller than the sums of their van der Waals radii
(by ~0.4-0.6 A), due to strong attractive interactions. This causes the dihedral angle
between adjacent aromatic rings to decrease. Typically, in addition to the planarizing
effect, N-substitution and F-substitution are used as a means to enhance n-type charge
transport by lowing the ELumo. In contrast, alkoxy substitution (i.e., incorporation of
S---O locks) increases the Enomo, facilitating the p-type charge transport. For example,
3-alkoxy-2,2’-bithiophenes and 3,3’-dialkoxy-2,2’-bithiophenes exhibited narrow Eg
due to the electron donating nature of alkoxy groups.!’®1?*12%] In the scope of this
approach, 3,3’-dialkoxy-2,2’-bithiophenes were copolymerized with phthalimide,!'*!
thiophene and benzo[1,2-b:4,5-b’]dithiophene!'?®! to improve the un of the copolymers.

However, in most cases, incorporation of 3-alkoxythiophenes resulted in higher drx

values and formation of face-on dominant molecular packings.l”312-127] As a result, the
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method could be deemed less favorable to design semiconducting polymers for OFET
applications.

Nevertheless, the recent development of random copolymerization approach has
shown that a trade-off between the advantageous and negative effects of introducing a

130-132] Generally, this is done by managing the monomer

new unit can be controlled.!
feed ratios to synthesize copolymers with (A—B) x(A—C)1— structures. For example, in
the series of (DPP—TT)x(DPP—DSE)i—x random copolymers, the un was gradually
improved from 3 to 9 cm? V! s7! with the increasing DSE content, while the solubility
and most of the other physical properties exhibited extrema at around x = 0.3-0.7.1¥" In
other words, those properties did not change linearly when transitioning from pure
PDPP-TT to pure PDPP-DSE. Thus, by controlling the extent of incorporation of the
third monomer component, a synergy between the favorable properties of all building
units can be achieved. This work focuses on a ternary copolymer approach by

incorporating the 3,3’-dimethoxy-2,2’-bithiophene unit into PDPP-4T polymer in a

controlled manner.

3.2. Materials and Methods

3.2.1. Materials

All chemicals were purchased from Tokyo Chemical Industry (TCI), Kanto Chemical,

75



Co., Inc., and Sigma Aldrich, and were used as received. Monomers M1,[133] M2[134]
and M3!'* were synthesized according to reported procedures and reacted in controlled

ratios to give copolymers P7, P8, P9, P10 and P11 (Scheme 3.1).

3.2.2. General measurements

Instrumentation and measurement procedures of 'H NMR, '*C NMR, GPC, TGA,
DSC and UV-vis absorption spectroscopy were identical to those provided in Chapter
2. New and modified experimental methods are described below.

CV measurements were performed on a BAS electrochemical analyzer model 100
at room temperature in a three-electrode cell at the sweep rate of 50 mV s~'. The
working, reference, and auxiliary electrodes were a glassy carbon electrode, Ag/AgCl,
and Pt wire, respectively. Solution of tetrabutylammonium hexafluorophosphate
((C4H9)aNPFe) in acetonitrile was used as electrolyte. Polymer films were drop cast
onto the working electrode from 5 mg mL ™! solutions in chloroform. Redox potential
of Fc/Fc" was used for calibration and Enomo was calculated as Enomo = —(¢ox + 4.80)

{eV}.

3.2.3. OFET fabrication and characterization
The preparation of n*-Si/Si02/OTMS substrates and OFET testing equipment was
similar to the ones provided in Chapter 2. Polymer thin films were deposited inside an

Ar-filled glovebox onto the n"-Si/SiO2/OTMS substrates by spin-coating (1000-3000
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RPM) from 5 mg mL™' chloroform solutions, followed by thermal annealing at
temperatures of 150—300 °C for 15 min. After the polymer thin film deposition, a ~40-
nm-thick gold layer was vacuum deposited as the source and drain contacts using a
shadow mask (W/L = 100/1000 pm). For the incorporation of ionic additive tetramethyl
ammonium iodide (MesNI), it was dissolved in dimethyl sulfoxide (1 mg mL™") and
added to the above solution of polymers to meet the molar ratio of 1:30 between MesNI
and DPP units. These solutions were kept heated (50—-60 °C) to avoid precipitation of
the salt. Transfer and output curves were measured under vacuum. The un were

calculated from the transfer curves in the saturated regime.

3.2.4. Film morphology and microstructures
For GIWAXS and tapping-mode AFM measurements, samples were prepared by the
methods similar to the OFET devices under optimized conditions. The instrumentation

and measurement procedures were identical to the ones described in Chapter 2.
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3.3. Results and Discussion

3.3.1. Polymer synthesis
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Scheme 3.1. Structures of the monomers M1-M3 and synthetic route to copolymers P7-P11.

Table 3.1. Summary of properties of P7-P11.

Mn, kg mol™! PDI Ta, °C @  Egopt, €V ®  Enomo, eV ©  Erumo, eV @

P7 36.1 2.79 406 1.40 —5.30 —3.90
P8 64.4 4.81 412 1.39 —5.32 —3.93
P9 1.95 2.20 386 1.28 =5.17 —3.89
P10 2.59 1.83 384 1.25 —5.06 —3.81
P11 3.00 2.23 382 1.24 —4.86 —3.62

@ Temperature corresponding to 5% weight loss. ® Determined from the onset of absorption band in
thin film. © Determined from the onset of the oxidation peak in cyclic voltammetry curve. ¥

Calculated as Erumo = Enomo + Egopt.

The extent of incorporation of M3 into the polymer backbone was evidenced from
"H-NMR spectroscopy results (Figure 3.1). P7, which had no M3, exhibited peaks at
9.01 ppm and 6.20-7.40 ppm (thiophene rings), which are characteristic of PDPP-4T

polymers. A peak at 4.05 ppm corresponding to ~OCH3 appeared in P8 and its intensity
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relative to that of the peak at 9.01 ppm gradually increased from P8 to P11. This
indicated that the M3/M2 ratio raised in the given order and the integration ratios were
close to the theoretically estimated values.

According to GPC results, P7 and P8 showed higher My 0f 36.1 and 64.4 kg mol !,
respectively, while P9, P10 and P11 gave limited M in the range of 2-3 kg mol ™! (Table
3.1). Lower Mn of P9, P10 and P11 can partially be caused by their strong adhesion to
the polystyrene gels used in GPC due to the high polymer backbone planarity induced
by the 3,3’-dimethoxy-2,2’-bithiophene units.!"**! This would increase the retention

time of the polymers and result in apparent low M.

e\ c
P11 a A b cd / CyHas 1225 e
B il Pt L k HaC i ® ”22)510—{]( 2
o b3 | N 7 c
i \ b \\>—N/ c d ba BN <
P10 4\ L S - e O W A TN A WS S 5 WY
e = -ES h—'“{ﬁ\{ﬁh'fi \H/‘\S/\“-n..ﬁ ; - \S/\'-WI’/A\{%ME?’Q“(\_ Vi
\ wy u N—
P9 ylt f <N % ab d cd, f< w2 b 0 C=m
A L _ 5
F=CygHay /—CagHz e
[} H..C. HaeCqz
=11 W/ .___...-»—”“’M—/ 5712
A SO S
P7 .lJ e:aratio P7 P8 P9 P10 P11
ol S Y e
Calculated: 0.00 0.75 1.50 2.25 3.00
100 90 80 70 6.0 5.0 4.0 30 Found: 0.65 1.42 2.18 2.91

Chemical shift, ppm

Figure 3.1. Amplified 'H-NMR spectra of P7-P11 (measured in CDCl;) with assigned peaks shown on

the chemical structure (right).

3.3.2. Thermal properties
Copolymers exhibited high thermal stability under N2 flow with T4 in the range

of 380—410 °C (Table 3.1 and Figure 3.2a). P8 was more stable than P7, which could
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be attributed to the higher Mx of the former. On the other hand, Tq gradually decreased

from P9 to P10. Since the polymers have similar Mn, this indicates the lower thermal

stability of the methoxy groups. As expected from polymers with the low alkylation

extent (only DPP units), DSC curves did not contain step-down changes attributable to

glass transition in the heating/cooling range of 20-300 °C (Figure 3.2b—f). Interestingly,

P8 exhibited clear melting and crystallization peaks at 296 and 273 °C, respectively.

Earlier, PDPP-4T was shown to have crystallization/melting transitions at temperatures

close to or above 300 °C,5>!22) which was in good agreement with our results.
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Figure 3.2. (a) TGA curves of P7-P11 and DSC curves of (b) P7, (c) P8, (d) P9, (¢) P10 and (f) P11.

3.3.3. Optical and electrochemical properties

In UV—vis—NIR spectra, the absorption band peaks of dilute chloroform solutions
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of P7, P8, P9, P10 and P11 were observed at 785, 785, 818, 868 and 873 nm,
respectively (Figure 3.3a). With the increasing content of 3,3’-dimethoxy-2,2’-
bithiophene units in P8—P11, the absorption gradually red-shifted. This was attributed
to the stronger electron-donating nature of the methoxy groups, which facilitated charge
transfer from the 3,3’-dimethoxy-2,2’-bithiophene donor to DPP acceptor.!!>4136]
However, with the 25mol% content of M3 in P8, its absorption was nearly identical to
that of P7. Statistically, the DPP—M3—DPP segments in P8 were surrounded by
DPP-M2-DPP segments, which could have negated the higher electron-donating
effect of 3,3’-dimethoxy-2,2’-bithiophene. On the other hand, DPP-M3-DPP-M3—
DPP segments (and even longer ones) were statistically possible in P9-P11, which
efficiently lowered the Eg.

The main peaks and their lower-wavelength shoulders in the spectra of P7, P8,
P10 and P11 were assigned to 0-0 and 0—1 transitions, respectively.[”® The presence of
the shoulder hinted at the formation of polymer aggregates in the solutions. The relative
intensities of the 0—0 and 0—1 peaks can reveal the structures of the aggregates: more
intense 0—0 peaks arise from stronger intrachain interaction (J-aggregates), while more
intense 0—1 peaks are caused by stronger interchain interactions (H-aggregates).[!37:138]

As-cast films of the polymers exhibited similar absorption band edges to the ones

measured in solutions. Notably, the 0—1 transition peaks were more intense in films,
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suggesting that the polymers packed closer in the films and tighter H-aggregates formed
(Figure 3.3b). H-aggregation was significantly stronger in P10 and P11, which can be
confirmed from much more intense 0—1 peaks. The absorption band maxima were
apparently blue-shifted. The high degree of H-aggregates in P10 and P11 was related

to the improved backbone coplanarity compared to those of P7 and P8.[°*]
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Figure 3.3. Optical and electrochemical properties of P7-P11. UV—vis—NIR absorption spectra of
copolymers (a) in chloroform solutions and (b) in thin films. (c) CV curves. (d) Depiction of energy

levels.

CV was measured in an Ar-bubbled CH3CN with 0.1 M (C4H9)sNPFs as the

electrolyte. CV curves of all polymers displayed clear oxidation peaks, while the
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positions of reduction peaks could not be determined with certainty. Thus, ELumo values
were determined as ELumo = Enomo + Egopt. These results implied that all polymers
exhibited p-type semiconductor properties. This was in agreement with expectations:
PDPP-4T is known as a p-type semiconductor, and the incorporation of 3,3’-
dimethoxy-2,2’-bithiophene should further improve its p-type nature of P§—P11. Enomo
and ELumo of P7 and P8 differed only marginally, and could be rounded as —5.3 and
—3.9 eV, respectively (Table 3.1 and Figure 3.3d). These results agreed with the
previously reported Enomo and ELumo for PDPP-4T.1*%] With the increasing extent of
3,3’-dimethoxy-2,2’-bithiophene, the Enomo values gradually raised, reaching the
shallowest value of —4.86 eV for P11. Similar behavior was observed in other polymers
that had 3-alkoxythiophene units in the backbone, which attributed to its electron-

124,136

donating effect.! 1 Since the shallowing of the Exnomo values were more prominent

than the narrowing of the Egopt, the ELumo values also underwent upwards shifts.

3.3.4. OFET performances

OFET devices were tested under vacuum (~10"> mbar) and the copolymers
exhibited potent p-type charge transport. Measurements of n-type charge transport
resulted in transfer curves with large Vr and low lon/lofr. Therefore, the structure-

property relationship of the polymers was evaluated based on hole transport properties
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only (Figure 3.4 and Table 3.2). The OFET devices of P7 and P8 prepared from films
annealed at 300 °C exhibited average un of 0.31 and 0.27 cm? V! s7!, respectively.
PDPP-4T devices were reported to give un <1 cm? V' s7' in similar OFET
configuration tested under N2 atmosphere.*®! Optimized un of the P9, P10 and P11
devices were 0.02, 0.03 and 0.07 cm? V! s7!, respectively (Table 3.2). Such a
significantly low un could be attributed to their low Mn. In a comprehensive study, short
polymer chains (i.e., low Mn) were shown to form non-interconnected domains, which
strongly decreased the un due to large inter-domain boundaries.®®#! Nevertheless,
when compared separately, the un increases in the order of P9, P10 and P11 with the

increasing content of 3,3’-dimethoxy-2,2’-bithiophene in the polymer backbone.
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Table 3.2. Summary of optimized OFET performances of P7-P11.

Annealing T, °C © u,em>V1g1® Vin, V® Lon/lott

P7 - 0.141 £0.017 12.2+5.5 10°-10°
150 0.276 £ 0.057 12.8+9.6 10°-10°

200 0.233 £0.031 73+6.6 10°-10°

250 0.303 £0.029 99+7.1 10°-10*

300 0.308 £0.038 12.1+7.0 10>-10*

P8 - 0.120£0.010 51+6.8 10%-10*
150 0.216 £0.017 5.0+43 103-10°

200 0.239 £0.024 6.0+4.38 10>-10*

250 0.256 +£0.018 7.4+58 10>-10*

300 0.274 +0.058 03+4.1 10%-10*

P9 - 0.003 = 0.000 15.5+£2.7 10%-104
150 0.010£0.001 10.3+2.0 103-10°

200 0.013 +£0.002 94+£26 103-10°

250 0.014 +0.002 13.0+£3.6 10*-10°

300 0.018 +£0.002 13.7+£3.0 10°-10°

P10 - 0.011 £0.001 36+1.8 10°-10°
150 0.020 = 0.002 9.5+3.6 10%-104

200 0.025 +0.002 10.3+2.6 10%-10*

250 0.026 +0.003 122+2.5 10%-10*

300 0.029 +0.002 6.1+1.8 10*-10°

P11 - 0.020 = 0.002 25+2.8 103-10°
150 0.045 £0.004 33+1.8 10*-10°

200 0.051 £ 0.005 37+1.3 103-10°

250 0.068 = 0.004 7.7+£3.9 103-10°

300 0.066 = 0.006 43+32 10*-10°

@ Annealed for 15 min under Ar. ® Average of at least 20 devices prepared on two separate films. Error

range shows the average deviation.
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3.3.5. Film morphology and microstructures
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identically to the optimized ones for transistor measurements (see above).
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Figure 3.6. Out-of-plane and in-plane 1D-profiles of GIWAXS measurements of P7-P11.

GIWAXS was used to gain insight into the molecular packing orientations of the

polymer films. Samples were prepared under conditions similar to those of the

optimized OFETs. All polymers exhibited (h00) reflections in out-of-plane direction
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(9z) up to three and four orders (Figure 3.5 and Figure 3.6). This indicated that long-
range face-on lamellar stackings were present in all films. The (100) peaks were located
at ~0.26 A corresponding to the d. = ~24 A (Table 3.3). The dr depends on the length
of the alkyl side groups and their interdigitation. All polymers had identical 2-
octyldodecyl substituents at DPP and the length of the methoxy group with respect to
the length of 2-octyldodecyl was negligible. Therefore, all polymers exhibited identical
de. Thus, these results agreed with the previously reported dr = 23.5 A for DPP-based

(122 Crystalline coherence length

polymers, which also had 2-octyldodecyl substituents.
was estimated from the (100) peaks using the Scherrer equation, which relates the
sharpness of the peaks to the size of the crystallites.!'*! Thus, crystallite sizes were
132.2,134.4,101.9, 115.9 and 146.8 A for P7, P8, P9, P10 and P11, respectively (Table
3.3). P7, P8, P10 and P11 films exhibited broadenings at 1.60—1.75 A™! in the in-plane
direction ((x) corresponding to the (010) reflection. These were attributed to m-n
stacking of the polymer chains in the edge-on orientation, but the broadness of the peaks
indicated that the order in the packing was short-ranged. Nevertheless, the maxima of
the reflections gave drrx values of 3.77, 3.77, 3.74 and 3.75 A for P7, P8, P10 and P11
films, respectively (Table 3.3). In addition to these, P8, P9 and P11 film showed (010)

peaks in the out-of-plane direction as well, which indicated that a face-on molecular

packing was present in these films. 1D profiles of P9 films had strong in-plane (100),
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(200) peaks and out-of-plane (010) peak (dzrx = 3.75 A). As a result, from the presence
of (h00) and (010) peaks either in (. or gx axes, it was concluded that P7 and P10
formed edge-on dominant packings; P9 formed a face-on dominant packing; and P8

and P11 formed edge-on dominant bimodal packings.

Table 3.3. Summary of the analysis of GIWAXS results of P7-P11.

—— out of plane (100) —————  out-of-plane (010) in-plane (010)
qz, A71 dL, A FWHM, A71 Lc, A qz, A71 dn-n, A qx, Ail d1r-7r, A
P7 0.259 24.27 0.04276 132.2 - - 1.666 3.77
P8 0.265 23.70 0.04207 134.4 1.660 3.78 1.666 3.77
P9 0.265 23.70 0.05547 101.9 1.675 3.75 - -
P10 0.259 24.27 0.04878 1159 - - 1.680 3.74
P11 0.262 23.98 0.03853 146.8 1.672 3.75 1.675 3.75

Scherrer equation: L.=27K/FWHM, where K = 0.9, where L. — size of the crystallites, FWHM — full

width at half maximum.

Polymer packing orientation is determined by interplay of many factors. The
important ones are the interactions between polymer chains, substrate surface and
solvent molecules.'”l UV—vis—NIR spectroscopy showed that P7, P8, P10 and P11 tend
to form pre-aggregates in chloroform. This leads to the formation of polymer chain
clusters with n-n stacked backbones sandwiched between layers of hydrophobic alkyl
side groups. During film deposition from solutions, these hydrophobic layers tend to
attach to the SAM-modified surface of the substrate due to attractive hydrophobic
interactions. This leads to the formation of edge-on dominant packing motifs in such
polymer films. On the other hand, aggregation-free polymer chains of P9 were more

stabilized by attaching both alkyl side groups to the SAM surface. As a result, P9
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formed a face-on dominant molecular packing motif. The pre-aggregation of the
polymers, in the first place, could be facilitated by high planarity of the polymer
backbone (in P10 and P11) and/or high Mx (in P7 and P8). P9 had lower backbone
coplanarity than P10 and P11 due to fewer 3,3’-methoxy-2,2’-bithiophene units. In
combination with the low M, this led to the absence of pre-aggregates. Alternatively,
the deviation of P9 from the general trend could be caused by a so-called “segmental
randomness” due to 1:1 ratio between 2,2’-bithiophene and 3,3’-methoxy-2,2’-
bithiophene units.*”) In some series of random copolymers of the (A—B)x(A—C)i-x
structure, the ones with X = 0.5 were reported to exhibit out-of-trend low crystallinity
[87.140] and high drr.l"*" It is worth noting that these effects did not necessarily result in
poor device performances.

Edge-on packing is considered beneficial for the charge transport in OFETs due
to the parallel stacking of n-n overlaps with respect to the substrate surface.!314%!
Bimodal packing further facilitates the macro-scale charge transport because additional
pathways are created by face-on packed crystallites. In addition, polymer films with
larger crystalline domains also give improved u due to decreased inter-domain
boundaries. Thus, the un trend in P9, P10 and P11 was in good agreement with the
above expectations: crystallite sizes increase in this order; and the molecular packing

orientation changes from face-on in P9 to edge-on in P10 and further to bimodal in P11.
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The un trend is further supported by the elevation of Enomo, which improved the hole
injection from the source electrode. On the other hand, despite the bimodal packing and
similar crystallite size, P8 showed a slightly lower un than P7. Since drr and Enomo
were also similar in both polymers, the bottleneck of the charge transport could be
attributed to the wide molecular weight distribution of P8 (PDI = 4.8). This could affect
the film morphology, which was confirmed from AFM measurements (see below).
However, It is worth noting that the effect of molecular weight distribution (i.e., PDI)
on molecular packing, film morphology and charge transport properties of D-A
semiconducting polymers is not fully understood.[58-8%:143.144]

In AFM topographical images of the P7 film, fiber-like textures were observed
(Figure 3.7). Previous works have shown than fiber-like structures in conjugated
polymer films are formed from n-w stacked polymer chains, which facilitates the charge
transport.#°1 The average width of the fibers were ~68 nm. The estimated length of a
P8 polymer chain containing 32 repeat units (~2 nm each) is ~64 nm. This confirmed
that polymer chains were fully stretched across the fiber width.'® Hence, the n-n
stacking direction was along the fiber length, giving good charge transport in this
direction. On the other hand, the surface of P8 film had larger structures scattered in a

more isolated manner. From the Mn, the estimated length of P8 polymer chain was 112

nm (56 repeat units), which was within the range of the average sizes of the surface
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structures in the AFM image. As a result, this morphology could cause the observed

lower un of P8 devices compared to the one expected from the trend in GIWAXS results

only: GIWAXS results predicted that P8 should exhibit higher un than P7. P9 film

exhibited much smaller surface structures randomly dispersed all over the surface,

while P10 and P11 films formed larger features. This in part resembled the surface

morphology of P8 film. Since larger domain sizes facilitate the charge transport, these

surface morphologies, in combination with the GIWAXS results, were in agreement

with the observed un trend in P9, P10 and P11.

0.00 nm 3.04 nm
I

Figure 3.7. Atomic force microscopy images of (a) P7, (b) P8, (c) P9, (d) P10 and (e) P11. Films were

prepared identically to the optimized ones for transistor measurements (see above).
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3.3.6. Effect of ionic additive on OFET performances

Recently, MesNI was reported as a potent ionic additive for DPP-based D-A
semiconducting polymers.'°:143] Dye to the localization of MesN" ions near the DPP
unit, the rotation of alkyl side groups with respect to the polymer backbone was
restricted.!!’!! This facilitated the formation of highly crystalline films with bimodal
molecular packings. As a result, the average un increased from 0.8 to 19.5 cm? V! 5™
upon incorporation of the additive at the molar ratio of MesNI/DPP = 1:30. Here we
also investigated the effect of this additive on the charge transport properties of P7, P8
and P11 film. Although the optimized annealing temperatures for pure films were
higher (300, 300 and 250 °C, respectively), annealing temperature for the additive-
incorporated films were set to 200 °C. This was done to avoid possible thermal
decomposition of the salt.['*¢] The un of P7 devices increased from 0.23 to 0.39 cm? V!
s ! upon incorporation of the additive (Me4sNI/DPP = 1:30). On the other hand, neither
P8 nor P11 devices were not affected by the presence of MesNI (Figure 3.8). It is
surprising that the content of 3,3’-dimethoxy-2,2’-bithiophene as low as 25mol%

completely eliminated the additive’s effect.
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Figure 3.8. Transfer curves of OFET devices with MesNI ionic additive (MesNI/DPP = 1:30 mol)
incorporated into thin films of (a) P7, (b) P8 and (c) P11. (d) Average hole mobility measured with and
without incorporation of MesNI ionic additive (MesNI/DPP = 1:30 mol) into thin films of P7, P8 and
P11. Films were annealed at 200 °C for 15 min. Values are the average of at least 20 devices prepared on

two separate films.

3.4. Conclusion

By controlling the monomer ratios in the polymerization reaction, series of
random copolymers based on PDPP-4T backbone with different contents of the 3,3’-
dimethoxy-2,2’-bithiophene unit were synthesized. Due to the electron-donating effect
of the methoxy group, Egopt of the random copolymers decreased. This was

accompanied by a gradual raising of Enomo, which positively affected the p-type charge
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transport in the polymers. Polymers with higher 3,3’-dimethoxy-2,2’-bithiophene
loading preferred the formation of edge-on dominant or bimodally packed films, which
is deemed as advantageous for the charge transport in OFETs. P8, which contained
25mol% of the 3,3’-dimethoxy-2,2 -bithiophene unit showed a un of ~0.27 cm* V' s7!.
This was comparable to un = ~0.31 cm? V! s™! measured from P7 (0mol%) devices.
Random copolymers with higher 3,3’-dimethoxy-2,2’-bithiophene contents had limited
Mn. This severely impaired their charge transport properties. Yet, un increased as the
3,3’-dimethoxy-2,2’-bithiophene content increased from 50mol% in P9 (0.02 cm? V!
s 1) to 75mol% in P10 (0.03 cm? V! s7) and 100mol% in P11 (0.07 cm?® V' s71).
GIWAXS and AFM revealed that these low-Mn polymers had inferior crystallinity and
poor film morphology, which hindered their charge transport properties. Therefore, we
theorize that high-Mn analogs of these polymers should exhibit enhanced un. Finally,
effects of incorporating the MesNI ionic additive into the polymer films on their OFET
performances were evaluated. While P7 exhibited improved un, incorporation of merely
25mol% of the 3,3’-dimethoxy-2,2’-bithiophene unit into the backbone suppressed the

effect of the additive.
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Chapter 4
Cross-linking of Poly(arylenebutadiynylene)s and Its Effect

on Charge Transport Properties

This chapter was adapted with permission from the published article: Otep, S.;
Ogita, K.; Yomogita, N.; Motai, K.; Wang, Y.; Tseng, Y.-C.; Chueh, C.-C.; Hayamizu,
Y.; Matsumoto, H.; Ishikawa, K.; Mori, T.; Michinobu, T. Cross-Linking of
Poly(arylenebutadiynylene)s and Its Effect on Charge Carrier Mobilities in Thin-Film
Transistors. Macromolecules 2021, 54, 4351-4362.
https://doi.org/10.1021/acs.macromol.1c00008. Copyright (2021) American Chemical

Society.

4.1. Introduction

Cross-linking can improve the n-n stacking and “freeze” the preferred molecular
packing in organic semiconductor films. One of the ways to introduce cross-links is to
utilize the topochemical 1,4-coupling reaction of 1,3-butadiyne units (i.e., C=C—C=C),
which is also known as diacetylene.!"*~'%] The butadiyne units undergo polymerization
under UV irradiation and/or thermal annealing to produce polydiacetylene (PDA)

(Scheme 4.1a). Besides “freezing” the molecular packing motif, PDA chains can
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contribute to the optoelectronic properties of the films because of the conjugated
backbone. Due to the radical attack by the C1 atom of one C=C—C=C moiety to the C4
atom of the adjacent one (C4’), the monomer units must properly align.[°%131 If
precisely controlled, this constraint can open prospects to create various anisotropic
materials, such as 1D nanowires,!!>?! nanotubes!'**! and 2D graphene-like polymers.>!!
The most widely reported approach is the cross-linking of small molecules and
polymers that possess butadiyne units in their side groups (Scheme 4.1b).[104105.154]
Some examples that were used for OFET applications are cross-linking of butadiyne-
containing side groups of 1,6-di-(N-carbazolyl)-2,4-hexadiyne (DCHD) and hexa-peri-
hexabenzocoronene (HBC).!!%%1%41 Thys, cross-linked HBC films exhibited un = 1.5 cm?
V157!, which is up to three orders of magnitude higher than that of the pristine
films.['% To facilitate the alignment of the butadiyene moieties, hydrogen bond
forming units (e.g., amides) were typically included into side groups.!10%:152154]
UV-induced interchain topochemical coupling of butadiyene units is also possible
when they are included in the polymer main chain. The examples are mostly limited to

(1551571 while the cross-linking of

amorphous  non-conjugated polymers,
poly(arylenebutadiynylene)s are much less reported. For example, UV-induced cross-

linking of poly(9-hexylcarbazole-3,6-diylbutadiynylene) was demonstrated in 1996 but

no follow-up works were found in literature.['*®! On the other hand, thermal cross-
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linking of poly(thiophene-2,5-diylbutadiynylene)s!!>160]

and poly(thieno[3,2-

b]thiophene-2,5-diylbutadiynylene)!'®"! were reported as early as 1988 and 1992,

respectively, but photopolymerization in these polymers has not been reported.
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Scheme 4.1. (a) Topochemical polymerization of butadiyne (diacetylene) monomers by 1,4-coupling to

form PDA. Newly formed bonds are given in red. (b) Examples of cross-linking of small molecules and

conjugated polymers by topochemical polymerization of butadiynes.

There are at least two factors why cross-linking of poly(arylenebutadiynylene)s

has now become an important topic. Firstly, poly(arylenebutadiynylene)s possess great
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potential for the preparation of cross-linked films thanks to strong m-m stacking
tendency of conjugated compounds, which can facilitate the alignment of the butadiyne

units. !

1 Secondly, poly(arylenebutadiynylene)s have gained increasing interest for
semiconductor applications in recent years, but possible formation of cross-links has
not been discussed.['®71°7] The relative ease of topochemical polymerization of
butadiyne (i.e., under device fabrication/test conditions) makes
poly(arylenebutadiynylene) films susceptible to an unknown impact of potential cross-
links. Therefore, it is timely to elucidate the possibility of cross-linking of
poly(arylenebutadiynylene) films and its effect on the charge transport properties.
Poly(3-hethylthiophene-2,5-diylbutadiynylene)  (PDET) and  poly(3,6-
didodecylthieno[3,2-b]Jthiophene-2,5-diylbutadiynylene) (PDETT) were chosen as
potential candidates for in-film cross-linking, because in-bulk reactions have been well-
studied for these polymers.[!>*16%] Solubilizing alkyl side groups were introduced into
the polymers for solution processability. Spin-coated PDET films were cross-linked via
thermal annealing and UV irradiation, while PDETT films were cross-linked only upon
thermal annealing. The reaction was confirmed by UV—vis, Fourier-transform infrared
(FTIR) and Raman spectroscopies, which showed that cross-links locally formed.

Changes in film morphology before and after the cross-linking was studied by

GIWAXS and tapping-mode AFM. DFT calculations and GIWAXS results showed that
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PDETT possessed highly ordered molecular packing which was suitable for 1,4-
coupling of butadiyne units. In addition, PDET films were amorphous. Therefore,
PDETT film exhibited improved un after cross-linking, despite its expected negative
effect on the overall conjugation of the polymer backbone. On the other hand, butadiyne
coupling reactions at random n-n stacked regions of PDET disrupted its macro-phase

charge transport pathways.

4.2. Materials and Methods

4.2.1. Materials

All reagents and chemicals were purchased from Tokyo Chemical Industry (TCI),
Kanto Chemical, Co., Inc., and Sigma Aldrich and used as received unless otherwise
stated.  2,5-Bisethynyl-3-hexylthiophene  (DET)!'®8] and  2,5-bisethynyl-3,6-
didodecylthieno[3,2-b]thiophene (DETT)!!6417%1 were synthesized by using the
modified procedures given in the literature. PDET and PDETT were from DET and

DETT, respectively, as reported.!¢?!

4.2.2. General measurements
Instrumentation and measurement procedures of '"H NMR, *C NMR, MALDI-

TOF MS, GPC, TGA, DSC, UV—-vis absorption spectroscopy and CV were identical to
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those given in Chapter 2. New and modified experimental methods are described below.

Attenuated total reflection FTIR spectroscopy was measured on a JASCO FT/IR
4200 spectrometer. Raman spectra was measured on a custom-made micro-optical
system comprising of a microscope of 100x objective lens (N.A. =0.85), a 633-nm (for
PDET) and 532-nm (for PDETT) excitation laser with a control of polarization angle,
and a spectrometer (Isoplane 320, Princeton Instruments) for the detection of Raman-
scattered light. Indium tin oxide (ITO)-coated glass was used as the working electrode

in CV.

4.2.3. Cross-linking of films

For the characterization by FTIR and Raman spectroscopies, PDET and PDETT
films (< 5 mm in diameter) were prepared by drop-casting 2-3 mg mL™' chloroform
solutions onto pre-cleaned glass substrates. For the UV—vis spectroscopy measurement,
the films were spin-coated (1000 RPM) from 3 mg mL ' chloroform solutions. For the
CV measurements, the polymers were spin-coated from chloroform solutions (5-10 mg
mL ") onto a 1 cm x 2 ¢cm ITO/glass, and the excess film was removed to obtain the
coated area of 1 cm x 1 cm. To induce cross-linking, the films (including OFET films
below) were UV-irradiated in air for up to 3 h or thermally annealed in an Ar-filled

glovebox on a hot plate at 100-200 °C for 10—15 min. Asahi MAX-303 Xenon Light
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Source with an XHQA254 filter (254 nm with diameter of 20 nm) was used as a UV
light source for cross-linking. The lamp was placed at a distance of ~8 cm from the

films corresponding to the light intensity of ~500 W m 2.

4.2.3. Theoretical calculations

DFT calculations were performed using Gaussian 16 and Gauss View 6
package!'’!1721 on TSUBAME 3.0 supercomputer at Global Scientific Information and
Computing Center of Tokyo Institute of Technology. Alkyl side chains were reduced
to methyl groups to save computational time in all calculations. For the details of the

used basis set, see the results section.

4.2.4. OFET fabrication and characterization

Preparation of n*-Si/SiO2/OTMS substrates and characterization of OFETs were
done as described in Chapter 2. PDET films were spin-coated at the spin rate of 3000
RPM from 10 mg mL ™' chloroform solution, while PDETT films were drop-cast from
2 mg mL™! chloroform solution. The films were cross-linked by thermal annealing or
UV irradiation as described above. Gold electrodes were then vacuum deposited onto

as-cast and cross-linked films to obtain BGTC OFETs.

102



4.2.5. Film morphology and microstructures

Films for GIWAXS and AFM were prepared by the methods similar to those of
the OFETs. GIWAXS of PDETT films was measured at BL40B2 in SPring-8 (Hyogo,
Japan). The samples were irradiated at a fixed incidence angle on the order of 0.125°,
and the GIWAXS patterns were recorded with a 2-D image detector (PILATUS3 S 2M,
Dectris, Ltd.). The wavelength of the X-ray beam was 1 A, and the camera length was
350 mm. XRD patterns were obtained using a Bruker AXS D8 DISCOVER with
GADDS (Cu Ko, wavelength = 0.154 nm) operated at 50 kV and 22 mA. The samples
were exposed to the X-ray beam for 5 min with a sample-to-film distance of 200 mm.
The GIWAXS pattern of PDET films was recorded on beamlines 13A1 in the National
Synchrotron Radiation Research Center (NSRRC), Taiwan, with an X-ray wavelength
of 1.02 A and an incident angle of 0.12°. Tapping-mode AFM of as-cast and cross-

linked PDET and PDETT films were measured as
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4.3. Results and Discussion

4.3.1. Polymer synthesis
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Scheme 4.2. Synthesis of PDET.

PDET was synthesized in three steps from commercially available precursor
(Scheme 4.2).[1%] 2 5-Dibromo-3-hexylthiophene was converted into 19 by a typical
Sonogashira coupling reaction using bis(triphenylphosphine)palladium(II) dichloride
(Pd(PPh3)2ClL2) and Cul as catalysts in a solution of THF and triethylamine (TEA).
Trimethylsilyl (TMS) group was deprotected from 19 with tetrabutylammonium
fluoride (TBAF) to afford DET. A colorless to pale yellow liquid DET monomer was
highly unstable, and turned dark brown within 5-10 min upon removal of solvent at
room temperature even under vacuum. On the other hand, an n-hexane solution (~40
mg mL ") of DET with a closed cap could be stored in a fridge at 10 °C, without
noticeable color change for several days. However, as the high purity of the monomer
is required, it was prepared immediately before the polymerization reaction. Freshly

column-chromatographed fractions were combined and the n-hexane eluent was
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evaporated in rotary evaporator (< 35 °C). When the solution was concentrated to ~2
mL, it was quickly added to the polymerization reaction flask containing a pre-made
catalyst. Thus, PDET was prepared by Hay coupling in air-bubbled chloroform using
CuClI/TMEDA as catalysts.!'®! The crude polymer solution was precipitated into
acidified methanol (with HCI) to remove the catalyst. Collected solid was not subjected
to Soxhlet extraction to avoid the negative effect of heating. Instead, the solid was
subsequently sonicated in cold acetone and chloroform. Most parts of the polymer were
dissolved in chloroform (68%). Hence, this fraction was concentrated and re-
precipitated into methanol to afford the target PDET. Note that molecular weight of the
polymer could be conveniently controlled by adjusting the polymerization reaction time.

PDET had Ms of 6.3 kg mol ! and had excellent solubility in chloroform (>10 mg mL™").
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Scheme 4.3. Synthesis of PDETT.
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PDETT was synthesized in eight steps from commercially available precursor
(Scheme 4.3).1162:168-1701 Thjeno[3,2-b]thiophene was treated with Br: under acidic
conditions (CHCIs with AcOH) to give tetrabrominated product 20.1') Lithiation of 20
with 2 eq. of n-BuLi, followed by quenching with methanol gave 3,6-dibromo-
thieno[3,2-b]thiophene (21).117") Sonogashira coupling with 1-dodecyne, and the
subsequent hydrogenation afforded the 3,6-dodecyl-thieno[3,2-b]thiophene (23). Then,
24 was obtained by bromination of 23 with NBS. Dibrominated product 24 was then
converted into 25 by Sonogashira coupling reaction, followed by deprotection of TMS
group with TBAF to afford DETT.!!%®! Again, a bright yellow solid DETT was unstable
and darkened upon standing at room temperature, although the process took longer (>1
h) than that of DET. This allowed us to completely remove the n-hexane eluent from
the column-chromatographed DETT prior to the polymerization reaction. Similar Hay
coupling conditions as mentioned above were used for the preparation of PDETT.[!%?]
After 3 h of reaction, the crude polymer contained mostly chloroform-soluble fraction
(96%), while increasing the reaction time (>24 h) afforded the polymer that was only
partially soluble in 0-DCB. Thus, the chloroform-soluble fraction of PDETT had Mn of

5.1 kgmol ™.
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Figure 4.1. FTIR spectra of (a) PDET and (b) PDETT, and 'H NMR spectra of (¢) PDET and (d) PDETT.

Since the Mn of PDETT was hindered by its low solubility, the Mn of PDET was
then deliberately decreased to a comparable value. Thus, PDET and PDETT had
degrees of polymerization of ~29 and ~10, respectively. Successful synthesis of target
polymers was confirmed using FTIR and '"H NMR spectroscopies (Figure 4.1). The
characteristic peaks of the C=C—C=C moiety were observed at ~2180 and ~2130 cm"
in the FTIR spectra of both polymers. "H NMR spectra also contained the peak at ~3.5
ppm, which could be ascribed to the terminal alkynes (=CH). Molecular weights,
thermal, optical and electrochemical properties of PDET and PDETT are summarized

in Table 4.1.
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Table 4.1. Summary of the properties of PDET and PDETT.

M, PDI Ta, T, Texo, Eg,opt, Enomo, Erumo,

kg mol™! oCc @  oC ® oC ® eV © eV @ eV ©

PDET 6.3 3.1 369 - 152, 198 2.33 -5.87 -3.54
PDETT 5.1 2.8 263 63 107, 172, 261 2.12 -5.68 -3.56

@ Determined as the onset of weight loss. ® Ddetermined from the first heating cycle in DSC. ©

Determined from UV-vis spectroscopy. ¥ Evaluated by CV. © Calculated as Erumo = Enomo + Egopt-

Drop-cast films of PDET became insoluble in chloroform (although partially
soluble in 0-DCB), after irradiation with UV light (A = 254 nm) for 1 h or thermally
annealing at 200 °C for 15 min. In addition, films darkened from yellow to brownish
red upon treatment. On the other hand, the PDETT was not sensitive to UV irradiation,
and drop-cast films retained their solubility and color. The color changed from bright
red to dark red after thermal annealing at 200 °C for 15 min. The annealed films became
insoluble both in chloroform and 0-DCB. These changes can be considered as evidence

of cross-linking in the polymer films.

4.3.2. Thermal properties

Firstly, cross-linking in bulk polymers was confirmed using DSC and TGA
measurements, which could be compared to the previously reported results.['*>1% TGA
showed that Tqa of PDET and PDETT were 369 and 263 °C, respectively (Table 4.1 and
Figure 4.2). Therefore, the exothermic peaks (Texo) appearing below Td could be

assigned to 1,4-coupling reactions.['>16%) PDET exhibited well-defined exothermic
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peaks with an onset at ~110 °C, while those of PDETT were less-defined (onset at

~100 °C). Rather large exothermic peak of PDETT at 261 °C was ascribed to its

decomposition, which matched with the onset of the mass loss in the TGA curve.

PDETT exhibited Tg at 63 °C thanks to high degree of alkylation. Thus, these results

confirmed that both bulk PDET and PDETT underwent cross-linking upon thermal

treatment. The following sections present the properties of the polymer films before

and after cross-linking.
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Figure 4.2. TGA and DSC curves of (a) PDET and (b) PDETT.

4.3.3. Optical and electrochemical properties

Cross-linking of the polymer films was studied by thermal annealing (on a hot

plate in an Ar-filed glovebox) or UV irradiation (in air) of polymer films spin-coated

onto glass substrates (Figure 4.3). PDET exhibited featureless UV—vis absorption

spectra in solution with the absorption band onset of ~510 nm. A slight band shoulder

109



at 541 nm (i.e., 0—0 transition peak) appeared and the overall absorption onset shifted
to 532 nm in the as-cast film, while the absorption maxima remained almost unchanged.
This was attributed to the straightening of the polymer backbone and overall tighter -
n stacking. The absorption peak of the films shifted from 461 to 458 nm after UV
irradiation and the absorption band shoulder decreased. The thermally annealed PDET
film exhibited a further blue-shift of the absorption peak to 440 nm with the complete
loss of the band shoulder. Backbone coplanarity was disturbed upon formation of cross-
links due to the twisting of the polymer backbone, which led to the observed blueshifts
and loss of the 0—0 transition peak.!'*”]

PDETT exhibited a well-defined shoulder peak in solution, indicating the
presence of pre-aggregates. The as-cast film had essentially identical spectra, further
suggesting that aggregation was substantial in the solution. This could be caused by the
highly planar backbone of the polymer. Absorption peak of the PDETT film did not
shift after thermal annealing but the intensity of the shoulder peak decreased. These
results suggested that although the cross-links disturbed the backbone planarity,!37! it
was not sufficient enough to overcome the n-m stacking interactions. This can be the
case if the cross-links could not form globally but appeared in isolated sites.

Typically, upon quantitative formation of PDA-like structures the onset of

absorption band blue-shifts, while a new band at ~300 nm forms.['%%!53:154] The absence
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of such changes in PDET and PDETT films further supported the hypothesis that the

cross-links were not clustered. Similar behavior was observed for poly(9-

hexylcarbazole-3,6-diylbutadiynylene).!!>®!
a) 1 PDET --=-in chloroform b) 1 PDETT ----in 0-DCB
E — as-cast . — as-cast
g- — irradiated 3 — annealed
] =]
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Figure 4.3. Solution and thin film UV-vis absorption spectra of (c) PDET and (d) PDETT.

CVs of the films before and after cross-linking were measured in a three-electrode
setup with Pt wire, Ag/AgCl and ITO/glass as counter, reference and working
electrodes, respectively (Figure 4.4). The onset of the oxidation peak (Eoxonset) of the
as-cast PDET was +1.08 V (vs. F¢/Fc"), while those of the UV-irradiated and annealed
PDET films were +1.12 and +1.19 V, respectively. The shift of the Eoxonset could be
attributed to the disrupted conjugation and n-r stacking due to formation of cross-links.
On the other hand, the CV curves of the pristine and cross-linked PDETT films showed
strong resemblance with an Eox.onset at +0.88 V vs. Fc/Fc*. This supported the fact that

the cross-links were not global and did not negatively affect the n-n stacking. On the
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other hand, the oxidation peak itself shifted to a lower potential, indicating that n-nt

stacking was in fact improved.

a) PDET b) PDETT

N as cast |
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Figure 4.4. CV curves of (a) PDET and (b) PDETT films.

4.3.4. FTIR and Raman spectroscopy

The chemical changes upon cross-linking were investigated using FTIR and
Raman spectroscopies (Figure 4.5). Films were drop-cast onto glass substrates followed
by UV-irradiation in air or thermal annealing on a hot plate in an Ar-filled glovebox.
The intensities of the peaks corresponding to the C=C—C=C moiety (at 2182 and 2134
cm 1)[132158] decreased when the PDET film was UV-irradiated and thermally annealed.
A part of the C=C—C=C units was consumed upon formation of the cross-links. The
relative intensities of the peaks suggested that more C=C—C=C units reacted in the
thermally annealed films than in UV-irradiated film. These results agreed with the more

significant change of UV-vis spectra and CV curves for the heat-treated films.
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Similarly, the intensities of the peaks at 2172 and 2132 cm ™! decreased in a thermally

annealed PDETT film.
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Figure 4.5. FTIR spectra of (a) PDET and (b) PDETT films and Raman spectra of (c) PDET and (d)
PDETT films.

Typically, upon cross-linking of butadiyne-containing small molecules and
polymers, complete loss of Raman peaks ascribed to C=C—C=C units were
reported.[19%152154173] However, due to the non-quantitative reactions in PDET and
PDETT films, the differences in Raman spectra of the pristine and cross-linked polymer
films were small. Therefore, the relative ratios of the peaks were used to construct the
possible chemical structures of the cross-links in the treated films. Raman spectra of

PDET films had a large background noise (633-nm laser), which was caused by the
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strong fluorescence of PDET.!"74 The main peaks in PDET films were observed at 1435,
1521 (C=C), 2042, 2127 cm ™' (C=C—C=C) and 2178 cm ™! (C=C—C=C).l!33173] The
intensities of peaks at 1435, 1521, 2042, and 2127 cm™! increased relative to that at
2178 ¢cm™! when the film was UV-irradiated, suggesting that the cross-linking
underwent via formation of PDA-like segments (i.e., repeating C=C—C=C). tThermally
annealed films of both PDET and PDETT did not exhibit peaks at ~2050 and ~2130
cm . These results indicated that the C=C—C=C moieties did not form upon heat
treatment, and that the cross-linking instead increased the content of C=C bonds.
Previous reports concluded that thermally annealed PDET and PDETT cross-linked via
formation of C=C—C=C segments, instead of C=C—C=C.[!**1%"] However, the small
amplitudes of changes in the Raman spectra makes it difficult to unambiguously
identify the exact structure of the cross-links. Therefore, both C=C—C=C and

C=C—C=C segments can be present in cross-linked films (Scheme 4.4).
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Scheme 4.4. Illustration of ideal cross-linking of the PDET and PDETT films by 1,4-coupling of

butadiyne moieties (newly formed bonds are given in red).

4.3.5. Theoretical calculations

DFT calculations were used to elucidate the polymer backbone structure and
possibility of alignment of butadiyne units leading to the cross-linking. Geometry
optimization and molecular orbital calculations were done on isolated polymer chains
with 6 repeat units (alkyl side chains reduced to methyl groups) using B3LYP method

with 6-31+G(d,p) basis set (Figure 4.6). The results showed that the backbone of PDET
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was zigzagged and the adjacent DET units were nearly coplanar (172.2—-177.6°). The
dihedral angles between DET units were significantly lower than those in benzene-ring
based small molecules, such as 1,4-diphenylbutadiyne.!'”>! A polymer chain with a pair
of cis-coupled DET units was also stable. This suggested that polymer chain can
potentially be coiled into helical structures as reported for poly(benzene-1,3-

diylbutadiynylene).['>3] The backbone of PDETT was straight and completely planar.
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Figure 4.6. Geometry optimization results using DFT calculations. Top and side views of the two repeat
unit segments of (a) PDET and (b) PDETT. (c) Top and side views of 4 repeat units of PDET with one
of the DET-DET segments coupled in cis-configuration. Calculations were performed with B3LYP/6-
31+G(d,p) basis set in 6 repeat units. Alkyl chains were reduced to methyl groups to save computational

time.

The HOMOs and LUMOs were distributed uniformly along the polymer chain in

both PDET and PDETT (Figure 4.7), owing to the absence of sharp difference in
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electron affinities of the repeat units. The calculated Enomos of PDET and PDETT were
—5.29 and —5.14 eV, respectively, while the ELumos were —3.00 and —2.90 eV,
respectively. Thus, the theoretical calculations support the CV and UV-vis

spectroscopy results that PDET has deeper energy levels than PDETT.

")

@D
® . &
LUMO ‘. .......:.. o .

J* 9 ‘d

a) 3, ,.54

2 "-' i'w"J
HOMO ..‘J'o.‘J ..“'.. s Vg
Jﬁ 4 +@ ?

b)
Yo

LUMO ‘ ‘ ‘ °
o:“....' ..O' .0.' > >

HOMO

] ‘..3 4 f‘ 4 "" o
\ 89 8%
.o‘.\.ogl\oogl ooy ide
. d 9 J
) ,% + @,
Figure 4.7. HOMOs and LUMOs of (a) PDET and (b) PDETT, calculated with B3LYP/6-31+G(d,p)

basis set. Calculations were performed on 6 repeat units. Alkyl chains were reduced to methyl groups to

save computational time.

The zigzagged backbone and possible coiling of PDET made its butadiyne
moieties less probable to align for cross-linking. Thus, stacking of more rigid and
straight PDETT polymer chains was simulated using DFT calculations. Since these

calculations require a consideration of intermolecular interactions, the first objective
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was to choose a level of theory that is modified for long-range interactions. The
literature has shown that different functionals (e.g., ®¥B97X-D, CAM-B3LYP, M062X
and B3LYP) give results with varying accuracy depending on the system of interest.[!7¢
1791 Therefore, in this work, performances of CAM-B3LYP!'8) and ©B97X-D!8!
functionals with 6-311+G(d,p) basis set were compared by optimizing the geometry of
DETT-DETT segment. The ®B97X-D method gave an unexpectedly large
DETT-DETT backbone twist with a vast deviation in the Enomo value compared to the
experimental results. The CAM-B3LYP method gave reasonable results (i.e., planar
backbone and Enomo deviation of <0.3 eV), hence further calculations were continued

with this functional.
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Figure 4.8. (a) Representation of a rigid scan of 4DETT and 2DETT separated by 3.7 A. (b) Basis set
superposition error (BSSE) corrected total electronic energies calculated at different offset values using
CAM-B3LYP/6-31+G(d,p) basis set. 0 kJ mol ™! corresponds to the sum of the total electronic energies
of isolated 4DETT and 2DETT. Due to high computational cost, counterpoise corrections to address
BSSE were included only at offsets of 2, 4, 6 and 9. BSSE was extrapolated to other results by using a

quadratic fit. Alkyl chains were reduced to methyl groups in all calculations to save computational time.
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Rigid scan of a DETT dimer (2DETT) along the long axis of a DETT tetramer
(4DETT) was performed using a smaller basis set of 6-31+G(d,p). The fragments were
placed 3.70 A apart (typical m-m stacking distance), and single point energy of the
system was calculated at a scan step of 2 A (Figure 4.8a). Basis set superposition error
(BSSE) was addressed by extrapolating the counterpoise corrections calculated at 4
points to the whole energy scan region. In general, this approach can be helpful to
approximate the stacking geometry that gives the lowest repulsion between the units.
Thus, two minima were identified at offsets of ~3.50 and ~5.50 A (Figure 4.8b). The
latter was slightly deeper and it was closer to the structure with the lowest extent of
face-on alignment between the thieno[3,2-b]thiophene units (i.e., half the length of
DETT: 5.6 A). These two offsets were then used to construct input structures for relaxed
geometry optimizations of two face-on stacked 2DETT fragments with larger basis set
of 6-311+G(d,p). Refined offsets of 3.42 and 5.46 A were obtained, with the latter being
marginally deeper by 1.77 kJ mol ™! (Figure 4.9). The offset 3.42 A had a tighter packing
of alkyl side groups and exhibited C1-to-C4’ separation of 3.95 A. This was within the

required alignment range for the topochemical 1,4-coupling of C=C—C=C units.
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Offset 1=3.42 A

Figure 4.9. Face-stacked dimers of two repeat DETT units optimized with CAM-B3LYP/6-311+G(d,p).

Alkyl chains were replaced with methyl groups to save computational time.

4.3.6. Film morphology and microstructures
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Figure 4.10. GIWAXS images of (a) as-cast and (b) annealed PDETT films. (¢) Illustration of polymer
packing and unit cell of as-cast PDETT (not to scale). Alkyl chains were omitted for clarity. GIWAXS

1D profiles of as-cast and annealed films of PDETT in (d) out-of-plane and (e) in-plane directions.
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GIWAXS was used to gain insight into the actual molecular packing in polymer
films. As-cast PDETT film exhibited a (100) peak in the out-of-plane direction (g-) and
a weak (010) peak in the in-plane direction (gx), which was attributed to the edge-on
molecular packing orientation (Figure 4.10). The positions of the (100) and (010) peaks
gave dr = 20.29 A and dxx = 3.70 A, respectively. Since di was slightly larger than the
length of a dodecyl chain (~16 A), the alkyl side groups were interdigitated. Two
additional broadenings at 0.80 and 1.27 A™! in the in-plane direction were determined,
corresponding to separations of 7.87 and 5.02 A, respectively. Considering the offset
packing suggested by DFT calculations, these peaks were assigned to (001) and (011)

(182] Then, DETT moieties assumed a monoclinic unit cell with

reflections, respectively.
a=2029A,b=528A,c=1121 A and o = 44.5° (Figure 4.10c). The offset packing
in PDETT is not surprising because the drx = 3.70 A is too short for alignment of alkyl
side groups (~4.3 A).'83] The offset between DETT units in this unit cell is 3.76 A,
which was closer to 3.42 A than to 5.46 A, contrary to DFT calculation results. Thus,
the offset 5.46 A was not the optimal one in the real film. This could be caused by the
hydrophobic nature of alkyl side groups, which would prefer tighter packing (i.e., offset

3.76 A) in a polar solvent like chloroform. The DFT calculations took into account

neither the hydrophobic interactions nor the solvent effect. Nevertheless, the
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monoclinic unit cell of the as-cast PDETT had the calculated C1-to-C4’ separation of
3.99 A, which is suitable for the topochemical polymerization.!!3%:153]

High crystallinity of the thermally annealed PDETT films can be seen from the
presence of (h00) peaks up to three orders in the out-of-plane direction and much more
intense (010) peak in the in-plane direction. Although drx remained the same, dr. was
significantly shortened to 18.94 A, showing the tendency of the alkyl groups to
interdigitate even further upon heating above the Tg. Contrary to the intensification of
the (010) peak, the intensities of the (001) and (011) reflections decreased significantly.
A new broadening at 1.10-1.35 A™' (4.65-5.71 A) appeared. These results indicated
that a new molecular packing phase emerged in the annealed film at the expense of the
monoclinic unit cell found in the as-cast film. The new broadening could not be
attributed to the stacking with ~5.6 A offset, whose (001) and (011) peaks were both
expected to appear at ~1.0 A. In addition, the broadening did not correspond to
reflections that could arise from slipped lamellar stacking (i.e., triclinic unit cell, S #
90°) with plausible alkyl chain separations. Therefore, it was concluded that the initial
monoclinic unit cell was consumed in cross-linking. The formed covalent bonds then
forced the remaining polymer chains to adopt a non-optimal packing and produce a new

phase with possibly tilted -7 stacking (i.e., y # 90°). However, since this packing would

no longer be optimal for cross-linking, the reaction could not propagate to the whole
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film. Thus, cross-linking was limited to certain sites and other parts of the polymer

chains assumed a highly ordered packing. This hypothesis also explains why UV

irradiation did not induce cross-linking in PDETT: the reorganization of molecular

packing involved in the cross-linking was high in energy, which could not be provided

by light absorption.
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Figure 4.11. GIWAXS images of (a) as-cast, (b) annealed and (c) UV-irradiated PDET films. GIWAXS
1D profiles of as-cast, annealed and UV-irradiated films of PDET in (d) out-of-plane and (e) in-plane

directions.

GIWAXS images of PDET before and after cross-linking did not show (h00) and

(0k0) reflections (Figure 4.11). Thus, the films were amorphous without notable

ordering, which could be expected from the zigzagged polymer backbone that also had

potential for coiling. The absence of ordered n-m stackings suggested that there were no
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large sites with aligned C=C—C=C units as well. The amorphousness of the films does
not exclude the possibility of randomly distributed locations with proximity of
C=C—C=C units between a few polymer chains. Cross-linking could take place at such
isolated locations. A similar 1,4-coupling of butadiynes was reported for amorphous
polymers, such as poly(a,m-alkyldiyne)s!!*] and various other non-conjugated

polymers.!'5157] Note that such cross-linking is not truly PDA-like.

a) as-castPDET

b) UV-irradiated PDET
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Figure 4.12. Tapping-mode AFM images of (a) as-cast, (b) UV-irradiated, (c) and thermally annealed
PDET films, (d) as-cast and (e) thermally annealed PDETT films.

Tapping-mode topographical AFM was measured to investigate the surface

morphology changes upon cross-linking of the polymers (Figure 4.12). The as-cast
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PDET film exhibited uniform and smooth surface. The surface of the UV-irradiated

film had fine structures, which could form due to the clustering of the polymer chains

near the cross-linking sites Thus, the root mean square (RMS) surface roughness

increased from 0.26 to 0.52 nm. The surface of the thermally annealed film resembled

that of the as-cast one and the RMS surface roughness was similar at 0.30 nm.

The as-cast PDETT film had larger surface features and the RMS surface

roughness was 4.73 nm. This was consistent with the presence of pre-aggregates in the

deposition solution. Thermally annealed film exhibited small surface structures, while

the underlying layer still resembled that of the as-cast film. The RMS surface roughness

decreased to 1.73 nm. The smaller crystallites could form due to the phase separation

between isolated cross-linking sites. Therefore, one can conclude that cross-linking

sites could act as nucleation centers for highly ordered crystalline phase of the polymer.

The high crystallinity of the annealed film observed in GIWAXS results is in agreement

with these observations.
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4.3.7. Effect of cross-linking on charge transport
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Figure 4.13. Selected transfer and output curves of BGTC OFETs based on (a) as-cast PDET film, (b)
as-cast PDETT film and (c) thermally annealed (200 °C) PDETT film. Devices based on the UV-
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irradiated and thermally annealed PDET did not show transfer curves.

The effects of cross-linking on the charge transport properties were investigated
in OFETs with BGTC configuration tested under air (Figure 4.13 and Table 4.2). The
films were deposited onto n'-Si/Si02/OTMS substrate and cross-linked by thermal
annealing or UV-irradiation, followed by vacuum deposition of gold contacts. Due to
the amorphousness, the as-cast film of PDET exhibited the limited un of 1.0x107° cm?
Vs (Figure 7a). In addition, merely 3 out of 12 devices prepared on the same film

showed transfer curves, indicating that the n-n stacked locations needed for interchain
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charge hopping were scarce. Since cross-linking consumed these randomly distributed
interchain charge transfer sites, both UV-irradiated and thermally annealed films lost
the overall charge transport properties. The as-cast PDETT films exhibited the un of
1.6x107% cm? V™! s7!, due to the higher crystallinity of PDETT films. The thermally
annealed film showed an improved un of 1.3x107%2 cm? V™! 57!, owing to the overall

increase in the crystallinity of the film (GIWAXS results).

Table 4.2. Summary of OFET performances of PDET and PDETT.

Annealing T, °C ® Hn,em? Vgl ® Ve, V ©® Lon/lott
PDET © as-cast (1.0£0.5) x 1073 —26.2+6.4 10
PDETT @ as-cast (1.6£0.4) x 1073 —28.4+2.0 10°
150 °C (44+12)x 107 —28.1+4.7 10°
200 °C (1.3£0.7) x 1072 -30.9 £8.1 103
250 °C 2.1+12)x 107 381461 10*

@ Annealed on a hot plate in an Ar-filled glovebox for 15 min. ® Range represents average deviation.

© Results are average of 3 devices. UV-irradiated and annealed films did not exhibit transfer curves.

As observed throughout this work, cross-links did not form globally in the films.
Therefore, the effect of charge transport in the PDA backbone!'®¥ can be neglected in
the further discussion. Then, thermal annealing and low-extent cross-linking of the
butadiyne units of poly(arylenebutadiynylene)s should have an opposing effect on the
charge transport properties. On the one hand, thermal annealing improves the # due to
the increased crystallinity of the film. However, cross-linking sites degrade it due to the
perpendicular geometry, which is unfavorable for interchain charge hopping. In other
words, the positive effect of the thermal annealing outweighed the negative effect of
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low-extent cross-linking in PDETT due to rigid and straight polymer backbone. There
were fewer n- stacked regions with long-range order in PDET. Consumption of these
sites by the cross-linking led to the loss of the interchain charge hopping locations.
Therefore, the cross-linked PDET films lost the macro-scale charge transport properties.

This hypothesis is illustrated in Figure 4.14.
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Figure 4.14. Illustration of the effect of cross-linking on the film microstructure and charge transport
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pathways in PDET and PDETT. Red bars indicate cross-links that block the interchain charge transfer

sites due to the chemical bond geometry.

4.4. Conclusion

Low-extent topochemical cross-linking of the PDET and PDETT films via 1,4-

coupling of butadiyne moieties was confirmed. DFT calculations and GIWAXS results

showed that PDETT had molecular packing that is suitable for the cross-linking.

However, due to necessary energy for the reorganization of molecular packing, only

thermal annealing could induce the cross-linking. PDET exhibited amorphous films and
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the randomly located m-m stacked regions had the alignment of C=C—C=C units

necessary for the cross-linking. Due to the amorphousness, PDET films could be cross-

linked by both UV irradiation and thermal annealing. Raman spectroscopy suggested

that UV-irradiated PDET film was likely to form cross-links with C=C—C=C (i.e., PDA-

like) structure, while thermally annealed PDET and PDETT films exhibited signs of

cross-linking via formation of C=C—C=C units. However, due to the low level of cross-

linking degree, the formed cross-links were not expected to be truly polymeric. Cross-

linked PDET films lost the charge transport properties due to the depletion of the

interchain m-overlap pathways. On the other hand, despite the negative effect of the

cross-linking site on the conjugation of the polymer backbone, thermally annealed

PDETT film exhibited improved un. These results suggest that thermal annealing

facilitated growth of crystalline domains (GIWAXS), and the simultaneously formed

cross-links fixed the crystallites. Thus, poly(arylenebutadiynylene)s with rigid

backbone and high crystallinity could benefit from low-degree cross-linking.

In both polymers, cross-links were isolated and small, so that the effect of the

conjugated backbone of the cross-links (i.e., C=C—C=C or C=C—C=C) on the overall

charge transport was assumed to be minimal. To differentiate this impact from the

advantageous effect of thermal annealing, other poly(arylenebutadiynylene)s that can

undergo high-extent cross-linking by UV irradiation alone must be studied.
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Chapter 5

Conclusion and Future Outlook

Thanks to the versatility of synthesis and solution-processability, as an alternative
to Si-based semiconductors, conjugated polymers have grown into a class of promising
materials for OFET applications. Chemical structure of a semiconducting polymer
strongly affects its optoelectronic and film-forming properties. These in turn determine
the charge transport characteristics of the polymer film. Therefore, matching of optimal
acceptor-donor pairs proved to be an effective tool to design high-performance
polymers. Given the large set of building blocks that has been developed over the past
two decades, fine-tuning of the polymer backbone has now become essential to further
improve the OFET performances. An extensive review of the literature showed that the
most impactful strategy to optimize the polymer structure is the control of
donor/acceptor ratio, heteroatom substitution, side group engineering, backbone
planarity tuning, and random copolymerization. Based on the currently accepted
understanding of the structure-property relationship in semiconducting polymers, this
thesis demonstrated further development of novel polymers for OFET applications.
Further recommendations and outlook for possible follow-up research are briefly

provided in this chapter.
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Scheme 5.1. Examples of PTBZ-DTTE polymers with alternative side group placements.

Firstly, a novel PTBZ-DTTE polymer was designed by introducing the more nt-
extended planarizing DTTE unit into the backbone (as compared to PTBZ-DTE). Based
on the main conjugated backbone, a series of five polymers were prepared by side-
group engineering. It was shown that by merely changing the positions of alkyl
substituents, molecular packing orientation and film crystallinity can be deliberately
controlled. All of the changes were supported by the theoretical calculations of the
backbone planarity of the polymers. Thus, a link between the chemical structure of the
PTBZ-DTTE polymers and their OFET properties was established. These findings can
be implemented for further development of other TBZ-based polymers for OFET
applications. For example, a shorter alkyl group on the TBZ unit and longer ones at the
DTTE unit can be utilized (Scheme 5.1). Other later works have shown that shorter
alkyl chains on the TBZ unit gave much tighter molecular packings.®! In addition,

high-performance polymers of other building blocks (e.g., DPP, NDI, IID) all contain
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alkyl substituents on both sides of their conjugated backbones.!!%32*81 Such an approach
should give much better control over the n-r stacking of the polymer chains.!®* Notably,
availability of several alkyl-substitution positions in DTTE units opens up new

prospects for further optimizations.
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Scheme 5.2. Structure of random copolymers with longer alkoxy groups for better solubility.

Next, incorporation of electron-donating methoxy groups into a well-studied
PDPP-4T polymer was studied by applying random copolymerization approach. At a
loading ratio of 25 mol%, the resulting copolymer showed a slightly better OFET
performance than the original polymer (depending on the film fabrication process).
Obvious differences started to be observed at the higher loadings, and un was improved
when the methoxy-substituted monomer unit increased from 50 to 100 mol%. However,
due to their limited Mn, it was suggested to compare these random copolymers
separately from the high-Mn ones (i.e., 0 and 25 mol%). Loss of solubility could be
caused by high backbone planarity induced by the “conformational lock™ effect of the

methoxy groups. Therefore, this design could be improved by using longer alkoxy
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groups (Scheme 5.2).17578]

added flexibility of backbone

Scheme 5.3. Examples of possible robust poly(arylenebutadiynylene)s.

Finally, in-film cross-linking of two poly(arylenebutadiynylene)s were

demonstrated. Straight backbone of PDETT allowed to observe the necessary alignment

of the cross-linking units in the polymer films. However, due to the high re-organization

energy necessary for the coupling reactions, the polymer could undergo cross-linking

only under thermal annealing conditions. On the other hand, PDET could undergo

cross-linking by UV irradiation at the randomly =m-m stacked sites due to the

amorphousness of the films. This work was the first study reporting the effect of in-film

1,4-addition cross-linking of poly(arylenebutadiynylene)s on their charge transport

properties. The obtained results can be wused to design more robust

poly(arylenebutadiynylene)s for OFET applications. In addition, these findings can

help to better understand performances of other devices based on this class of polymers.

In the work, however, it was not possible to resolve the thermal annealing effect from

that of the cross-linking in PDETT. Therefore, to elucidate on this matter, new polymers
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with straight but less rigid backbones should be synthesized to achieve cross-linking by
UV irradiation only (Scheme 5.3). For example, the dihedral angles in NDI-T and DPP-

T moieties can serve as a source of the necessary flexibility of the backbone.!”!"7?]
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