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Abstract

Molecular Design, Simulation and Synthesis of Narrow-Bandgap Organic
Semiconductors for Near-Infrared Optoelectronics Applications

by

Ziyue Zhu

The development of near-infrared (NIR) non-fullerene acceptors (NFAS) has led to a surge
in research interest in semitransparent organic optoelectronics, such as solar cells and
photodetectors. These technologies offer numerous advantages, including ultra-thin film
processibility, synthetic flexibility, and low-cost solution-based techniques for potential
industrial applications. However, the interaction between solvents and bulk-heterojunction
(BHJ) components can significantly impact the film morphology and blends self-assembly. To
achieve high efficiency in fullerene-free optoelectronics using halogenated solvents, there is a
strong focus on processing the active layer from low-cost and eco-friendly solvents derived
from renewable resources. Chlorine-free solvents such as toluene, xylene, tetrahydrofuran
(THF), and 2-methyl THF are preferentially chosen for green solvent processed organic
optoelectronics.

The first two chapters of this thesis introduce the molecular engineering of narrow bandgap
NFAs based on the original structure of published near-infrared absorber COTIC-4F molecule.
The impact of side chain modification on the optoelectronic properties of NFAs built on the
COTIC-4F conjugated framework has been examined and tested within the applications of

corresponding organic solar cells and NIR-OPDs. Via modification on the center donor core,
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a set of C-O bridged NFAs CO6ICs have been successfully synthesized and applied into NIR-
OPDs achieving high responsivity at NIR-region. Moreover, those set of small molecular
NFAs have presented promising processibility in “green solvent” of 2-MeTHF. This leads to
the following chapter of this thesis presenting a project investigating molecular engineering of
green solvent processable A-D’-D-D’-A structured non-fullerene acceptors (NFASs). These
NFAs exhibit high solubilities and potential processability in 2-MeTHF. By using DFT and
HSP simulation of the small molecules, and various thin-film characterization techniques (UV-
vis, AFM, GIWAXS) on the 2-MeTHF solvent-cast thin-films, a better understanding of the
materials' chemical structural influences on NFAS' green solvent processibilities and their
corresponding solid-state properties is achieved.

The last chapter of this contribution focus on the molecular design and synthesis of a series
of ultra-narrow bandgap NFAs and their efficient NIR-OPDs applications processed from non-
halogenated solvent of toluene. Systematic modifications on the end-dye acceptor halogen
substituents within the framework were made to investigate the influence of the electron
negativity of terminated groups on the materials' optical properties and the corresponding
device performance. Semitransparent organic optoelectronic devices were fabricated with the
originally designed NFAs and processed using chlorobenzene and toluene as non-halogenated
solvents for comparison. Toluene-based devices achieved higher specific detectivity due to the
better quality of blend thin-film morphologies and more compacted crystallinity in the
photoactive layer. This confirms that this novel series of DaTICs NFAs have satisfying

chlorine-free solvent processibilities without sacrificing device performance.
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I. Introduction
I.1 Organic semiconductors, their function in organic electronics, the

challenges, and opportunities

Organic semiconductors have revolutionized the field of electronics by offering a range of
benefits over traditional inorganic semiconductors. Unlike traditional inorganic
semiconductors, which are typically made from silicon, germanium, or other inorganic
materials, organic semiconductors are based on carbon-based compounds such as polymers
and small molecules.? One of the most significant advantages is their flexibility and ability to
be processed using low-cost solution-based techniques, which makes them highly attractive
for large-scale manufacturing.®® Additionally, organic semiconductors can be fabricated into
ultra-thin films, which can be used to create lightweight and flexible devices which lead to
variety of applications. Organic light-emitting diodes (OLEDS) are one of the most widely used
applications of organic semiconductors. OLEDs are thin-film devices that emit light when an
electric current is passed through them. They have several advantages over traditional light
sources, such as incandescent bulbs and fluorescent tubes.® OLEDs can be made into thin,
flexible, and transparent sheets, making them highly versatile for use in various lighting
applications, including displays for smartphones, televisions, and even automotive lighting.”®
Organic photovoltaics (OPVs) are another promising application of organic semiconductors.
OPVs are solar cells made from organic materials that can convert sunlight into electricity.
They offer several advantages over traditional silicon-based solar cells, such as their flexibility,
lightweight, and low-cost fabrication.®** OPVs have the potential to revolutionize the
renewable energy industry by enabling the creation of highly efficient and low-cost solar cells

that can be integrated into a range of products, from semi-transparent building incorporated
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solar cells to mobile devices.'? Organic field-effect transistors (OFETS) have the potential to
be used in a range of electronic devices, including digital displays, sensors, and memory
storage devices and offer several advantages over traditional inorganic transistors, such as their
flexibility, low power consumption, and low-cost fabrication.34

The function of organic semiconductors in organic electronics is to provide an alternative
to traditional inorganic semiconductor materials, such as silicon. Organic semiconductors offer
several advantages, such as their ability to be processed at lower temperatures and in solution,
which can lead to lower manufacturing costs.*>!® However, organic semiconductors also
present potential challenges. One of the main challenges is their relatively low electrical
conductivity compared to inorganic semiconductors, which can limit their performance in
certain applications.!*° Additionally, organic semiconductors can be sensitive to moisture and
oxygen, which can degrade their performance over time.?%?! Despite these challenges, organic
semiconductors also present opportunities for new applications in flexible and wearable
electronics, as well as in emerging technologies such as organic spintronics and organic
neuromorphic computing.?>?> There is ongoing research and development to improve the
performance and stability of organic semiconductors and to explore new applications for these

materials in the field of organic electronics.

1.2 Non-Fullerene Acceptors as n-type materials

In organic photovoltaics (OPVs), n-type materials are used as electron acceptors, while p-
type materials are used as electron donors.?® In traditional OPVs, fullerene derivatives, such as
PCBM, have been the dominant n-type materials due to their high electron mobility and good
stability. However, in recent years, Non-Fullerene acceptors (NFAs) have emerged as a

promising alternative to fullerene derivatives.?5-28
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NFAs have several advantages over fullerene derivatives, such as their tunable energy
levels, strong absorption in the visible and near-infrared regions, and ability to form highly
efficient bulk heterojunctions with p-type materials. NFAs also have high electron mobility
and thermal stability, which are important factors for OPV performance and reliability. In
addition to OPVs, NFAs are also being investigated for use in other organic electronics
applications, such as organic field-effect transistors (OFETS), organic light-emitting diodes
(OLEDs) and organic photodetectors (OPDs).2%-3!

However, there are also some challenges associated with the use of NFAs as n-type
materials. One challenge is their relatively low solubility, which can make it difficult to process
them into thin films with good morphological control.®? Additionally, the synthesis of NFAs
can be complex and costly.®® Despite these challenges, NFAs are an active area of research in
organic electronics and show great potential for improving the performance and stability of
OPVs and other organic electronic devices.

Narrow band gap non-fullerene acceptors (NFAS) are a type of organic semiconductor that
have a small difference in energy between their highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), which allows them to absorb light in the
near-infrared (NIR) region of the spectrum.3* NFAs are often used as electron acceptors in bulk
heterojunction (BHJ) organic solar cells, where they are blended with a conjugated polymer
electron donor to form a photoactive layer. In contrast to fullerene-based acceptors, NFAs offer
several advantages, including a broad absorption spectrum, tunable energy levels, and better
thermal and photostability.®® Additionally, NFAs can be designed to have high electron
mobility, which can improve charge transport and increase device efficiency. Semi-transparent

organic solar cells are a type of organic photovoltaic (OPV) device that are designed to allow
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some light to pass through the photoactive layer, making them suitable for use in windows,
skylights, and other transparent surfaces.® To achieve semi-transparency, the photoactive layer
must be optimized to absorb light in the visible and NIR regions while maintaining a high
degree of transparency in the rest of the spectrum.®” NFAs are particularly well-suited for use
in semi-transparent organic solar cells due to their broad absorption spectra and tunable energy
levels.®®

Near-infrared organic photodetectors (NIR-OPDs) are another application of NFAs in
organic electronics. These devices are designed to detect light in the NIR region of the
spectrum, which is not visible to the human eye. NIR photodetectors have applications in fields
such as remote sensing, security, and medical imaging. NFAs can be used as electron acceptors
in NIR photodetectors to improve their sensitivity and responsivity in the NIR region.
Additionally, NFAs can be processed using low-cost and eco-friendly solvents, which can
reduce manufacturing costs and improve the sustainability of these devices.

Overall, narrow band gap non-fullerene acceptors have shown great promise for use in
semi-transparent organic solar cells and near-infrared organic photodetectors, and ongoing
research is focused on improving their performance and stability for these and other

applications.

1.3 Overview and Objectives

Knowing the definition, advantages, chances and challenges that organic non-fullerene
acceptors materials have demonstrated, this thesis is targeting at researching on ultra-narrow
bandgaps NFAs molecular design and investigating their resulted changes in materials
optoelectronic properties which in return modulating semiconductors’ device performance.

While the mainstream of research efforts have been spent on raising up in the record number
XX



of power conversion efficiency (PCE) for organic photovoltaics systems, this work will further
exploring more possibilities of ultra-narrow bandgap NFAs promising potentials in highly
efficient green solvent processible systems and semi-transparent devices. The first two
chapters of this thesis introduce the molecular engineering of narrow bandgap NFAs based on
the original structure of published near-infrared absorber COTIC-4F molecule. The impact of
side chain modification on the optoelectronic properties of NFAs built on the COTIC-4F
conjugated framework has been examined and tested within the applications of corresponding
organic solar cells and NIR-OPDs. Via modification on the center donor core, a set of C-O
bridged NFAs CO6ICs have been successfully synthesized and applied into NIR-OPDs
achieving high responsivity at NIR-region. Moreover, those set of small molecular NFAs have
presented promising processibility in “green solvent” of 2-MeTHF. This leads to the following
chapter of this thesis presenting a project investigating molecular engineering of green solvent
processable A-D’-D-D’-A structured non-fullerene acceptors (NFAs). These NFAs exhibit
high solubilities and potential processability in 2-MeTHF. By using DFT and HSP simulation
of the small molecules, and various thin-film characterization techniques (UV-vis, AFM,
GIWAXS) on the 2-MeTHF solvent-cast thin-films, a better understanding of the materials'
chemical structural influences on NFAs' green solvent processibilities and their corresponding
solid-state properties is achieved.

The last chapter of this contribution focus on the molecular design and synthesis of a series
of ultra-narrow bandgap NFAs and their efficient NIR-OPDs applications processed from non-
halogenated solvent of toluene. Systematic modifications on the end-dye acceptor halogen
substituents within the framework were made to investigate the influence of the electron

negativity of terminated groups on the materials' optical properties and the corresponding
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device performance. Semitransparent organic optoelectronic devices were fabricated with the
originally designed NFAs and processed using chlorobenzene and toluene as non-halogenated
solvents for comparison. Toluene-based devices achieved higher specific detectivity due to the
better quality of blend thin-film morphologies and more compacted crystallinity in the
photoactive layer. This confirms that this novel series of DaTICs NFAs have satisfying

chlorine-free solvent processibilities without sacrificing device performance.
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Chapter 1: Molecular Engineering for Non-Fullerene Acceptors

1.1 Introduction

Organic semiconductors are of intense interest due to their ability to be processed into ultra-
thin, flexible, and conformal products through low-cost solution based techniques;**° moreover,
their structural versatility allows tuning of optical gaps for specific applications.***® Near-infrared
(NIR) responsive organic solar cells (OSCs) may form the basis of future applications such as
semitransparent energy producing modules for building-integrated or green house systems.3"#4
With a similar working principle to OSCs, organic photodetectors (OPDs) with NIR responsivity
are of relevance to applications that include image sensing, night surveillance, optical
communication, and health monitoring.84>4 Considering that the spectral response window of
organic semiconductors can be readily tuned by rational molecular design, NIR OPDs have
emerged as potentially cost-effective material choices. This flexibility in molecular design can be
coupled with extensive know-how of the function, mechanisms and morphological features of bulk

heterojunction (BHJ) thin films in order to accelerate the development of NIR OPDs. 4"~

Narrow bandgap (NBG) non-fullerene acceptors (NFAs) are an emerging class of NIR
absorbers that outperform fullerenes in BHJ photodiodes.®>*2 Of note is how their structural
flexibility can be used to modulate energy levels and to tailor absorption characteristics toward
NIR light.26:355354 These opportunities are noteworthy given that the vast majority of OPD systems
reported to date comprise fullerenes with a NBG donor material that manages the absorption range
of the device.*>*6°5% However, the main disadvantage of such devices is their relatively low

photoresponsivity in the NIR region compared to commercially available inorganic devices.



1.2 Molecular design and synthesis of A-m-D-w-A NFAs

Our group have reported an ultra-NBG NFA, namely COTIC-4F, with an optical bandgap (E;)
of ~1.10 eV.>” As shown in Figure 1-1, the general design strategy of COTIC-4F family of ultra-
narrow bandgap NFAs can be summarized as a A—D’—D—D’—A molecular configuration based on
an electron rich core comprised of cyclopentadithiophene (CPDT) as the central donor (D) unit
and alkoxythienyl units as the flanking donor (D’) fragments, followed by capping with the 2-(5,6-
difluoro-3-oxo0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (IC-2F) end-dye acceptor (A) units.
Of note are the responses to NIR light of the BHJ OSCs based on COTIC-4F and PTB7-Th,
specifically the high short-circuit current density (Jsc) of over 20 mA-cm 2 and the low photon
energy loss (~ 0.52 eV). These features encouraged us to optimize the device efficiencies of
photodiodes by molecular engineering to fine-tune the electronic energy diagram and NIR absorption
capabilities. A few strategies can be employed to modulate the intramolecular charge transfer (ICT)
and E, characteristics through structural modification.*>*®>® One simple way is by introducing
different electron-donating side chains such as alkyl, alkoxy, alkylthio or alkylamino groups.®®-%*

Another efficient method incorporated in order to modify organic semiconductors absorbing

wavelength window is researching on halogen atom substituents on the end-dye acceptors unit.?>®

In this contribution, we examine the impact of side chain modification on the optoelectronic
properties of NFAs built on the COTIC-4F conjugated framework (Figure 1a). Starting with
COTIC-4F (A-D’-D—D’—A), we examine CTIC-4F (A—D”-D—-D”—A, D” = alkylthienyl) and
CO1-4F (A-D’-D—D”—A). Our molecular design rationale is as follows. First, introduction of
different side chains, such as alkyl or alkoxy groups, can readily change ICT characteristics of our
molecules due to their relative electron-donating strengths.®3®2 By increasing the number of alkoxy

groups, we find that one can achieve a smooth progression of E; and molecular orbital



characteristics that translate into OPDs tailored to match specific spectral responses. Secondly,
CPDT as the central donor and IC-2F as the outer acceptor unit have strong electron-donating and
electron-withdrawing properties, respectively, resulting in intramolecular charge transfer and

optical absorbance in the NIR region (700 nm - 1100 nm).
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Figure 1-1. (a) Chemical structures of CTIC-4F, CO1-4F, and COTIC-4F. Absorption spectra of
(b) solution and (c) thin film. (d) Energy level diagram of active layer components estimated from
thin film CV measurements.

Synthetic routes for the new NFAs are depicted in Figure 1-2. The symmetric molecule CTIC-
4F was synthesized through Stille coupling of compound 2 and 5-bromo-4-(2-
ethylhexyl)thiophene-2-carbaldehyde (3) in the presence of Pd(PPhs)s in anhydrous toluene,
followed by Knoevenagel condensation with IC-2F (5) in the presence of pyridine in chloroform,
yielding CTIC-4F. Stille coupling between (4,4-bis(2-ethylhexyl)-4H-cyclopenta[l,2-b:5,4-
b']dithiophen-2-yl)trimethylstannane (6) and compound 3 produced monoaldehyde 7. C-H

activated direct arylation of compound 7 and compound 8 produced the key asymmetric
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Figure 1-2. Synthetic procedures for CTIC-4F and CO1-4F. (i) n-BuLi, THF, Me3SnCl, -78 °C; (ii)
Pd(PPh3)s, Toluene:DMF, 110 °C; (iii)) Chloroform, pyridine, 60 °C; (iv) Pd(OAc).,
P'‘BuzMe-HBF4, DMF, K,CO3, PivOH, P'BuxMe-HBFa.
intermediate 9, followed by Knoevenagel condensation with 7 to obtain the target CO1-4F. The
new compounds were characterized by spectroscopic methods and exhibit good solubility in

common organic solvents such as dichloromethane, chloroform (CF) and chlorobenzene (CB) at

room temperature.

1.3 Results and Discussions

Absorption spectra of solutions of NFAs are shown in Figure 1-1. As the number of oxygen
atoms in the NFA increases, the absorption maximum (Amax) in CF shifts gradually from 744 nm
to 814 nm then 875 nm, accompanied by increasing maximum molar extinction coefficients. The
absorbance of the three NFAs red-shifts significantly (~ 100 nm) between the solution and thin
film states, as seen in Figure 1-1c. Optical transitions of NFAs are located in the NIR region with
EP of 1.30 eV, 1.18 eV, and 1.08 eV for CTIC-4F, CO1-4F, and COTIC-4F, respectively. As a
result, the absorption edge of the CO1-4F occurs between those of CTIC-4F and COTIC-4F. Using

cyclic voltammetry (CV) measurements, the highest occupied molecular orbital (HOMO) and



lowest unoccupied molecular orbital (LUMO) levels were deduced from the onsets of oxidation
and reduction, respectively. The HOMO/LUMO energy levels of CTIC-4F, CO1-4F, and COTIC-
4F were determined to be —5.36/—4.04, —5.30/—4.07, and —5.22/—4.12 eV, respectively (Figure 1-
1d). Incorporation of alkoxy side chains into the n-bridging thienyl unit increases the density of 7t-
electrons (D’-D—D’ > D’-D—D” > D”-D—D”) on the conjugated backbone and thus gradually
upshifts the HOMO energy levels of the molecules.>®? Our previous study revealed that PTB7-
Th:COTIC-4F-based solar cells generate large photocurrents in the NIR despite a very small
HOMO-HOMO energetic offset between PTB7-Th and COTIC-4F. Since CTIC-4F and CO1-4F
possess lower HOMO energy levels relative to COTIC-4F, it is anticipated that both NIR-

absorbing NFAs will efficiently generate charge when blended with PTB7-Th.

Table 1. Optical and electrochemical properties of CTIC-4F, CO1-4F, and COTIC-4F.

compound  Asmax (NM)?  Atmax (NM)® Eg®(eV)* HOMO (eV)! LUMO (eV)* EoY (eV)

CTIC-4F 744 830 1.30 —5.36 —4.04 1.32
CO1-4F 814 920 1.18 —5.30 —4.07 1.23
COTIC-4F 875 995 1.08 —5.22 —4.12 1.10

aAbsorption maximum in solution. PAbsorption maximum in thin film. ‘Optical bandgap
calculated from the absorption edge of the thin film. SHOMO energy level estimated from the
oxidation onset potential. ‘(LUMO energy level estimated from the potential of the reduction onset.
'THOMO-LUMO gap estimated from cyclic voltammetry.

Solar cells with the architecture ITO/ZnO/PTB7-Th:NFA/MoO3/Ag were fabricated in order to
test the performance of COTIC-4F, CTIC-4F and CO1-4F. Optimal photovoltaic performances were
obtained with a blend ratio of PTB7-Th:NFA of 1:1.5 (wt%) using CB as the solvent and 1-
chloronaphthalene (CN) as the processing additive. Figure 1-3a and Table 2 show the J-V
characteristics and a summary of device parameters, respectively. Devices with CTIC-4F, CO1-4F, and

COTIC-4F show PCEs of 10.50%, 10.24% and 7.34% with open-circuit (Voc) values of 0.70 V, 0.64V,

and 0.57 V, respectively. These Voc values are in good agreement with expectations from the LUMO
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energy level difference. Remarkable values for Jsc of 23.36 mA-cm 2, 24.80 mA-cm 2, and 20.4
mA-cm 2 were obtained for devices with CTIC-4F, CO1-4F, and COTIC-4F, respectively, which are
relevant to high external quantum efficiency (EQE) responses in the NIR region. These Jsc values

match well with values calculated from EQE measurements, as shown in Figure 1-3b and Table 2.
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Figure 1-3. (a) J-V characteristics and (b) EQE spectra of the optimized OSC devices under AM
1.5 G illumination at 100 mW cm2. (c) Jon Versus Vst characteristics, and (d) Jsc versus light
intensity of the optimized devices.

Current density (mA cm-2)

Table 2. Photovoltaic performances of the OSC devices based on PTB7-Th and three acceptors
measured at simulated 100 mW c¢cm~ AM 1.5G illumination.

a VOC \JSC FF PCEmaX Cal \]SC
Acceptor V) (MA cm™?) (%)° (MA cm )
0.70 2336 0.64 10.50
CTIC-4F 070+0.002)  (22.90+055)  (0.62+0.02)  (9.99+0.37) 226

0.64 24.80 0.64 10.24
COL-4F  ()63+0.006)  (24.97+0.42)  (0.63:0.01)  (9.99+0.27) 24.0
coTIear 0.57 2073 0.61 734 204

(0.56£0.010)  (20.92+0.51)  (0.58£0.02)  (6.90%0.28)

4PTB7-Th:acceptor blend ratios are 1:1.5 (w/w). 2vol% CN was used as a processing solvent
additive. “Average values from 18 devices.

In view of the performance of PTB7-Th:NFA blends within in solar cell configurations, we
examine their function within NIR organic photodetectors. Responsivity (R), the ratio of the

photocurrent to the incident light intensity, is an important parameter to evaluate the optical



response of a photodetector. It is calculated from the EQE according to the following equation:>®

Jon _ EQE A

R = =
Ligne 1240

where Jpn is the photocurrent density in A-cm™2, liig is the incident light intensity in W-cm™, 4 is
the wavelength. Figure 1-4(a-c) shows the spectral responsivity of BHJ photodiodes based on
CTIC-4F, CO1-4F and COTIC-4F, respectively. Maximum responsivities under short-circuit
conditions of 0.49 A/W, 0.46 A/W and 0.37 A/W were determined at 830 nm, 920 nm, and 995
nm for devices with CTIC-4F, CO1-4F and COTIC-4F, respectively. When operated under reverse
bias, photodetector responsivity increases as a result of more efficient charge collection under an
external electric field. PTB7-Th:CO1-4F devices have a responsivity of 0.52 A/W under an applied
bias of -3 V. To the best of our knowledge, this is the highest reported organic photodetector
responsivity in the 900 nm range without a gain mechanism. Another critical figure of merit for
photodetectors is the specific detectivity (D*), which evaluates the sensitivity to weak optical
signals. The shot noise-limited specific detectivity can be calculated from the responsivity and
dark J-V characteristics.%” The D* of the three types of photodetectors is shown in Figure 3d-3f.
At 0 V, specific detectivities of 7.0x10%, 1.5x10%* and 1.7x10"! Jones are obtained for CTIC-4F,
CO1-4F and COTIC-4F based devices. As the reverse bias increases, D* decreases for all three
NFAs based photodetectors. At — 3 V, the corresponding values are 1.2 x 10%°, 2.6 x 10* and 5.9
x 10° jones, respectively. Thus, while increasing the reverse bias can enhance the responsivity, the
dramatic increase in the dark current, along with the shot noise that accompanies it, has a negative
dominating effect on the specific detectivity. This suggests the limiting factor of detectivity is
mainly the dark current. Engineering of the interface should minimize the dark current under

reverse bias, resulting in larger D*.
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Figure 1-4. (a-c) Responsivity and (d-f) specific detectivity of photodetector devices using PTB7-
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How side chain modification of n-bridge impacts molecular order within pure NFA and blend
films was investigated by using grazing incidence wide-angle X-ray scattering (GIWAXS). Two-
dimensional (2D) GIWAXS patterns of neat and blend films processed with under the same
conditions as the optimized OSC devices are shown in Figure 1-5. To investigate how processing
additives affect the blend components, we compared neat films prepared with and without CN
additive. Examination of the results shows that with CN dramatically changes the manner of
molecular packing of CTIC-4F in the neat film. The CN-processed CTIC-4F film shows a sharp
and intense (100) diffraction peak at g; = 0.50 A (d-spacing: 12.5 A), as well as an abundance of
diffraction spots which cannot be attributed to specific features at this time. These features imply
that CTIC-4F molecules have a tendency to crystallize in ordered 3D structures with the
complicated diffraction pattern suggesting the presence of multiple polymorphs.®3® Replacing D”
with the D’ n-bridge results in diffraction along the g, and qxy axes, but few off-axis scattering
features. CO1-4F shows a typical edge-on orientation with a strong (100) diffraction peak at g, =
0.41 A (d-spacing: 15.3 A), noticeably larger than for CTIC-4F, and a n— stacking peak at Qxy =
1.79 Al (d-spacing: 3.51 A) whereas COTIC-4F tends to adopt a bimodal texture with a
coexistence of face-on and edge-on orientations. The molecular ordering of PTB7-Th within a neat
film show a preferential face-on orientation. The 2D GIWAXS diffraction pattern of the PTB7-
Th:CTIC-4F blend (Figure 4d) maintains scattering features from both neat materials, suggesting
that one component does not perturb crystallization of the other.>’ Although the well-defined
diffraction spots of CTIC-4F are lost in the blend with PTB7-Th, many remain, albeit with

increased orientational disorder.

The diffraction patterns of blends of PTB7-Th:COTIC-4F (Figure 1-5¢) and PTB7-Th:CO1-4F

(Figure 1-5f) display broad lamellar (100) packing in the in-plane direction and broad n-t (010)
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Figure 1-5. 2D GIWAXS images of (a) CTIC-4F, (b) CO1-4F, and (c) COTIC-4F neat films, and
(d) PTB7-Th:CTIC-4F, (e) PTB7-Th:CO1-4F, and (f) PTB7-Th:COTIC-4F blend films processed
with CB:CN (98:2 vol%).

packing in the out-of-plane direction. We suspect that the diffraction features originate from the
PTB7-Th and NFA crystals, as well as part of the components being reorganized into intermixed
phases. One observes PTB7-Th is relatively insensitive to the blending with NFA component and
orients face-on relative to the substrate as seen in the neat film. However, orientation of the NFA
crystallites in the blend is sensitive to the presence of PTB7-Th. As mentioned above, the high
degree of intracrystalline and orientational order observed for neat CTIC-4F is disturbed upon
blending with PTB7-Th, while crystallites of COTIC-4F adopt a face-on orientation in contrast to
the previous edge-on orientation in the neat COTIC-4F film. During spin-coating with PTB7-Th,
COTIC-4F crystallites may be kinetically trapped in a metastable face-on state,’* favorable to out-
of-plane charge transport necessary in diodes. A similar result is observed when blending CO1-4F

with PTB7-Th, although it is difficult to draw similar conclusions due to the disorder observed in

the GIWAXS diffraction pattern of neat CO1-4F.
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1.4 Conclusions

In summary, we successfully synthesized NFAs that have narrow optical bandgaps, absorbing
in the 700 — 1100 nm range. The subtle structural modification of NFAS via side chain engineering
led to a dramatic change in the spectral window of devices when incorporated in OSCs and OPDs.
Newly designed NFAs, CTIC-4F and CO1-4F, showed decent photovoltaic properties with PCEs
over 10% and remarkable Jsc of ~25 mA-cm2. The efficient OPDs were demonstrated by using
new materials and the devices feature high responsivities of 0.51 A W at 830 nm and 0.52 AW
at 920 nm for CTIC-4F and CO1-4F, respectively. Notably, CO1-4F is one of the very few electron
acceptor materials featuring narrow bandgap (<1.3 eV) and high photo-responses to the NIR. With
consideration of wide range of possible structural modifications, this design strategy suggests that

a wide range of additional NFAs can be further designed with the simplicity of preparation.

1.5 Experimental Methods

Materials All reagents and chemicals were purchased from commercial sources and used
without further purification. All anhydrous organic solvents for the synthesis, characterization,
and device fabrication steps were purchased from Sigma-Aldrich and TCI. Compound 1, 2, 3,
4, 5,7, and 8 were prepared via a modified synthetic condition from literature,>257:62.72

Characterizations of compounds H and 3C NMR spectra of intermediate monomers were
recorded on a Varian Unity Inova 500 MHz spectrometer in deuterated chloroform solution
(CDCl3) with 0.003%TMS as internal reference. Mass spectra were obtained from Bruker
Microflex Matrix-Assisted LASER Desorption lonization - Time of Flight Mass Spectrometer
(MALDI-TOF) using 1,8-Dihydroxy-9(10H)-anthracenone (Dithranol) as a matrix recorded in

a (+)-reflector mode. Ultraviolet-Visible-Near-infrared (UV-Vis-NIR) absorption spectra were
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recorded on a Perkin Elmer Lambda 750 spectrophotometer. For the measurements of thin
films, materials were spun coated onto precleaned glass substrates from chloroform solutions
(10 mg mL™1). Optical band gap (Eg°) was determined from the absorption onset of thin film
sample.

Electrochemical characterization The electrochemical cyclic voltammetry (CV) was
conducted on a CHI-730B electrochemistry workstation with glassy carbon disk, Pt wire, and
Ag/Ag+ electrode as the working electrode, counter electrode, and reference electrode,
respectively in a 0.1 M tetrabutylammonium hexafluorophosphate (n-BusNPFg)-anhydrous
acetonitrile solution at a potential scan rate of 50 mV s™!. Thin films of samples were deposited
onto the glassy carbon working electrode from a 1.5 mg mL™ chloroform solution. The
electrochemical onsets were determined at the position where the current starts to differ from
the baseline. The potential of Ag/AgCl reference electrode was internally calibrated by using
the ferrocene/ferrocenium redox couple (Fc/Fc*).

Grazing incidence wide angle X-ray scattering (GIWAXS) analysis 2D GIWAXS
measurements were performed using Beamline 9A at the Pohang Accelerator Laboratory (PAL).
The photon energy is 11.055 keV (A = 1.1214 A). The angle between the film surface and the
incident beam was fixed at 0.12° for all of the samples. The measurements were obtained at
scanning intervals of 20 between 3° and 25°. The 2D GIWAXS images from the films were
analyzed according to the relationship between the scattering vector q and the d spacing, q =
2n/d. The GIWAXS images shown are normalized with respect to exposure time.
Fabrication and characterization of solar cell and photodetector devices The solar cell
devices were fabricated followed by these procedures. First, the ITO-coated glass substrates

were cleaned with detergents, then sonicated in acetone and isopropyl alcohol and dried in an
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oven at 130 °C. The zinc oxide (ZnO) solution was prepared using mixture of diethyl
zinc and tetrahydrofuran (THF) (1:2, viv %) and the ZnO film (35 nm) was prepared
from spin-casting at 4000 rpm for 15 s and annealing at 110 °C for 15 min.*®! For
deposition of the active layer, blend solutions of PTB7-Th (1 wt%):NFAs (1.5 wt%) dissolved
in CB (with 2 vol% 1-chloronaphthalene ) were spin-coated on top of the ZnO layer in a

nitrogen-filled glove box. The device was pumped down in vacuum (< 10-6 torr; 1 torr

~133Pa), and a 7 nm thick MoO3/100 nm thick Ag electrode for our device architecture

were deposited on top of the active layer by thermal evaporation. The photodetector devices
were fabricated similar to the solar cell devices with the only exception that another
shadow mask was used during thermal evaporation to yield a smaller device area of ~4.51
mm?2. The deposited MoOs/Ag electrode defined the active area as 20 mm?. Photovoltaic
characteristics measurements were carried out inside the glove box using a high quality
optical fiber to guide the light from the solar simulator equipped with a Keithley 2635A
source measurement unit. J-V curves were measured under AM 1.5G illumination at
100 mW cm? using an aperture (9.4 mm?) to define the illuminated area. EQE
measurements were conducted in nitrogen-filled glove box using an EQE system. The

monochromatic light intensity was calibrated using a Si photodiode and chopped at 100 Hz.

1.6 Material Synthesis

5,5'-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b"]dithiophene-2,6-diyl)bis(4-(2-
ethylhexyl)thiophene-2-carbaldehyde) (compound 4): A mixture of 4,4-bis(2-ethylhexyl)-
4H-cyclopenta[1,2-b:5,4-b"]dithiophene-2,6-diyl)bis(trimethylstannane), compound 2, (900

mg, 1.24 mmol), 5-bromo-4-(2-ethylhexyl)thiophene-2-carbaldehyde, compound 3, (937 mg,
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3.09 mmol), (Pd(PPhs)s) (71 mg), and dry toluene (20 mL) was added into a flame-dried and
nitrogen-filled one-neck round-bottom flask (50 mL). The flask was purged with N2 for 10 min
and the reactant was heated to 120 °C for 36 h. After the mixture cooled to room temperature,
DI water was added, and the mixture was extracted with dichloromethane two times (50 mix3).
The organic layer was dried over MgSO4 and concentrated in vacuum. The residue was purified
by silica gel column chromatography (n-hexane/ethyl acetate, 1/9) to afford the product as a

sticky red solid (754 mg, 72%).

IH NMR (500MHz, CDCI3, ppm): 5 9.83 (s, 2H), 7.56 (s, 2H), 7.16 (t, 2H), 2.77 (d, 4H), 1.89—
1.98 (m, 4H), 1.71 (br, 2H), 1.25—1.30 (m, 16H), 0.84 — 1.05 (m, 28H), 0.60 — 0.74 (m, 12H).
2,2'-((2Z,2'2)-((5,5'-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b"]dithiophene-2,6-
diyl)bis(4-(2-ethylhexyl)thiophene-5,2-diyl))bis(methanylylidene))bis(5,6-difluoro-3-oxo-

2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (CTIC-4F): A mixture of compound

4 (384 mg, 045 mmol) and 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-

ylidene)malononitrile, compound 5, (334 mg, 1.45 mmol), dry chloroform (20 mL), and
pyridine (0.5 mL) was added into to a flame-dried and nitrogen-filled one-neck round-bottom

flask (50 mL). The flask was purged with N2 for 20 min and the reactant was heated to 60 °C

for 16 h. After the mixture cooled to room temperature, the reaction mixture was concentrated
in vacuum. The residue was purified by silica gel column chromatography (n-

hexane/dichloromethane, 2/8) to afford the product as a dark brown solid (443 mg, 76%).
'H NMR (500MHz, CDCI3, ppm): 6 8.77 (s, 2H), 8.53 (q, 2H), 7.69 (t, 2H), 7.64 (s, 2H), 7.48
(t, 2H), 2.84 (d, 4H), 1.94 — 2.05 (m, 4H), 1.78 (br, 2H), 1.23 — 1.46 (m, 16H), 0.85 — 1.15 (m,

28H), 0.63 —0.70 (m, 12H).
14



MS (MALDI-TOF): calculated m/z 1271.70; found m/z 1271.46.
5-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b"]dithiophen-2-yl)-4-(2-
ethylhexyl)thiophene-2-carbaldehyde (compound 7): A mixture of compound 6 (565.5 mg, 1
mmol), compound 3 (394 mg, 1.3 mmol), (Pd(PPh3)4) (58 mg), and dry toluene (20 mL) was
added into to a flame-dried and nitrogen-filled one-neck round-bottom flask (50 mL). The flask
was purged with N2 for 20 min and the reactant was heated to 120 °C for 36 h. After the mixture
cooled to room temperature, DI water was added, and the mixture was extracted with
dichloromethane for two times (50 mIx3). The organic layer was dried over MgSO4 and
concentrated in vacuum. The residue was purified by silica gel column chromatography (n-

hexane/ethyl acetate, 1/9) to afford the product as a sticky orange solid (525 mg, 84%).

IH NMR (500MHz, CDCI3, ppm): 5 9.82 (s, 1H), 7.55 (s, 1H), 7.21 (d, 1H), 7.14 (t, 1H), 6.95 (m,
1H), 2.77 (d, 2H), 1.84 — 1.96 (m, 4H), 1.71 (br, 2H), 1.21 — 1.40 (m, 10H), 0.83 — 1.05 (m, 22H),
0.57 — 0.78 (m, 12H)
5-(4,4-bis(2-ethylhexyl)-6-(3-((2-ethylhexyl)oxy)-5-formylthiophen-2-yl)-4H-
cyclopenta[1,2-b:5,4-b"]dithiophen-2-yl)-4-(2-ethylhexyl)thiophene-2-carbaldehyde
(compound 9): A mixture of compound 7 (250 mg, 0.4 mmol), compound 8 (147 mg, 0.46
mmol), Pd(OAc)2 (10.8 mg, 0.05 mmol), P'Bu2Me-HBF4 (19.8 mg, 0.08 mmol), pivalic acid
(40.8 mg, 0.4 mmol), potassium carbonate (165.8 mg, 1.2 mmol), and dry toluene (4 mL) was
added into to a flame-dried and nitrogen-filled one-neck round-bottom flask (25 mL). The
resulting mixture was purged with N2 for 20 min and was heated to 120 °C for 16 h. After TLC
analysis showed completion of the reaction, the resulting mixture was cooled to room
temperature. DI water was added and the mixture was extracted with dichloromethane for two

times (50 mIx3). The organic layer was dried over MgSO4 and concentrated in vacuum. The
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residue was purified by silica gel column chromatography (n-hexane/ethyl acetate, 1/9) to afford
the product as a sticky orange solid (210 mg, 72%).

IH NMR (500MHz, CDCI3, ppm): & 9.82 (s, 1H), 9.75 (s, 1H), 7.56 (s, 1H), 7.47 (s, 1H), 7.32
(s, 1H), 7.15 (t, 1H), 4.10 (d, 2H), 2.77 (d, 2H), 1.81 — 1.97 (m, 5H), 1.72 (br, 1H), 1.18 — 1.66
(m, 18H), 0.80 — 1.10 (m, 28H), 0.59 — 0.75 (M, 12H).
2-((2)-2-((5-(6-(5-((2)-(1-(dicyanomethylene)-5,6-difluoro-3-oxo-1H-inden-2(3H)-
ylidene)methyl)-3-((2-ethylhexyl)oxy)thiophen-2-yl)-4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b"]dithiophen-2-yl)-4-(2-ethylhexyl)thiophen-2-yl)methylene)-5,6-
difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (CO1-4F): A mixture of
compound 9 (389 mg, 0.45 mmol) and 2-(5,6-difluoro-3-0xo-2,3-dihydro-1H-inden-1-
ylidene)malononitrile, compound 5, (334 mg, 1.45 mmol), dry chloroform (20 mL), and pyridine
(0.5 mL) was added into to a flame-dried and nitrogen-filled one-neck round-bottom flask (50
mL). The flask was purged with N2 for 20 min and the reactant was heated to 60 °C for 5 h.
After the mixture cooled to room temperature, the reaction mixture was concentrated in vacuum.
The residue was purified by silica gel column chromatography (n- hexane/dichloromethane, 2/8)

to afford the product as a dark green solid (400 mg, 69%).

1H NMR (500MHz, CDCI3, ppm): 6 8.77 (s, 1H), 8.70 (s, 1H), 8.49 — 8.56 (m, 2H), 7.61 —7.72
(m, 4H), 7.44 — 7.53 (m, 2H), 4.17 (d, 2H), 2.85 (d, 2H), 1.94 — 2.05 (m, 4H), 1.87 — 1.94 (m,
1H), 1.79 (br, 1H), 1.50 — 1.70 (m, 4H), 1.23 — 1.46 (m, 14H), 0.85 — 1.15 (m, 28H), 0.63 —
0.70 (m, 12H).

MS (MALDI-TOF): calculated m/z 1287.70; found m/z 1287.57.
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Chapter 2: Materials Development for Ultra-Narrow Bandgap Non-
Fullerene Acceptors (UNBG-NFAS)

2.1 Introduction

The active materials in organic optoelectronic devices have rapidly developed to achieve high
performance as well as to obtain high-transmittance for next-generation integrating
application.>”"3~'> In particular, non-fullerene acceptors (NFAs) with the capability to absorb until
near-infrared wavelength region have received considerable attention, recently, due to their
promising potential of various applications in thin-film-transistors, organic solar cells, sensors,
and etc. Furthermore, the optical absorption range of NFAs can be selectively tuned by adjusting
the bandgap of the materials.”®"® Considerable research has been dedicated to the investigation of
high-performance Semi-Transparent Organic Photovoltaics (ST-OPV). Particularly, there is
significant interest and need in developing ultra-narrow band gap materials with superior
absorbing selectivity, as these have potentially absorbing selectivity in infrared region detecting
beyond the detective limits of traditional opaque Si-based inorganic NIR-OPDs as well as
improving important evaluation parameter of average visible transmittance (AVT) of ST-OPV
devices.”8! Uses of transparent light sensors will be for the Internet-of-Things (1oT) generation
such as vehicle windows, building smart exteriors, e-skin, wearable health devices and etc.?%:82
This section describes our approach to designing ultra-narrow bandgap non-fullerene acceptors
using molecular design strategies inspired by the worked summarized in the first chapter with the
aid of theoretical simulation. A pair of A-D—D’—D—A structured ultra-narrow bandgap NFAs with
optical bandgap within 1.0eV (BCIC-4F and TCIC-4F) have been designed, synthesized, and

fabricated into photodetectors.
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Photodetectors are an essential component in electronic devices that are used for a wide range
of applications, including image sensors, health monitoring devices, solar cells and so on.
Conventional photodetectors are based on crystalline inorganic semiconductor materials such as
silicon and epitaxial semiconductors grown on planar and rigid substrates (wafers).88* The
increasing demand for unobtrusive photodetectors that can be used for human body or small
electronic chips has led to a growing interest in state-of-the-art solutions. Organic semiconductors,
such as m-conjugated molecules and polymers, are particularly attractive due to their high
extinction coefficients, which result from strong light absorption in thin films arising from large
wavefunction overlap between the electronic ground state and lowest excited state.®>%” NIR non-
fullerene acceptor is one of strategy key to achieve high-transparent device and high-detectivity in
range of NIR wavelength (over 780 nm). Since most of the organic photodetectors are based on a
donor:acceptor heterojunction, which can separate excitons and generate charges.® In this work,
the PM2 donor polymers with 1.41 eV optical band gap (Eg°™") was selected to fabricate device
with new designed ultra-narrow bandgap NFAs. Two compositions of PM2:BCIC-4F and
PM2:TCIC-4F are demonstrated in this section for NIR photon detecting devices. NIR materials
including PM2 donor and two newly synthesized NFAs exhibit NIR absorption (thin-film state)
with narrow optical bandgaps of 1.41 eV (PM2), 0.86 eV (BCIC-4F) and 0.98 eV (TCIC-4F),
respectively. Consequently, the best estimated value of specific detectivity was 6.51x10* at 1050

nm in the PM2:TCIC-4F based device.

2.2 Molecular design, simulation, and synthesis of ultra-narrow bandgap

Non-Fullerene Acceptors (NFAs)

This section presents the newly designed non-fullerene acceptors (NFAs) materials utilizing

the A-D-A’-D-A molecular structure to promote the enhanced intra-molecular charge transfer
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(ICT) effect and thus achieves the ultra-narrow bandgap of <1.0eV NIR absorbers. With the

purpose to efficiently explore more possible combinations of different electron efficient motifs

(D) and electron deficient motifs (A and A’) incorporated within the NFAs frameworks, DFT

simulation for potential combinations of A-D-A’-D-A structured molecules have been utilized

and the calculation results have been summarized in Figure 2-1.
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Figure 2-1. (a) Structural variations and (b) TD-DFT calculated bandgap of UNBG-NFAs.
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New strategy for designing ultra-narrow bandgap NFAs (as shown in this Figure 2-1) have

been utilized to push forward to further narrowed bandgap with the purpose of achieving

efficient NIR-OPD device at 1200nm wavelength in infrared region. By integrating various

electron donor and acceptor fragments within the molecular structure, ICT effect and

corresponding materials’ processibility could be easily tuned accordingly. Moreover, DFT

calculation has been applied to prediction on molecular properties (frontier energy level of

HOMO, LUMO, optical gap, oscillator strength etc.) for those newly structured NFAs that are

designed based on A-D-A’-D-A strategy. These calculation results are summarized in Figure 2-

1b compared with the standard structure of COTIC-4F that has been well-examined in our group

previous published paper.>” After the concept of “optimal tuning” and second geometry

optimization have been fulfilled, time-dependent density functional theory (TD-DFT) is applied

to study the excited states of our large molecular systems. As shown in the calculation summary

figure, the BBT centered acceptor presents potentially narrowest bandgap that might be lower

than 1.0eV and therefore achieve higher OPD response within Infrared detecting range. The

molecular structures and synthesis efforts towards the two targeted molecules is demonstrated

in Figure 2-2.
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Figure 2-3. (b) Synthetic routes for UNBG-NFAs of BCIC-4F and TCIC-4F.

The synthesis route for two targeted molecules are summarized in Figure 2-3. The target
molecule of BCIC-4F was synthesized through Stille coupling of compound 2 and 4,7-dibromo-
5,6-dinitrobenzo[c][1,2,5]thiadiazole, after the reduction of the nitro-group and cyclization of
Benzo[1,2-c:4,5-c']bis[1,2,5]thiadiazole (BBT) unit, Vilsmeier reaction and Knoevenagel
condensation reaction were applied and targeted compound of BCIC-4F was obtained. The other

NIR-NFA of TCIC-4F was prepared using the similar methods as shown in Figure 2-3.

To further examine the materials’ optical properties, BCIC-4F and TCIC-4F chloroform (CF)
solutions and thin-films casted from NFAs’ 10mg/mL CF solutions at 1000 rpm were measured by
the UV-Vis-NIR Spectroscopy. According to the absorption profile (Figure 2-4), TCIC-4F has as
solution absorption peak at 928nm where BCIC-4F has the peak at 1032nm. In the thin-film UV-

Vis spectra, BCIC-4F have two main absorption peaks where the second peak lies around 1200nm,
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and the TCIC-4F has the solid-state absorption peak at 1086nm. With the onset absorption
wavelength obtained from the absorption profile, the optical gaps for TCIC-4F and BCIC-4F were
estimated as 1.0eV and 0.88eV, respectively. Cyclic Voltammetry (CV) experiment was conducted
on a CHI-730B electrochemistry workstation with the three-electrodes system consisting of glassy
carbon disk, Pt wire, and Ag wire electrode which serve as the working electrode, counter electrode,
and pseudo reference electrode, respectively. The measurement was performed in 0.1M
tetrabutylammonium hexafluorophosphate (n-BusNPFe)-anhydrous acetonitrile solution at the
potential scan rate of 100 mV s !. Thin films of samples were deposited onto the glassy carbon
working electrode from its 5 mg mL™ chloroform solution. The electrochemical onsets were
determined at the position where the current starts to differ from the baseline. The potential of Ag
pseudo reference electrode was internally calibrated relative to Fc/Fc+ couple (—4.88 eV vs.
vacuum). The HOMO level measured by CV for BCIC-4F is -5.4eV and the calculated LUMO
level is -4.5eV. The HOMO level measured by CV for TCIC-4F is -5.6eV and the calculated

LUMO level is -4.6eV (summarized in Table 2-1).

Table 2-1. Optical and electrochemical properties of BCIC-4F, TCIC-4F

NFA Eg°Pt (eV)? Enomo (eV)P ELumo (eV)°
BCIC-4F 0.86 -5.40 -4.50
TCIC-4F 0.98 -5.60 -4.60

%0ptical band gap calculated from the absorption edge of thin film. "HOMO energy level
estimated from the onset oxidation potential. “LUMO energy level estimated from the CV
measured HOMO level and optical gap.
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Figure 2-4. Optical and electrochemical characterizations of BCIC-4F and TCIC-4F.

2.3 Application in Near-Infrared organic photodetectors (NIR-OPDs)

To test the performance of originally designed and synthesized UNBG-NFAs of BCIC-4F and
TCIC-4F with the help of DFT simulation, NIR-OPD devices have been fabricated with the
structures presented in Figure 2-5. The molecular structures of donor and acceptors for comprising
bulk hetero junction organic photodetectors, named PM2, BCIC-4F and TCIC-4F, are illustrated
in Figure 2-5b and their device architecture and band diagram are depicted in Figure 2-5 (b-c).
PM2 polymer was chosen as a narrow bandgap donor material to blend with above NFAs. Because
the compositions consist of only narrow bandgap materials (D:A blend), strong absorption of

photons in the NIR region by devices could be expected.

The devices based on blends of PM2:BCIC-4F and PM2:TCIC-4F were fabricated in an
inverted device structure of indium-tin-oxide (ITO)/zinc oxide (ZnO)/NIR D:A/M0oO3/Ag.
The procedures of device fabrication were as follows. Firstly, the ITO-coated glass substrates
were cleaned with detergent, then ultra-sonicated in acetone and isopropyl alcohol, and
subsequently dried in an oven at 100 °C. Then, the cleaned ITO substrates were ultraviolet- ozone
treated for 15 min to remove tiny organic residues. The zinc oxide (ZnO) solution was prepared

using mixture of diethyl zinc solution in toluene and tetrahydrofuran (THF) (1:5, v/v %)
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and the ZnO film (ca. 30 nm thick) was spin-coated at 3000 rpm for 20 s and annealed at
110 °C for 10 min. The blend solution of PM2:NFAs were dissolved in chlorobenzene, which
are with and without processing additives such as 1,8-diiodooctane or 1-chloronaphthalene,
wherein the ratio of Donor:Acceptor were 1:1.5 (D:A w/w) and the concentration of active
solution were 25 mg/ml. These solutions are spin-coated at 2000 to 5000 rpm for film
optimization in a nitrogen-filled glove box. The device was pumped down in vacuum (< 107
torr), and the MoOs/Ag (5 nm/90 nm thick) electrode were deposited by thermal evaporation.
Light-detecting characteristics measurements were carried out at the glove box by the solar
simulator equipped with a Keithley 2635A source measurement unit. J-V curves were
measured under AM 1.5G illumination at 100 mW cm. EQE measurements were conducted

in ambient air condition using an EQE system.
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Figure 2-5. (a) Chemical structure of BCIC-4F, TCIC-4F and donor polymer, PM2 for
optoelectronic devices (b) device architecture and (c) frontier energy levels.
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The performance both OPVs and OPDs are listed in Table 2-2 and corresponded J-V curve,
EQE spectra, spectra of responsivity and specific detectivity, and dark current of devices are shown
in Figure 2-6. PM2:BCIC-4F-based organic solar cells showed less than 1 mA/cm? of short circuit
current (Jsc) under 1 sun irradiation and EQE of un-reached the expected 1400 nm wavelength.
While, photodiode of PM2: TCIC-4F blend system without additives showed Jsc of 1.51 mA/cm?,
the higher value of Jsc (2.26 mA/cm?) are obtained from blend with 2% (v/v) 1-Chloronaphthalene
processing additive. Hence, PM2:TCIC-4F based device demonstrated two dominant peaks at
around 720-730 nm and around 1040-1050 nm as shown in EQE spectra, which arise from
maximum absorption of PM2 and TCIC-4F, respectively. Here, PM2:BCIC-4F based device
showed maximum EQE peak at around 810 nm compared to PM2:TCIC-4F based device is due to
the combined effect of different secondary absorption of NFAs. Maximum responsivities under
photovoltaic mode (@ 0V) of 0.009 and 0.042/0.039 were determined for PM2:BCIC-4F, and
PM2:TCIC-4F based devices at 810 nm and 730 nm / 1050 nm, respectively. In addition, The
maximum specific detectivity (D*, Jones) measured for PM2:BCIC-4F is 6.51x10* Jones at the
810 nm wavelength, while PM2:TCIC-4F showed 1.82x10'?, and 6.51x10'? Jones at each

maximum wavelength.

** Information of device characterization (OPDs)

External quantum efficiency (EQE), the ratio of the number of charge carriers collected by the
device to the number of photons from incident light, were measured at 0 V bias. Dark current of
OPD devices based on PM2:BCIC-4F and PM2:TCIC-4F blends were measured to calculate
photodetector characterization. Generally, Responsivity and specific detectivity (D*) were well-

known as figure of merit for photodetector. Here, Responsivity defined photocurrent per incident
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unit optical power, other words, electrical output of photon input, which can be obtained from the
equation (1).
R=n%Z ()
Specific detectivity (D*) means sensitivity to monochromatic radiation at which its performance
is best. Larger D* means detecting week signal which compete with the detector noise. Calculation
of D* is from equation (2).
R

D = Toars 2

(Here, hv = photon energy, q = elementary charge, n = quantum efficiency, A = Wavelength,
Jo=the dark current density)

Table 2-2. Photovoltaic performances of devices based on PM2:NFAs measured under simulated
100 mW cm? AM 1.5G illumination and Photodetector performances estimated from dark current

and external quantum efficiency (EQE).

NFAs  Additives (Jl;‘ﬁ :1‘) '(/“’,)C (FD /f) I(’%: EQE R“@IL";:?;V“-" R“@z‘;ﬂv“y Destle)::ilvr;tcy* Destle)::ilvr;tcy*
: : (Jones @0 V)*  (Jones @0 V)°
None 0.40 021 030 00253 033 0.009@810 - 6.51x101
BCIC-4F CN 0.13 0.12 027 0.0041
DIO 022 0.19 031 00129 0.13 0.004@810 - 147101
None 1.51 0.47 034 0.24 1.34 0.024@720  0.024@1040 726x101 748101
TCIC-4F CN 226 0.49 0.40 0.44 231 0.02@730  0.039@1050 1.82x1012 6.51x102
DIO 1.05 0.42 032 0.14

a: Estimated value in relatively shorter wavelength. b: Estimated value in NIR region
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Figure 2-6. Device characterization: (a) J-V curve, (b) EQE spectra, (c¢) dark current, (d)
responsivity and (e) specific detectivity.
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Figure 2-7. 2D image of GIWAXS and plotted line of scattering vector in qxy and in g, direction.
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Grazing-incidence wide-angle X-ray scattering (GIWAXS) is sensitive to the crystalline parts
and enables the determination of the orientation of structure, therefore, it is used to better
understand organic film optimization approaches. To investigate the molecular packing in PM2,
BCIC-4F and TCIC-4F pristine thin-films, we carried out GIWAXS as shown in Figure 2-7. PM2
donor polymer exhibits a strong peak along g axis with scattering vector of 1.62 A, indicating a
vertical -t stacking as a face-on orientation. Pure BCIC-4F film also exhibited face-on orientation
with the multi-ordered lamellar stacking on gxy direction. In contrast, pure TCIC-4F film showed
strong 7t-7 stacking peak along gxy axis with scattering vector of 1.75 A, which indicate that the

horizontal streak (edge-on) was observed.

2.4 Additional data for donor polymer optimization

In previous subsections of this chapter, TCIC-4F and BCIC-4F were designed and synthesized
achieving ultra-narrow optical bandgap of less than 1 eV. TCIC-4F has HOMO energy level of -
5.60 eV and LUMO energy level of -4.60 eV, absorbing up to 1200 nm in thin-film state.
Consequently, TCIC-4F showed the maximum absorption peaks of around 1100 nm in NIR region.
To test their performance in range of NIR wavelength, the NIR-OPD devices were fabricated with
configuration of ITO/ZnO/Active layer/MoO3/Ag. Wherein the active layers were based on 1:1.5
(w/w) ratio of D:A dissolved in chlorobenzene. However, there’s challenging task in the device
optimization process regarding the choice of composite donor polymer while TCIC-4F material
presents relatively deep-lied HOMO level. Therefore, PBDTTT-C-T, PTB7, PM2 donor polymers
were selected for suitable energy level in align with TCIC-4F NFA and device study were
conducted with the purpose to examine the relationship between energy offset (ALUMO or

AHOMO) and corresponding OPD performance (Figure 2-8).
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Figure 2-8. (a) chemical structure of donors and ultra-narrow bandgap NFA, TCIC-4F (b) band
diagram of materials (c) 2D GIWAXS images of pure TCIC-4F film and (d) absorption spectra of
TCIC-4F solution and TCIC-4F film.

Table 2-3. Performances of OPDs based on TCIC-4F NFA measured under simulated 100 mWcm-
2 AM 1.5G illumination and estimated from dark current and external quantum efficiency (EQE).

J J Responsivitya Responsivityh Specific Detecti  Specific Detecti
sc sc wl —
iy @ov @-1v @ ey @ o vity* vity*
Donor Additives EQE OV/‘21V (Jones @OV, (Jones @-1 V,
2 2 (mA/cm ) (A/W @0V, @10  (@-1V, @ 1050
(mAfem ) — (mA/cm ) 50 nm) nm) @ 1050 nm) @ 1050 nm)
PTB7 None 418 3.86 0.049 0.095 2.41x10" 3.88x10
PBDTTT-
cT 2HCN 67 473 1.92/3.74 0.032 0.063 111x10” 1.03 x10"

a. Estimated value at zero bias, b. Estimated value at longer -1V.

PTB7:TCIC-4F and PBDTTT-C-T:TCIC-4F based OPDs will be reported as a self-power mode
OPDs (performance at zero bias) and operation in reverse bias (performance at -1V). As shown in
Figure 2-8b, PTB7 donor polymer has -5.12 eV HOMO energy level and -3.31 eV energy level,
while PBDTTT-C-T donor polymer has -5.11 eV HOMO energy level and -3.25 eV energy level.
The summarized performance of the PTB7:TCIC-4F OPDs and PBDTTT-C-T:TCIC-4F OPD
devices were listed in Table 2-3. Maximum responsivities at 1050 nm under self-power mode (0

V) were calculated by 0.049 A/W and 0.32 A/W for PTB7:TCIC-4F, and PBDTTT-C-T:TCIC-
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4F-based best devices (so far), respectively, and it also showed responsivities of 0.095 A/W
(PTB7:TCIC-4F) and 0.063 A/W (PBDTTT-C-T:TCIC-4F) at -1V. Figure 2-9 showed J-V curve,
spectra of EQE, responsivities and specific detectivities. It is observed that the value at shorter
wavelength related with maximum absorption of donors and the performance at longer wavelength
(1050 nm) also related with photocurrent from maximum absorption of TCIC-4F NFA. As shown
in Figure 2-9, spectra of EQE, responsivity and specific detectivity showed significant two high
peaks corresponding to the effect of donors and acceptor. On the other hand, the maximum D* of
the best PTB7:TCIC-4F device are 2.41 x 1012 (1050 nm) Jones at 0V and 3.88 x 1011 (1050 nm)
Jones at -1V while, PBDTTT-C-T:TCIC-4F device showed the D* of 1.11x1012 (1050 nm) Jones

at OV and 1.03 x 1011 (1050 nm) Jones at -1V.
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Figure 2-9. (a, €) J-V characteristics, (b,f) EQE spectra at 0V and -1V, (c,g) spectra of responsivity
and (d,h) spectra of specific detectivity. Upper characteristics are PTB7:TCIC-4F based devices
and bottom figures are based on PBDTTT-C-T:TCIC-4F OPDs.

To investigate the estimate charge transfer state in bulk heterojunction (BHJ) active film,
photoluminescence for PTB7:TCIC-4F, PTB7, PBDTTT-D-T:TCIC-4F and PBDTTT-CT were
measured. basically, all generated excitons in donor material showed radiative recombination. And,

in case of blend system, the generated exciton dissociated at a donor-acceptor interface because of
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the driving force of acceptor. That leads to a strong quenching of the photoluminescence of donor
as a kind of non-radiative recombination process. Figure 2-9 showed spectra of PL intensity for
PTB7-based films and PBDTTT-C-T-based films, respectively. The excitation wavelength were
550 nm and 630 nm for PBT7-based films and PBDTTT-C-T-based films. PTB7 case showed 89%
reduced intensity comparing to PBDTTTCT of 81%, which indicate that PTB7 blends-based
device might have more sufficient charge transport than PBDTTT-CT. Which might related to the

higher performance of PTB7:TCIC-4F based OPDs.
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Figure 2-10. Photoluminescence of PBT7-based films and PBDTTT-C-T-based films

External quantum efficiency (EQE) is defined as the number of electrons provided to the
external circuit per photon incident on the device, while IQE defined as the ratio of the number of
electron-hole (e-h) pairs or charge carriers generated to the number of photons absorbed, within
the active layer in device. To obtain IQE from EQE spectra, we measured reflectance of the films

and calculated using follow equation.

EQE
IQF = ——
¢ 1-R

From the IQE measurement, it is available to account the recombination loss. Typically, for a

superior quality material or blend film with low dislocation density and defects, IQE could be close
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to 100%. Therefore, by comparison between IQE and EQE spectra (commonly, the EQE is lower
than the IQE), we can note the losses at the BHJ interface, charge extraction in device in this work.
EQE of PTB7:TCIC-4F-based OPD showed closer to the IQE spectra values compared to the
PBDTTT-C-T:TCIC-4F device, which provide the reason why the PTB7:TCIC-4F-based OPDs

has higher performance.
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Figure 2-11 (a) 1-R (%) and (b) calculated 1QE spectra.
To demonstrate the film morphologies, optimal blend films both PTB7:TCIC-4F and PBDTTT-

CT:TCIC-4F were measured by tapping mode Atomic force microscope (AFM). PTB7:TCIC-4F
films displayed the smooth surface with 0.703 nm roughness, in contrast, PBDTTT-C-T:TCIC-4F

films showed large clusters with higher roughness of 1.99 nm. This smoothness of films have

effect on charge extraction in devices.
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Figure 2-12. Surface morphology of (a) PTB7:TCIC-4F film and (b) PBDTTT-C-T:TCIC-4F
film. The size is 4x4 (um?).
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Figure 2-13. (a) Dark current characteristic and (b) energy level of materials studied

In this work, we have discovered a worth-noting point for discussion. Figure 2-13 showed the
dark current of three blend system ( PM2:TCIC-4F, PTB7:TCIC-4F and PBDTTT-C-T:TCIC-4F)
devices and energy levels. PM2:TCIC-4F based information was already reported in previous
subsection of this chapter. Although PBDTTT-C-T:TCIC-4F OPDs resulted in lower current
density under 1 sun illumination, it showed lower leakage current at reverse bias in dark condition.
Here, we hypothesized that huge difference of off-set leads bigger separation of the energy band
(other words, it makes bigger electrostatic potential barrier and extend transition region width in
perspective of pn-junction). Therefore, charge flows are quite minimized at reverse bias, resulting
in lower dark current. In other words, increasing off-set difference of LUMOD-LUMOA and

HOMOD-HOMOA can lead to higher photocurrent and enhancement of OPD performance.

2.5 Conclusions and potential improvements

As optoelectronic devices absorbing visible light have been continuously developed, it is
necessary to extend the spectrum of utilization with development of NIR absorbing materials.
Since the introduced compositions have relative strong absorption in near-infrared region, the NIR
organic optoelectronics might contribute to unobtrusive application like devices to be used in

healthcare by continuous detection of physiological signals. Thus, the realization of lightweight
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and conformal image sensors with color or infrared sensitivity would open numerous opportunities

not only in wearable electronics but also in prosthetics, robotics, and automotives.

In this contribution, NIR absorbing donor (PM2) and ultra-narrow bandgap NIR-non fullerene
acceptors (BCIC-4F and TCIC-4F) were synthesized and introduced for organic solar cells and
organic photodetectors in this work. Since PM2 polymer has narrow energy bandgap of ~1.41 eV
and absorbs the sunlight until wavelength of ~900 nm, compositions with NIR non-fullerene
acceptors can exhibit broaden NIR light absorption and high transparency to human’s naked eyes
with superior performance in NIR range. This chapter concludes the description of molecular
design strategy synthesis route, the optical and electrical properties of UNBG-NFAs absorbers as
well as the device structure and methods of the corresponding all narrow bandgap materials
composited device fabrication, with photovoltaic and photodetector performances.

Related non-fullerene acceptor materials can be designed and synthesized with different
chemical structures to tune chemical properties for narrower bandgaps and higher device
performance. In addition, the device performance can be improved through further morphology
control of active layer. Further device optimization includes but not limited to donor/acceptor ratio,
solvent, solution concentration, processing additive type and amount, film deposition method (spin
coating, blade coating, drop casting etc.), film deposition temperature, film thickness, buffer layers
(electron transporting layer, hole transporting layer). In addition, the above systems can be applied
to various organic electronic devices including organic solar cells, organic field effect transistor
and organic sensor. organic photodetectors (OPDs) with NIR responsivity have plenty of
applications such as image sensing, night surveillance, optical communication, and health
monitoring. The recent impressive improvement in organic electronic devices is expected to be of

relevance with the advent of highly efficient NIR NFA materials.
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2.6 Experimental methods

Materials All reagents and chemicals were purchased from commercial sources and used without
further purification. All anhydrous organic solvents for the synthesis, characterization, and device
fabrication steps were purchased from Sigma-Aldrich and TCI. Compounds 3, 8, 9 were purchased
from SunaTech Inc. Compound 1 and 2 were prepared via a modified synthetic condition from

literature.®®

Calculation methods The optimized structures, energy levels, and HOMO and LUMO orbital
distributions were calculated the density functional (DFT) level of theory, using the semi-
empirically tuned wB97XD/6-31G(d,p) functional and basis set. The simulated absorption peak
wavelength pf designed molecules were calculated via time-dependent DFT simulation method.
To simplify calculations, the alkyl chains were replaced with methyl or ethyl chains. The HOMO
and LUMO levels were calculated by determining the difference in energy from the optimized

ground state geometry of the cation and anion, respectively.®

Characterizations of compounds *H and 3C NMR spectra of intermediate monomers were
recorded on a Varian Unity Inova 500 MHz spectrometer in deuterated chloroform solution
(CDCl3) with 0.003%TMS as internal reference. Ultraviolet-Visible-Near-infrared (UV-Vis-NIR)
absorption spectra were recorded on a Perkin Elmer Lambda 750 spectrophotometer. For the
measurements of thin films, materials were spun coated onto precleaned glass substrates from
chloroform solutions (10 mg mL™). Optical band gap was determined from the absorption onset

of thin film sample.

Electrochemical characterization The electrochemical cyclic voltammetry (CV) was conducted
on a CHI-730B electrochemistry workstation with glassy carbon disk, Pt wire, and Ag/Ag+
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electrode as the working electrode, counter electrode, and reference electrode, respectively ina 0.1
M tetrabutylammonium hexafluorophosphate (n-BusNPFs) anhydrous acetonitrile solution at a
potential scan rate of 40 mV s™*. Thin films of samples were deposited onto the glassy carbon
working electrode from a 3 mg mL? chloroform solution. The electrochemical onsets were
determined at the position where the current starts to differ from the baseline. The potential of
Ag/AgCI reference electrode was internally calibrated by using the ferrocene/ferrocenium redox

couple (Fc/Fc™).

Grazing incidence wide angle X-ray scattering (GIWAXS) analysis 2D GIWAXS
measurements were performed using Beamline 9A at the Pohang Accelerator Laboratory (PAL).
The photon energy is 11.055 keV (AL = 1.1214 A). The angle between the film surface and the
incident beam was fixed at 0.12° for all of the samples. The measurements were obtained at
scanning intervals of 20 between 3° and 25°. The 2D GIWAXS images from the films were
analyzed according to the relationship between the scattering vector g and the d spacing, q = 2=/d.

The GIWAXS images shown are normalized with respect to exposure time.

Material Synthesis®?9%2

Compound 4: A mixture of compound 3 (768mg, 2 mmol), compound 2 (2.7g, 4.8 mmol),
Pd(PPhs)s (47 mg) and anhydrous THF (20 mL) was added into a flame-dried and nitrogen-filled
microwave tube in glovebox. The reactant was heated to 120 °C for 24 h. After the mixture cooled
to room temperature, DI water was added, and the mixture was extracted with dichloromethane
(50 ml x 3). The organic layer was dried over Na>SO4 and concentrated in vacuum. The crude
product was purified by silica gel column chromatography (n-hexane:DCM, 9:1) to afford 4 as a

deep blue solid (1.85g, 90%). MS (MALDI-TOF): calculated m/z 1027.53; found m/z 1027.8.
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'H NMR for compound 4 (500MHz, CDCls, ppm): § 7.40 (t, 2H), 7.30 (d, 2H), 6.99 (m, 2H), 1.88-

1.99 (m, 8H), 0.86-1.05 (m, 36H), 0.76-0.78 (m, 4H), 0.71-0.75 (m, 8H), 0.60-0.65 (m, 12H).

Compound 5: Compound 4 (740 mg, 0.72 mmol), Fe powder (504 mg, 9 mmol) and 20mL
Acetic Acid were added into a N2 purged 50mL round bottom flask. The reaction was heated to
80 °C overnight then cooled to room temperature and diluted with 100mL DI water. The mixture
was extracted with dichloromethane (50 ml x 3), dried over K2CO3z and concentrated in vacuum to
afford 5 as a yellow brown solid that was relatively pure by *H NMR and MALDI-TOF and used

for the next step without further purification.

'H NMR for compound 5 (500MHz, CDCls, ppm): § 7.15-7.28 (m, 2H), 7.17 (d, 2H), 6.97 (m,
2H), 4.48 (br, 4H), 1.90-1.99 (m, 8H), 1.00-1.10 (m, 36H), 0.85-0.90 (m, 4H), 0.71-0.80 (m, 8H),

0.62-0.68 (m, 12H). MS (MALDI-TOF): calculated m/z 966.48; found m/z 966.9.

Compound 6: Compound 5 (450 mg, 0.46mmol) was dissolved in 5mL anhydrous pyridine in
a microwave tube, N-thionylalanie (131 mg, 0.94mmol) and TMSCI (290mg, 2.66 mmol) were
added in the glovebox. The reaction was heated to 80 °C and stirred for 24h. After cooling to room
temperature, the reaction was diluted with DI water, extracted with dichloromethane (50 ml x 3),
dried over Na;SO4 and concentrated in vacuum. The crude product was purified by silica gel
column chromatography (n-hexane:DCM, 6:1) to afford 6 as a yellow solid (260mg, 56% for 2

steps).

'H NMR for compound 6 (500MHz, CDCls, ppm): & 9.16 (m, 2H), 7.33 (d, 2H), 7.03 (m, 2H),
4.48 (br, 4H), 1.95-2.16 (m, 8H), 0.98-1.04 (m, 36H), 0.93-0.95 (m, 4H), 0.74-0.77 (m, 8H), 0.62—

0.68 (m, 12H). MS (MALDI-TOF): calculated m/z 994.42; found m/z 995.6.
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Compound 10: A mixture of compound 9 (240mg, 0.2 mmol), compound 2 (284mg, 0.5 mmol),
Pd(PPhs)s (11 mg) and anhydrous THF (10 mL) was added into a flame-dried and nitrogen-filled
microwave tube in glovebox. The reactant was heated to 120 °C overnight. After the mixture
cooled to room temperature, DI water was added, and the mixture was extracted with
dichloromethane (50 ml x 3). The organic layer was dried over NaxSO4 and concentrated in
vacuum. The crude product was purified by silica gel column chromatography (n-hexane:DCM,

8:1) to afford 10 as a deep green solid (332mg, 90%).

H NMR for compound 10 (500MHz, CDCls, ppm): & 9.17 (d, 2H), 7.83 (d, 4H), 7.22 (d, 2H),
7.01 (m, 4H), 6.99 (s, 2H), 3.94 (d, 4H) 1.93-2.09 (m, 8H), 1.82-1.87 (m, 6H), 1.2-1.44 (br, 74H),
0.93-1.06 (m, 32H), 0.74-0.89 (m, 26H), 0.60-0.65 (m, 16H). MS (MALDI-TOF): calculated m/z

1845.27; found m/z 1846.3.

The general procedure for the synthesis of bisaldehyde intermediate 7 and 11 is described as
follows. To a flame-dried and nitrogen-filled one-neck round-bottom flask, POCIs and DMF were
added in anhydrous Chloroform (CF) solvent at 0 °C. The solution was reacted at 0 °C for 30min,
then a solution of compound 6 (or 10) in CF was added. The reactants were heated to reflux
overnight, giving a read solution. The reaction was quenched by DI water and stirred for 30min at
room temperature. The mixture was extracted with ether (50 ml x 3), washed by DI water. The
organic layer was dried over Na;SO4 and concentrated in vacuum. The residue was purified by

silica gel column chromatography.

Compound 7: Compound 6 (260 mg, 0.26 mmol), POCl3z (0.50mL), DMF (4.01mL) and 10mL
of CF solvent were used for the reaction. The crude product was purified by using silica gel column

chromatography (n-hexane:DCM, 6:4) to afford 7 as a deep yellow solid (260mg, 94%).
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'H NMR for compound 7 (500MHz, CDCls, ppm): § 9.91 (s, 2H), 9.21 (m, 2H), 7.66 (t, 2H), 2.02—

2.22 (m, 8H), 0.96-1.06 (m, 36H), 0.75-0.78 (m, 8H), 0.61-0.69 (M, 20H).

Compound 11: Compound 10 (266 mg, 0.144 mmol), POCIz (0.333mL), DMF (2.2mL) and
10mL of CF solvent were used for the reaction. The crude product was purified by using silica gel

column chromatography (n-hexane:DCM, 6:4) to afford 11 as a deep yellow solid (222mg, 80%).

'H NMR for compound 11 (500MHz, CDCls, ppm): & 9.88 (s, 2H), 9.25 (d, 2H), 7.82 (m, 4H),
7.62 (d, 2H), 6.01 (m, 4H), 3.95 (d, 4H) 1.99-2.15 (m, 8H), 1.83-1.87 (m, 6H), 1.26-1.34 (br, 74H),

0.92-1.06 (m, 32H), 0.74-0.89 (m, 26H), 0.55-0.66 (M, 16H).

The general procedure for the synthesis of final products (BCIC-4F and TCIC-4F) is described
as follows. A mixture of bisaldehyde intermediate 7 (or 11), 2-(5,6-difluoro-3-oxo-2,3-dihydro-
1H-inden-1-ylidene)malononitrile (compound 8), dry chloroform (20 mL), and pyridine was added
into to a flame-dried and nitrogen-filled one-neck round-bottom flask The flask was purged with
N2 for 20 min and the reactant was heated to 60 °C for 12 h. After the mixture cooled to room
temperature, the reaction mixture was concentrated in vacuum. The residue was purified by silica

gel column chromatography.

BCIC-4F: Compound 7 (170 mg, 0.162 mmol), compound 8 (124mg, 0.54mmol), pyridine
(0.2mL) and 30mL of anhydrous CF solvent were used for the reaction. The crude product was
purified by using silica gel column chromatography (n-hexane:DCM, 1:1) to afford BCIC-4F as

a deep blue solid (160mg, 67%).

IH NMR for BCIC-4F (500MHz, CDCls, ppm): & 9.12 (s, 2H), 8.96 (s, 2H), 8.50 (m, 2H), 7.68
(M, 4H) 2.03-2.21 (m, 8H), 1.25 (s, 6H), 1.05 (br, m, 30H), 0.62-0.77 (M, 24H). MS (MALDI-

TOF): calculated m/z 1475.93; found m/z 1475.48.
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TCIC-4F: Compound 11 (200 mg, 0.103 mmol), compound 8 (80mg, 0.35mmol), pyridine
(0.2mL) and 40mL of anhydrous CF solvent were used for the reaction. The crude product was
purified by using silica gel column chromatography (n-hexane:DCM, 1:1) to afford TCIC-4F as

a deep purple solid (175mg, 72%).

IH NMR for TCIC-4F (500MHz, CDCls, ppm): 9.37 (t, 2H), 8.94 (s, 2H), 8.56 (g, 2H), 7.85 (t,
2H), 7.84 (t,2H), 7.59 (t, 4H), 7.11 (m, 4H), 4.02 (d, 4H), 2.05-2.22 (m, 8H), 1.88-1.93  (m,
6H), 1.27-1.38 (br, 74H), 0.97-1.09 (m, 32H), 0.82-0.90 (m, 16H), 0.59-0.78 (m, 24H). MS

(MALDI-TOF): calculated m/z 2325.3; found m/z 2326.3.
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Chapter 3: Green Solvent Processable Organic Semiconductors

3.1 Introduction

Organic semiconductors have gained widespread attention and applications in the past few
decades due to their unique properties such as lightweight, flexibility, and excellent industry
potential for high throughput solution processing and roll-to-roll printing technologies. Organic
solar cells (OSCs), wearable electronics, and organic photodetectors (OPDs) are some of the
applications where these semiconductors are extensively used.%89%4 Despite their advantages,
the use of traditional solvents in OPV processing is a major concern as they are commonly highly
toxic halogenated organic solvents like chlorobenzene (CB), o-dichlorobenzene (O-DCB), tri-
chlorobenzene (TCB), and chloroform (CF). These solvents not only pose a risk to human health
upon exposure, threatening long-term negative effects on the ecosystem but also cost more fiscally
regarding the solvent waste disposal expenses. Therefore, there is a need for research and
development of halogen-free/“green solvent” (Figure 3-1) processable organic semiconductors to
make organic photovoltaics a viable option for real-life applications. The use of green solvents
would not only make the processing of these semiconductors safer for human health and the
environment, but it would also reduce the cost of production, making them more accessible to
people. The development of halogen-free/green solvent processable organic semiconductors is
essential for the advancement and wider use of organic photovoltaics, and it represents a significant
step towards sustainable and environmentally friendly technologies.®>% While the use of green
solvents is a promising approach towards safer and more sustainable organic photovoltaics, there
are limited research works on green solvent processable organic semiconductors. Some recent
studies have focused on designing new light-harvesting materials by introducing solvation

sidechains that enhance the materials' solubility in polar processing solvents.®” 1% However, the
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development of high-performance semiconductors that can be processed by high dielectric
constant green solvents is still a challenge. Additionally, fundamental studies such as film
morphology, optical and charge transport properties as well as device performance of materials

processed by green solvents remain to be further explored.
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Figure 3-1: Chemical structures of commonly used solvents for OPV fabrication: halogenated
solvents (left), halogen-free or ‘green’ solvents (right).

In this chapter, A series of small molecular non-fullerene acceptors (NFAs) with A-D-A and
A-D’-D-D’-A structural frameworks have been synthesized in order to develop semiconductors
with molecular structures tailored for solubility in polar media and efficient transport of charge
carriers in the solid state. After characterized by solution NMR, MALDI-TOF mass spectra and
Cyclic Voltammetry, NFAs’ corresponding solubility in the chosen green solvent of 2Me-THF has
been measured by UV-vis Spectroscopy. With the interest of comparing different conditions
processed materials’ neat films, Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) and
Atomic Force Microscope (AFM) has been applied to those synthesized new materials’ pristine
solid-state systems processed by different solvents. These studies use a family of molecules that

allows for systematic dissection of structural components. To understand how molecular
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conformation and dipole moment, calculated by computational simulation, affect the solubility in
green solvents. And develop processing conditions to control molecular self-assembly in solution
and thin film. We seek to understand the effects of molecular structures on their solubilities and
furthermore establish structure-function-property-performance relationships for OSCs processed

from green solvents.

3.2 Design and synthesis of NFAs probing structure-property relationships

Intrigued by the D-A co-polymers, non-fullerene acceptors (NFAs) have emerged as the next
generation of electron acceptors in organic photovoltaics systems with 1) its higher light absorption
compared with fullerene derivatives 2) well-defined optical and electrochemical properties 3)
flexible synthetic procedures and structural frameworks leading to tunable solubility. Recently our
group have developed narrow bandgap NFA of COTIC-4F, incorporating cyclopentadithiophene
(CPDT), unit as the central donor (D) fragment, which is flanked by two alkoxythienyl units (D)
to form an electron rich D’-D-D’ central core. The D’-D-D’ units are end-capped with the electron
deficient (A) unit 2-(5,6-difluoro-3-oxo0-2,3-dihydro-1H-inden-1-ylidene) malononitrile,
ultimately providing a A-D’-D-D’-A molecular configuration with the proper attributes to achieve

the target intramolecular charge transfer (ICT) effect.>’
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Figure 3-2: Molecular Design Strategy.
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In this part of work, we have designed synthesized and characterized a family of A-D’-D-D’-A
structured non-fullerene acceptors (NFAs) (Figure 3-3) utilizing the molecular design method
(Figure 3-2) intrigued via the ultra-narrow bandgap NFA of COTIC-4F published by our group.
With the modulation of center donor units with varied sidechains and the end-dye acceptors’
halogenation substituents, these series newly designed NFAs present tailored solubilities and

potential processability with 2-MeTHF.

(A o
\% Core (D) %

Side chain CTIC-4F End group (A)

X = H, CO6IC
X=F,

COTIC-2F

B donor n-bridge [\ acceptor

C4Ho C4Ho

R = Ethylhexyl DaTIC-4F
R’= Phenylhexyl

Figure 3-3: Chemical structures of A-D’-D-D’-A structured NFAs.

These series of NFAs are designed with the interest of comparing and investigating the core donor
modification (CTIC-4F, DTIC-4F and DaTIC-4F), thiophene n-bridge (CTIC-4F and COTIC-2F)
and end-dye acceptor motif (CO6IC and CO61C-4F) effect on molecular properties thus resulting

in different solubility and morphological properties.
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3.3 Results and discussion

As shown in Figure 3-4, the synthetic routes of four central donor core units corresponding to
CTIC-4F, DTIC-4F, DaTIC-4F, CO6IC and CO6IC-4F is presented (more detailed synthetic route
is attached in section 3-5 of this chapter). After sidechain modifications by either nucleophilic
substitution/ Pd(BINAP)-Catalyzed Amination/ Grignard reaction, center core donor units were
obtained and then stannylated by n-BuLi and trimethyItin, followed by the Stille coupling reaction
between corresponding stannylated donor core with 5-bromo-4-((2-ethylhexyl)oxy)thiophene-2-
carbaldehyde (COTIC-2F) or 5-bromo-4-(2-ethylhexyl)thiophene-2-carbaldehyde (CTIC-4F,
DTIC-4F and DaTIC-4F) in the presence of catalytic Pd(PPh3)4 in anhydrous toluene producing
dialdehyde intermediates. Subsequently, Knoevenagel condensation reaction between dialdehyde
intermediates and 2-(5,6-difluoro-3-o0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (CTIC-4F,
DTIC-4F, DaTIC-4F and CO6IC-4F) or 2-(3-0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile

(COG6IC) with a final yield around 70% within 6 substrates scope.
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Figure 3-4: Synthetic Routes for Centre Donor of NFAs.
Cyclic voltammetry (CV) measurements were carried out in order to estimate molecular frontier
orbital energy levels. The LUMO levels were deduced from the onsets of the reduction peaks and

HOMO levels were calculated by the following equation: EHOMO = EHOMO _ E opt \where optical
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bandgaps were measured by UV-vis spectroscopy and estimated by material’s film absorption

onsets.
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Figure 3-5: Energy Levels Diagrams for 6 NFAs estimated by CV and Optical Gap.

To experimentally quantify different materials’ solubilities in the green solvent of 2-MeTHF,
saturated solutions were prepared by stirring at 50°C overnight, after filtering out un-dissolved

material when solution was back to dissolving balance at room temperature, saturated solutions
were with 100 to 10000 volumes of the same solvent to achieve an optical density suitable for
absorption measurement.1%*Solubility value were calculated by measuring the optical density of
the diluted solution and plugging measured absorbance to fitted calibration equation obtained by
standard curves with known concentrations. The absorption curves are summarized in Figure 2-6

and the solubility results are reported in Table 3-1.

Table 3-1: Solubilities and Calculated Dipole Moments summary

S Theoretical Calculated

Acceptor Solubility in 2-MeTHF Dipole Moment (Debye)
DaTIC-4F 37 mg/mL 4.568050
CO6IC-4F 23 mg/mL 1.567600
CTIC-4F 14 mg/mL 1.012300
COTIC-2F 15 mg/mL 2.084828
DTIC-4F <2mg/mL 1.685661
Co6IC < 2mg/mL 1.567600
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Figure 3-6: Calibration spectra used to calculate solubility number.

the excited states of our large molecular systems.
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To obtain a deeper understanding of the observed trends of 6 NFAs’ solubilities in 2-MeTHF,
theoretical calculations were performed at the density functional (DFT) level of theory with the

semi-empirically tuned LC-oPBE/6-31G (d,p) functional and basis set to obtain the optimized

molecular conformations and calculated dipole moment.'%?First geometry optimizations for newly
designed A-D-A’-D-A ultra-narrow bandgap NFAs are done with the method of B3LYP/6-
31G(d,p). Then the optimal ® values were determined based on the LC-wPBE functional with the
6-31G(d,p) basis set. For the optimization of the range-separation parameter o, all the single-point
calculations were carried out for the N and N £ 1 systems using the default SCF convergence
criteria in the Gaussian 09 code. After the concept of “optimal tuning” has been fulfilled, 2"

geometry optimization and time-dependent density functional theory (TDDFT) is applied to study



Summarizing the solubility results for the organic semiconductors series, solubilities in 2-
MeTHF increase with number of sidechains on center D units (CTIC-4F ~14mg/mL and DTIC-4F
< 2mg/mL), furan-like core units (DaTIC-4F ~37mg/mL and CTIC-4F ~14mg/mL) and halogen
substituents on the end-A units (CO6IC-4F ~23mg/mL and CO6IC < 2mg/mL). Moreover, For
NFAs with center donor core modification (DaTIC-4F, CO61C-4F and CTIC-4F), the experimental
measured solubility in 2-MeTHF follows the same trend with calculated dipole moments, which
could be accounted by single molecular dipole moments’ positive relationship with corresponding
materials’ polarities. However, more factors need to be taken in to account for rationalizing the
observed solubility results. For example, the halogen substituents atom on the End-dye acceptor
units (CO6IC and CO6IC-4F) have apparent effect on material’s solubility when NFAs share

similar polarity, which could be accounted by molecular aggregation tendency’s difference.
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Figure 3-7: CTIC-4F and COTIC-2F chemical structures (top left); top and side-view of optimized

geometries (bottom left) and normalized UV-vis Spectra of solutions (top right) and films
processed by CB and 2-MeTHF (bottom right).
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With the purpose of digging deeper into molecular structures’ profound impacts on molecular
optical, aggregation and morphological properties at the solid-state, characterizations of UV-vis
Spectroscopy, GIWAS and AFM have been applied to three systems processed by a pair of
solvents of CB and 2-MeTHF for comparison. And results discussion will be divided into three
parts of 1) substituents effects 2) thiophene n-bridge and 3) central donor modifications. As shown

in Figure 3-7, introducing the alkoxyl thiophene into the A-D’-D-D’-A system, COTIC-2F —

CTIC-4F, leads to a red shift in the absorption maximum (Amax) from 744 to 875 nm in solution
UV-vis in CB and also around 100nm redshift when changing solvent to 2-MeTHF. For the lack
of conformational “locks” via S---O interactions involving proximate alkoxy groups and thienyl S

atoms to favor coplanarity of the overall = - conjugated system,%% CTIC-4F presents less

planarity than COTIC-2F and blue-shifted absorption in film-state UV-vis spectra. The presence

of COTIC-2F’s secondary shoulder peak around 800nm also assists this hypothesis. There’s subtle

28 CTIC-4F
B (Me-THF)

M COTIF-2F
(Me-THE)

. Onm

-
CTIC-4F (Me-THF) COTIC-2F (Me-THF)

Figure 3-8: GIWAXS results (top) and AFM measurement (bottom) for CTIC-4F and COTIC-2F.
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difference between CTIC-4F’s film-state absorption spectra processed by two solvents, however,
a new peak arises around 1200nm for COTIC-2F which might result from potential super
molecular assembly when NFA is present in 2-MeTHF solution before drop-casting the film.
Further characterizations on those NFAs films are summarized in Figure 3-8 including GIWAXS
and AFM measurement. CTIC-4F crystallites orient face-on relative to the substrate in both
solvents processed films, while COTIC-2F presents relatively amorphous pattern in 2D-GIWAXS
image. This result agrees with AFM imaging (Figure 3-8) where CTIC-4F has highly ordered
networks akin to a metropolitan road network which is potential to efficient green solvent
processed OSC system.% Future work to renationalize the COTIC-2F’s large red-shift when
processed by 2-MeTHF and understand its aggregation behavior should be planned for

concentration and temperature dependent experiments.

A pair of C-O bridged laddered structured NFAs of CO61C and CO61C-4F with non-flouro and
di-flouro substituents on the end-capping acceptors respectively have been synthesized and the
characterizations are shown in Figure 3-9. The solution UV-vis spectra demonstrate similar
absorption peaks around 800nm for both NFAs which means change on the halogen atoms of CO6
NFAs have few effects on intermolecular charge transfer (ICT) resulting in close optical gap
(1.23eV and 1.28 eV for CO61C-4F and CO6IC). And as expected, the molecular polarity, revealed
by calculated dipole moments share no difference for this pair of molecules structural similarity.

It has been reported that single methoxy group introduced on the end-group phenyl and varied its

substitution position in ITIC derivatives can significantly impact the electron mobility of neat

material’s films as well as the device performance in BHJ OSCs.'®The combined effects of the
methoxy position on the intermolecular packing densities and electron-transfer rates by theoretical

simulation are fully consistent with the experimental evolution of the electron mobilities. %
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Therefore, the solubility difference between CO61C-4F and CO61C molecules could be accounted
by the intermolecular packing greatly influenced by flouro-substituent and higher aggregation

tendency for CO6IC small molecule.
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Figure 3-9: CO6IC and CO6IC-4F chemical structures (top left); top and side-view of optimized
geometry (bottom left); films characterization of CO6IC-4F processed by 2-MeTHF (center) and
normalized UV-vis Spectra in CB and 2-MeTHF (right).

Having investigated the substituent’s influence of thiophene n-bridge and end-A fragments, we
move forward to examining the center-D units variations by synthesizing and characterizing the
three systematically changed NFAs (CTIC-4F, DaTIC-4F and DTIC-4F) which simply differs in
the single atom within the central donor units. And we keep the alkyl-substituted thiophene bridge
as well as fluorinated IC end groups. As shown in Figure 3-5 and Figure 3-10, modification in
the center-D affects barely on the LUMO levels of NFAs, but the red-shifted absorption spectra
from CTIC-4F>DTIC-4F->DaTIC-4F and the consequently narrowed bandgap demonstrates the

increased electron-donating capability from CPDT->DTP->DTPa. Regarding the lack of
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conformational locks via S:--O interaction, the rotational single bond connecting the center-D and
end-A planar give rise to the broad single absorption peak in two solvents. It is worth noting that
because of the asymmetry nature of DTPa core, overall molecular polarity has been enhanced and
conformational planarity is obstructed thus presenting a ‘banana shape’ slightly twisted optimized
single molecular geometry for DaTIC-4F. And all factors mentioned above bring about the

growing solubility tendency in 2-MeTHF from DTIC-4F>CTIC-4F->DaTIC-4F (Table 3-1).
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Figure 3-10: CTIC-4F DaTIC-4F and DTIC-4F chemical structures (left); top and side-view of

DTIC-4F

optimized geometries (center) and normalized UV-vis Spectra of solutions (top right) and films
processed by CB and 2-MeTHF (bottom right).

The surface topography of three NFAs’ neat films prepared by 2-MeTHF were characterized
by AFM. As presented in Figure 3-11b, the AFM height images indicate that all the CTIC-4F,
DTIC-4F and DaTIC-4F films have smooth surface features with decreased root-mean-square
(RMS) roughness of 2.48, 1.81, and 1.12 nm, respectively. The 2D GIWAXS patterns of CTIC-
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4F and DaTIC-4F are shown in Figure 3-11a. As stated earlier in this report, the high intensity
peak (010) located at gz = 1.77 A of the CTIC-4F thin film prepared by CB indicated a face-on
orientation of backbones on the substrate, whereas OOP (100) diffraction peaks located at gz =
0.35 A of DaTIC-4F’s film prepared from CB implies the edge-on orientations. Interestingly,
when changing the processing solvent from CB to 2-MeTHF, the intensity of (010) peak in CTIC-
4F film was enhanced and a new (010) peak in DaTIC-4F appeared at gz = 1.76 A™* indicating the

enhanced 7-7 stacking of CTIC-4F and DaTIC-4F at thin-film states.
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Figure 3-11: a) 2D GIWAXS patterns of DTIC-4F and DaTIC-4F thin films casted from CB and
2-MeTHF b) AFM imaging of CTIC-4F, DTIC-4F and DaTIC-4F.

53



3.4 Conclusions

A family of A-D’-D-D’-A structured NFAs presenting high solubilities and potential
processability with 2-MeTHF have been designed, synthesized, and characterized by UV-vis
spectroscopy AFM and GIWAXS. NFAs’ solubilities in 2-MeTHF were measured and an
increasing trend with number of sidechains, halogen substituents within end-dye acceptors and
furan-like constructing units have been observed. The computationally simulated single molecular
dipole moments and molecular geometry help with accounting for the solubility trends. Further
thin-film characterization of GIWAXS results reveal that n-n stacking of CTIC-4F and DaTIC-4F
is enhanced when processed by 2-MeTHF compared to films prepared from CB, which indicates
that these 2 NFAs are potential good candidate towards efficient green solvent processed OPV
systems. Future direction for this continued work will be investigation into charge transport of
films prepared from 2-MeTHF and CB and examination of the molecular size and shape effects

on solubility and molecular packing.

3.5 Experimental method

Materials All reagents and chemicals were purchased from commercial sources and used without
further purification. All anhydrous organic solvents for the synthesis, characterization, and device
fabrication steps were purchased from Sigma-Aldrich and TCI. Compounds 5 was purchased from
1 Materials Inc. Compound 1, 2, 3, M1 and M2 were prepared via a modified synthetic condition
from literature.’”” Compound COTIC-2F, CTIC-4F were synthesized via conditions from

literature.® For synthesis of DaTIC-4F, please refer to chapter 4 of this thesis.

Calculation methods The optimized structures, energy levels, and HOMO and LUMO orbital

distributions were calculated the density functional (DFT) level of theory, using the semi-
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empirically tuned LC-oPBE/6-31G(d,p) functional and basis set. The simulated absorption peak
wavelength pf designed molecules were calculated via time-dependent DFT simulation method.
To simplify calculations, the alkyl chains were replaced with methyl or ethyl chains. The HOMO
and LUMO levels were calculated by determining the difference in energy from the optimized

ground state geometry of the cation and anion, respectively.®

Characterizations of compounds H and 3C NMR spectra of intermediate monomers were
recorded on a Varian Unity Inova 500 MHz spectrometer in deuterated chloroform solution
(CDCl3) with 0.003%TMS as internal reference. Ultraviolet-Visible-Near-infrared (UV-Vis-NIR)
absorption spectra were recorded on a Perkin Elmer Lambda 750 spectrophotometer. For the
measurements of thin films, materials were spun coated onto precleaned glass substrates from
chloroform solutions (10 mg mL™). Optical band gap was determined from the absorption onset

of thin film sample.

Electrochemical characterization The electrochemical cyclic voltammetry (CV) was conducted
on a CHI-730B electrochemistry workstation with glassy carbon disk, Pt wire, and Ag/Ag+
electrode as the working electrode, counter electrode, and reference electrode, respectively ina 0.1
M tetrabutylammonium hexafluorophosphate (n-BusNPFg) anhydrous acetonitrile solution at a
potential scan rate of 40 mV s*. Thin films of samples were deposited onto the glassy carbon
working electrode from a 3 mg mL™ chloroform solution. The electrochemical onsets were
determined at the position where the current starts to differ from the baseline. The potential of
Ag/AgCI reference electrode was internally calibrated by using the ferrocene/ferrocenium redox

couple (Fc/Fc™).
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Grazing incidence wide angle X-ray scattering (GIWAXS) analysis 2D GIWAXS
measurements were performed using Beamline 9A at the Pohang Accelerator Laboratory (PAL).
The photon energy is 11.055 keV (AL = 1.1214 A). The angle between the film surface and the
incident beam was fixed at 0.12° for all of the samples. The measurements were obtained at
scanning intervals of 20 between 3° and 25°. The 2D GIWAXS images from the films were
analyzed according to the relationship between the scattering vector g and the d spacing, g = 2x/d.

The GIWAXS images shown are normalized with respect to exposure time.

Material Synthesis
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R = 2-ethylhexy

Compound 4: A mixture of compound 3 (394mg, 1.3 mmol), compound 2 (320mg, 0.52 mmol),
Pd(PPhs)s (30 mg) and anhydrous toluene (20 mL) was added into a flame-dried and nitrogen-
filled microwave tube in glovebox. The reactant was heated to 120 °C for 24 h. After the mixture
cooled to room temperature, DI water was added, and the mixture was extracted with
dichloromethane (50 ml x 3). The organic layer was dried over Na SO and concentrated in
vacuum. The crude product was purified by silica gel column chromatography (n-hex:EA=5:1, Rf

=0.5) to afford 4 as a dark red solid (260mg, 71%).

'H NMR for compound 4 (500MHz, CDCls, ppm): § 9.80 (s, 2H), 7.57 (s, 2H), 7.17 (s, 2H), 4.16—

4.7 (m, 2H), 2.40-2.20 (m, 4H), 1.20-1.40 (m, 6H), 1.18-1.39 (m, 12H), 0.75-0.97 (m, 12H).
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Compound DTIC-4F: A mixture of bisaldehyde intermediate 4 (90mg, 0.122mmol), 2-(5,6-
difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (compound 5, 96mg, 3.4eq), dry
chloroform (20 mL), and pyridine was added into to a flame-dried and nitrogen-filled one-neck
round-bottom flask The flask was purged with N2 for 20 min and the reactant was heated to 60 °C
for 12 h. After the mixture cooled to room temperature, the reaction mixture was concentrated in
vacuum. The residue was purified by silica gel column chromatography to afford DTIC-4F as

dark blue solid.

'H NMR for compound DTIC-4F (500MHz, CDCls, ppm): 8 8.72 (s, 2H), 8.5-8.53 (m, 2H), 7.59-
7.70 (m, 2H), 7.38 (s, 2H), 4.02-4.20 (br, 2H), 2.80-2.90 (m, 4H), 1.20-1.40 (m, 6H), 1.18-1.39

(m, 12H), 0.75-0.97 (m, 12H).
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Compound 6: A mixture of M1 (100mg, 0.28 mmol), compound M2 (378mg, 1 mmol), Pd(PPh3)4
(20 mg) and anhydrous toluene (20 mL) was added into a flame-dried and nitrogen-filled
microwave tube in glovebox. The reactant was heated to 120 °C for 24 h. After the mixture cooled
to room temperature, DI water was added, and the mixture was extracted with dichloromethane
(50 ml x 3). The organic layer was dried over Na,SO4 and concentrated in vacuum. The crude
product was purified by silica gel column chromatography (n-hex:DCM=1:1, Rf = 0.4) to afford

6 as a pale yellow solid (166mg, 80%).

'H NMR for compound 6 (500MHz, CDCls, ppm): & 7.32-7.34 (d, 2H), 6.89 (d, 2H), 4.31-4.37 m,

4H), 3.95(d, 4H), 1.55 (br, 6H), 1.22-1.37 (m, 14H), 0.78-095 (m, 12H).

Compound 7: To a solution of compound 6 (240mg, 0.3mmol) in dry DCM (10 mL), BBr3 (1.9mL
6eq) was added at low temperature under protection of inert gas Ar. After reaction warms and and
keep stirring at room temperature for 2h, track the reaction. Annulation was conducted directly
after deprotection. No information for the *H NMR since the obtained brownish yellow solid is
not soluble in most of the common organic solvent. Compound 7 was directly used for the next

step of reaction.%®
Compound 8: To completely dried compound 7 (150 mg, 0.38 mmol), (4-hexylphenyl)magnesium
bromide (3.8 mmol) was added at room temperature under argon. The mixture was stirred at 60°C

overnight. After cooling to room temperature, the reaction mixture was poured into icy water
followed by extraction with DCM for three times and NH4Cl for one time. Orange red product

mixture was dried under vacuum before directly used for the next step.

Compound 9: The residue od compound 8 was dissolved in anhydrous toluene solvent (20mL),

and p-toluenesulfonic acid (148mg) was added. The mixture was stirred at room temperature for
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several hours before TLC tracking the completion of reaction. DI water was added, and the mixture
was extracted with dichloromethane (50 ml x 3). The organic layer was dried over NaSO4 and
concentrated in vacuum. The crude product was purified by silica gel column chromatography

using CF to afford 9 as yellow solid (370mg, 73%).

'H NMR for compound 9 (500MHz, CDCls, ppm): § 7.32-7.34 (d, 2H), 6.89 (d, 2H), 4.31-4.37

(m, 8H), 3.95(d, 8H), 1.55 (br, 6H), 1.22-1.37 (m, 24H), 0.78-0.95 (m, 12H).

Compound 10: To a mixture of POCl3(0.71 mL) and DMF (0.35 mL), 20 mL DCM was added
after removing H2O and O». Leave reaction stirring at 0° for 30min, then a solution of compound
9 (316 mg, 0.316 mmol) was added in the mixture. The reaction was heated to reflux overnight,
giving a red solution. The reaction was quenched via water and stirred for another 30min before
extraction with DCM. The crude product was purified by silica gel column chromatography TLC

(DCM:Hex=1.5:1) Column (DCM:Hex=1:1) and sticky orange solid was obtained.

'H NMR for compound 9 (500MHz, CDCls, ppm): & 9.67 (s, 2H), & 7.34 (s, 2H), 7.17(m, 8H),

7.27 (m, 8H), 2.63 (t, 8H), 1.62(m, 8H), 1.26-1.35 (m, 24H), 0.84-0.91 (m, 12H).

Compound CO6IC-4X: A mixture of bisaldehyde intermediate 9, 2-(5,6-difluoro-3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (compound 5), dry chloroform (20 mL), and pyridine
was added into to a flame-dried and nitrogen-filled one-neck round-bottom flask The flask was
purged with N2 for 20 min and the reactant was heated to 60 °C for 12 h. After the mixture cooled
to room temperature, the reaction mixture was concentrated in vacuum. The residue was purified

by silica gel column chromatography to afford CO61C-4x as dark blue solid.
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'H NMR for compound CO61C (500MHz, CDCls, ppm): § 8.70 (s, 2H), 5 8.65 (d, 2H), & 7.85 (d,
2H), § 7.74 (m, 2H), § 7.7 (m, 2H), § 7.52 (m, 2H), 5 7.40 (s, 2H), 7.16-7.72 (br, 16H), 4.26-4.17

(br, 2H), 2.62-2.70 (m, 4H), 1.60-1.70 (m, 6H), 1.22-1.40 (m, 12H), 0.79-0.90 (m, 12H).

'H NMR for compound CO6IC-4F (500MHz, CDCls, ppm): § 8.67 (s, 2H), & 8.51 (m, 2H), §
7.61 (t, 2H), & 7.42 (s, 2H), § 7.17-7.27 (m, 16H), 2.67 (m, 8H), 1.54-1.72 (m, 8H), 1.21-1.43

(br,24H), 0.75-0.92 (m, 12H).
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Chapter 4: Toluene Processed Semitransparent Optoelectronic

Devices Based on Narrow Bandgap Composition

4.1 Introduction

Organic semiconductors have drawn intense research interest because of their ultra-thin film
processibility, synthetic flexibility, and potential industry applications through low-cost solution
based techniques.*>1%113 Their structural versatility allows tuning of optical gaps for specific
applications. In the area of optoelectronics based on organic semiconductors, the concentration of
development has shifted to fullerene-free acceptors since few years ago for further attractive
applications not only enhancing device performance.?”** The non-fullerene acceptors (NFAS) in
bulk heterojunction (BHJ) photoactive films is one of key factors to determine the performance of
optoelectronic devices including organic solar cells (OSCs) and organic photodetectors
(OPDs).15116 Most NFAs reported recently have narrower optical bandgap, which indicates that
they can absorb more photons up to in range of Near-infrared (NIR) wavelength. Composition of
narrow bandgap NFAs and wide bandgap donors have achieved high performance by 18% power
conversion efficiency of OPVs and 1.42x10% Jones of OPDs due to broaden light absorption and
increased photocurrent.*"1® Near-infrared (NIR) responsive organic solar cells (OSCs) can form
the basis of future applications such as semitransparent energy producing devices for building-
integrated or green house systems, together with developing dichroic semitransparent
electrodes.*®122 With a similar working principle to OSCs, on the other hand, two terminal-based
organic photodetectors (OPDs) with NIR responsivity are beneficial to next generation
applications that include image sensing, night surveillance, optical communication, health and

biomedical monitoring.}?*12* Hence, not only the flexibility in molecular design with the extensive
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knowhow on the functions for modulating energy levels and morphological features on
heterojunction (BHJ) but also the strategy of material composition is essential to accelerate the

development of NIR OPDs.

The interaction of solvents and BHJ components has a significant effect on the film morphology
and blend self-assembly.!?% Except for achieving high efficiency in fullerene-free
optoelectronics with halogenated solvents, there is substantial focus on green solvent processing
in device fabrications process for industrial scale of commercial market.}2"1?8 Typically, the
toxicity of common organic halogenated solvent (chlorinated solvents, such as chloroform (CF),
chlorobenzene (CB), dichlorobenzene (DCB), and so on) widely used in organic semiconductors
processing process are less desirable. Chlorine-free solvents such as toluene and tetrahydrofuran
(THF) were preferentially chosen for green solvent-based organic optoelectronics.?® For toluene-
based OSCs, Maojie Zhang’s group reported a high performance of 13.1% power conversion
efficiency from PM7:1T-4F blend in 2018.1° For THF solvent-based OSCs, Jianhui Hou’s group
reported an efficiency of 12.1% with doctor blading processed PBDB-BzT:IT-M blend.**! Both
groups presented higher device performance of green solvents than one of chlorinated solvents

resulted from enhanced current density.

In our previous work, we’ve developed the CTIC-4F NFA with Eg of ~1.30 eV, a
A—-D’-D—D’—A molecular configuration based on an electron rich core comprising of
cyclopentadithiophene (CPDT) as the central donor (D) unit and alkylthienyl units as the flanking
donor (D’) fragments, followed by capping with the acceptor (A) units of 2-(5,6-difluoro-3-oxo-
2,3-dihydro-1H-inden-1-ylidene)malononitrile (1C-2F). CTIC-4F was reported with the specific
detectivity (D*) of 7.0 x 10 Jones with peak around 830 nm at zero-bias and the power conversion

efficiency (PCE) of 10.5% by blending with PTB7-Th donor polymer for active layer.> In this
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contribution, an O-functionalized conjugated core unit was introduced to modify electron donating
ability for broadening absorption and bandgap. On the other hand, halogen atoms (F, Cl) on the
end group could attribute to the auxochromic effect of molecule and they simultaneously downshift
energy levels.’® In particular, chlorine atom on molecule such as Cl---S and Cl---7 interactions
showed stronger noncovalent interactions than fluorine atom, since empty 3d orbitals of fluorine
atom can accept the electron pairs or m electrons on the molecule, which can improve
intermolecular interaction.}'132713 Thys, a few strategies can be employed to modulate the

electrical and optical characteristics.

In this contribution, we designed and synthesized a series of narrow band gap NFAs, DaTICs,
see Figure 4-2a. Then, we examined the impact of end-dye acceptors engineering on the
optoelectronic properties of NFAs built on the DaTIC conjugated framework. Those originally
developed NFAs were furthermore applied into OSCs and OPDs processed by both chlorobenzene
and toluene. The incorporated donor was the previously reported polymer PM2, which is
promising for implementation of transparent devices due to its broadened absorption up to 900
nm. Toluene solvent-based devices had higher photocurrent and thus output of organic
optoelectronic due to the bicontinuous film morphology and the efficient phase separation. Finally,
we fabricated the green solvent based semitransparent devices with thin Au top electrode, resulting
in accomplishing the high detectivities of 2.75x10* Jones at maximum wavelength at zero bias in

PM2:DaTIC-4Cl blend system.
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4.2 Results and discussion

4.2.1 Molecular design and characterization

The synthetic routes of the new NFAs are depicted in Figure 4-1. The series of molecules
DaTIC-4X were synthesized through Stille coupling reaction between compound 3 and 5-bromo-
4-(2-ethylhexyl)thiophene-2-carbaldehyde (4) in the presence of Pd(PPhs)s in anhydrous toluene,
followed by end-capping with IC-2X (6) where X represents hydrogen, fluorine, or chlorine
substituents. The synthetic routes of IC-2X and characterization of intermediates have been

summarized in the experimental methods section.

(iii) 60 %

X =H, DaTIC
X =F, DaTIC-4F
X =ClI, DaTIC-4Cl
R = 2-ethylhexyl

(i) 1) RMgBr, THF, -78°C; 2) PTSA.H,0, Toluene, 120°C; (ii) n-BuLi, Me;SnCI, THF, -78°C;
(iii) Pd(PPh3),, Toluene 110°C; (iv) CF, pyridine, 45°C

Figure 4-1. Synthetic route for DaTIC derivatives.

Table 4-1. Optical properties and estimates of frontier energy levels of PM2, DaTIC derivatives

compound Atmax (nm)*  Eg°Pt(eV)P ECY (eV)© Enomo (eV)?  Evrumo (eV)*

PM2 794 1.41 - -5.04 -3.63
DaTIC 815 1.33 1.52 -5.50 -3.98
DaTIC-4F 851 1.26 1.26 -5.38 -4.12
DaTIC-4Cl 886 1.18 1.21 -5.37 -4.16

Absorption maximum in thin films2 "Optical band gap calculated from the absorption edge of thin film.
°Electrochemical band gap obtained from the CV. “HOMO energy level estimated from the onset oxidation
potential. *(LUMO energy level estimated from the onset reduction potential.
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Figure 4-2. (a) Chemical structure of molecules. (b) Neat film UV-vis absorption spectra, (c)
energy level diagram of molecules.

Solid state absorption spectra of NFAs are shown in Figure 4-2b, and materials’ optical and

electrochemical properties are summarized in Table 4-1. In CF solution, the absorption maximum

(Amax) redshifts gradually from 815 to 851 to 886 nm, accompanied by increasing maximum molar
extinction coefficients, as the substituents vary from H to Cl. From the solution to the film state,
redshifts ~100 nm for three NFAs can be observed. Optical transitions of NFAs are located in the
NIR region with Eg®® of 1.30, 1.26, and 1.18 eV for DaTIC, DaTIC-4F, and DaTIC-4Cl,
respectively. Cyclic voltammetry (CV) measurements were carried out to estimate orbital energy
levels. HOMO and LUMO levels were deduced from the onsets of the oxidation and reduction
peaks, respectively. The HOMO/LUMO energy levels of DaTIC, DaTIC-4F, and DaTIC-4Cl were
determined to be —5.36/—4.04, —5.38/—4.12, and —5.37/—4.16 eV, respectively (Figure 4-2c).
Incorporation of chlorine atom at the end-dye acceptor enlarges the density of w-electrons on the
conjugated backbone and thus downshifts the HOMO energy levels. Our previous study revealed

that PTB7-Th:COTIC-4F-based solar cells generate photocurrents in the NIR region despite a
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small HOMO-HOMO energetic offset between PTB7-Th and COTIC-4F. Since DaTIC-4F and
DaTIC-4Cl possess lower HOMO energy levels relative to that of COTIC-4F, and the new donor
polymer of PM2 has relatively deep HOMO level, it is anticipated that efficient charge generations

can occur from both NIR-absorbing NFAs when blending with PM2.

To figure out the influence of the halogenated substituent of end group on the optoelectronic
performance in the new designed molecules, the two terminal-based photomultiplication type
organic devices were fabricated with architecture configuration of Indium tin oxide (ITO)/zinc
oxide (ZnO)/PM2:DaTICs/Mo0Oz3/Ag (see Figure 4-3a), wherein the active solutions were mixed
two components as 1:1.5 (D:A) ratio of a PM2 and a DaTIC-2X with 25 mg/ml concentration. To
implement semitransparent optoelectronic devices such as organic solar cells and organic
photodetectors for next-generation applications, PM2 donor polymer was selected because of its
outstanding properties including the narrow optical bandgap of 1.41 eV, absorbance upto around
900 nm and stable high performance. The chemical structure of PM2 polymer are shown in Figure
4-2a together with the new designed DaTIC-2X NFAs. The two semiconducting components for
binary photoactive films were dissolved in each two solvents, one was chlorobenzene as a
chlorinated prevailing organic solvent and the other was toluene as an environmentally benign
solvent. Detailed information of device fabrication is described in the experimental section. Table
4-2 and Figure 4-3 shows the performance both organic solar cells and organic photodetectors.
Since these two devices have similar working mechanism and device structure, two functions of
an optoelectronic device can be selectively used depending on the purpose of the device
applications. Photovoltaic parameters were derived from the fourth quadrant of J-V curve, in this
study, while, figures of merit for photodetectors were obtained from characteristic at zero external

bias under both illumination and dark condition as a self-powered operation mode.
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Figure 4-3. (a) device structure, (b) J-V curve, (¢) EQE spectra of photo devices measured at zero
bias, (d) spectra of responsivity and (e) specific detectivity based on the photocurrent measured at
short circuit condition and (f) transmittance spectra of films based on ZnO/PM2:DaTICs blends.

Table 4-2. Photovoltaic performances of OSCs based on PM2 and DaTIC NFAs measured under
simulated 100 mW cm™ AM 1.5G illumination and Photodetector performances estimated from
dark current and external quantum efficiency (EQE).

Donor Solvent Acceptor’ Jsc Voc FF PCE’ Responsivity Specific
(mA/cm?) (V) (%) @hmax Detectivity*
(Jones @0 V)
CB DaTIC 1.95 0.81 037 0.58  0.041@800 9.41x10"
PM2 DaTIC-4F  9.49 0.71 0.44 298  0.23@810 1.67x10"
DaTIC-4Cl 10.12 0.67 045 3.08 0.20@825 1.64x10"
Toluene  DaTIC 2.03 0.82 037 0.61 0.037@800 1.10x10"
DaTIC-4F  13.50 0.70 0.44 429  0.26@810 1.60x10"
DaTIC-4Cl 14.11 0.69 047 450 0.27@825 2.75%10"

aPM2:acceptor blend ratios are 1:1.5 (w/w) in chlorobenzene (CB) and toluene (Tol). "These are

best PCE values.

The performance of solar cells based on the non-halogenated molecule, PM2:DaTIC solar cells

processed by both solvents, showed low photocurrent at short circuit condition due to the limitation

of shorter range of light absorption by 900 nm as well as weaker light absorption. Which resulted
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in significantly lower performance of less than 1% PCE arise from the current density (Jsc) of 1.95-
2.03 mA/cm? and fill factor (FF) of 0.37 in both two solution cases, although open circuit voltages
(Vocs) were higher compared to Voc parameters of two halogenated NFAs-based OSCs. In contrast,
PM2:DaTIC-4F and PM2:DaTIC-4Cl OSCs exhibits a improved FF values with dramatically
enhanced Jscs. In particular, PM2:DaTIC-4Cl OSCs achieved the highest current density and FF
among them in each solvent cases, which indicate that the stronger electron withdrawing
substituents on molecule related to superior charge transfer and upgrading crystallographic
orientation of molecules. In addition, the highest occupied molecular orbital energies (AEHomo)
offsets between PM2 and DaTIC NFA was almost negligible (<0.01 eV), which suppressed
efficient charge generation in devices. While, adequate difference of HOMOp-HOMOAa offset like
PM2:DaTIC-4F and PM2:DaTIC-4Cl devices contributed an sufficient driving force for exciton
separation. The Vo decrease along the introduction of halogen substituents can be roughly derived
from their downshift LUMO energy levels of NFAs from DaTIC (-3.98 eV) to DaTIC-4F (-4.12
eV) to DaTIC-4Cl (-4.16 eV) corresponding to the energy difference between the HOMO of the
polymer donor and LUMO of the acceptor with the other variables. For comparison between
toluene and CB solvent, OSCs fabricated by toluene-based solutions for each active blend showed
higher performance with slightly improved Voc and FF, in particular, the current density were
significantly increased from 9.49 mA/cm?to 13.50 mA/cm? for OSC of PM2:DaTIC-4F blend and
from 10.12 mA/cm?to 14.11 mA/cm? for device of PM2:DaTIC-4Cl blend, respectively. As expect,
the difference of solvent solubility and film drying rate affect on film morphological phase and
thus device performance, resulting that PM2:DaTIC-4Cl based OSCs showed the highest PCE of

4.50 % among OSCs fabricated with three NFAs and two different solvents.
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Since the compositions with narrow bandgap of a Donor: new NFAs showed outstanding near -
infrared photoelectric response, the devices were also explored to photodetection as two terminal
photovoltaic mode. The figures of merit for OPD devices in this work were based and plotted
under zero bias as a self-power mode. The responsivity (R), defines the conversion ability from
light into electrical signals, can be calculated by the ratio of the photocurrent density by the

incident optical power, and follows as :**°

_ EQE-e

R
hv

(AW) (1)

In which e is elementary electron charge (1.6 x 10°C), h is plank constant, v is photon frequency.
Figure 4-3c shows the responsivity of the devices of DaTIC, DaTIC-4F and DaTIC-4Cl based
active blends. Maximum responsivities of the devices at zero voltage in were 0.037, 0.23 and 0.20
A-W for DaTIC, DaTIC-4F and DaTIC-4Cl case fabricated by CB solvent, and 0.041, 0.26 and
0.27 A‘W* for DaTIC, DaTIC-4F and DaTIC-4Cl based blends in toluene solvent, which were
from at 800 nm, 810 nm and 825 nm for DaTIC, DaTIC-4F and DaTIC-4Cl, respectively.

In addition, the specific detectivity (D*), the sensitivity of a photodetector to optical signal, were
calculated by the following equation (2) with assuming that the shot noise was major contribution
of total noise under reverse bias.'®13¢ here, we note that the equation is for the shot-noise-limited
specific detectivity.

D= RVA

R
= Feia - Joera @

Where Jq is dark current density, Jq is dark current density. The maximum D* (Jones) calculated
for PM2:DaTIC, PM2:DaTIC-4F and PM2:DaTIC-4Cl based devices of toluene solution
processing were 9.41 x 10!, 1.67x10% and 2.75x 10'® Jones at each maximal wavelength,

respectively, as shown in Figure 4-3d. Achieving a D* of over 10*® Jones of PM2:DaTIC-4Cl
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based device in range of NIR (from 780 nm to 940 nm), notably, tentatively presented high
potential of a strong NIR photon detection and minimal leakage current.

Furthermore, transmittance of active films composed of narrow bandgap donor and NFAs were
measured as shown in Figure 2e. the average visible transmittances (AVT, 380 nm - 780 nm) were
calculated according to the following equation (3), which is the integration of the transmission

spectrum and AM 1.5G photon flux weighted against the photopic response of the human eyes.*%’

_ JT(A)V(A)AM1.5G(A)dA
AVT = [V(A)-AM1.5G(A)dA (3)

T()) is the transmittance spectra and V() is the photopic response. As a result, the photoactive
blend film of optimal PM2:DaTIC-4Cl device processed toluene solution showed higher AVT
value of 73.65 %, comparing to the other films: (64.42 % of PM2:DaTIC, 72.06 % of PM2:DaTIC-
4F), due to the red shifted absorbance of DaTIC-4Cl and less combined absorption of PM2:DaTIC-
4Cl inaround visible range. In addition, optimal films coated by CF solution case exhibited slightly
lower AVT values than toluene-based films (61.12 % of PM2:DaTIC, 71.20 % of PM2:DaTIC-

4F, 67.51 % of PM2:DaTIC-4Cl).

4.2.2 Film analysis

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurement is used to
characterize the molecular stacking and orientation in the thin organic film. Figure 4-4 shows two-
dimensional (2D) image of blend films and corresponding plotted line along q. axis. GWIAXS
result of neat molecule films and list of crystallographic parameters are shown in Figure S1 and
Table S1 (see experimental and supplementary information section). Films of PM2:DaTIC,
PM2:DaTIC-4F and PM2:DaTIC-4Cl showed (010) scattering pattern on q. axis, indicating

preferential face-on orientation. It was observed that scattering vector of films with halogen atom
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on molecule shows shift toward longer, which ascribe that the n-rt distance of adjacent molecules
gradually reduced in order of hydrogen, fluorine and Chlorine substituents (PM2:DaTIC of 3.65-
3.70 A > PM2:DaTIC-4F of 3.63-3.65 A > PM2:DaTIC-4Cl of 3.59-3.61 A) in both solvent
process. Additionally, the toluene-based films exhibited slightly reduced n-n distance with higher
scattering vector compared to CB films. The tendency proved again that stronger noncovalent
interactions between halogen atom and molecule skeleton lead to the planarity of molecule
backbones and high-quality crystallization. The more compacted molecular crystallite in the
photoactive layer arising from the effect of lower evaporation pressure solvent (CF) contributed to
the enhancement of the photocurrent of devices. Morphology of photoactive films is crucial key

parameter for device performance.

(b)
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Figure 4-4. 2D GIWAXS images of (a) PM2:DaTIC (CB), PM2:DaTIC-4F (CB), PM2:DaTIC-
4Cl (CB), PM2:DaTIC (Tol), PM2:DaTIC-4F (Tol), and PM2:DaTIC-4Cl (Tol)blend films. (b)
out-of-plane line-cut profiles; solid lines and dotted lines indicate films deposited by CB-based
solution and Tol-based solution, respectively.

1

To examine nanoscale network of two organic components, the surface morphologies of
blended photoactive films processed by two solvents were investigated via atomic force
microscopy (AFM). As displayed in Figure 4-5, DaTIC based films processed by both solutions,
showed partially huge aggregates with low root-mean-square (RMS) roughness around 1.41-1.54

nm, due to lower miscibility of DaTIC NFA in both solvents. On the other hand, the AFM images
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of PM2:DaTIC-4F films displayed smaller cluster than PM2:DaTIC films with showing 2.06 nm
and 2.27 nm of RMS roughness for chlorobenzene and toluene-based coating cases, respectively.
In addition, PM2:DaTIC-4Cl films showed homogeneous features, in particular, the films based
on toluene process had no discernible segregation with bicontinuous phase. The finer morphology
of PM2:DaTIC-4Cl film of toluene might lead to not only more sufficient exciton dissociation
from the enlarged interfacial area but also charge transfer in the films, which is agree with the

highest current density at short circuit condition (V=0) in this work.

(a) (b) (c)

CB_PM2:DaTIC CB_PM2:DaTIC-4F CB_PM2:DaTIC-4Cl zonm

500nm 500nm
RMS =1.41 nm —— RMS = 2.06 nm B

(d)

Tol_PM2:DaTIC-4F Tol_PM2:DaTIC-4F 20mm

500nm
RMS =1.54 nm — RMS = 2.27 nm e RMS = 2.39 nm onm

Figure 4-5. (a—d) AFM height images (2x2 um) of the PM2:DaTIC-4F and PM2:DaTIC-4Cl
blend films dissolved in chlorobenzene (CB) and toluene (Tol), respectively.

To further explain the difference in the device performance between a series of NFAs and
processing solvents, the losses caused by non-geminate recombination in the organic photovoltaic
devices are further investigated via light intensity dependence of J-V characteristics.3240 The
short-circuit current Jsc vs light intensities dependence is almost linear (Figure 4-6a,b), suggesting
a negligible effect of bimolecular recombination losses under short-circuit conditions for all
systems.’¥! The effect of low shunt resistance (Rsn) calculated from the dark current is also

important for us to understand the nature of charge carrier recombination, and it has been
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previously shown by Proctor et al. that the Voc considering the effect of Rsh can be expressed as

follows.1#2

E kT, ,(1-P)yNZ
Voo = =% = InC—v) (4)
qLRsp

where Egqp i the bandgap, P is the dissociation probability of a bound electron-hole pair, Nc is the
effective density of states, and G is the photogeneration rate. In the ideal case where Rsh is large
enough, the slope of Voc vs. Inl won’t be shifted significantly. However, low Rsh can increase the
slope leading to a slope larger than kT/q even for a system with only bimolecular recombination.'#2
Devices based on DaTIC show much smaller shunt resistance (Rsh ~ 0.005 MQ cm?) than that of
devices based on DaTIC-4F and DaTIC-4Cl (Rsh > 0.2 MQ cm?), which induce large parasitic

leakage current (Jsh) in the device (Jsh = Jph — Jrec, Where Jpn is the photogenerated current, Jrec
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Figure 4-6. (a-b) Measured Jsc of PM2:DaTIC-based devices against light intensity on double-
logarithmic scale. (c-d) measured Voc versus the natural logarithm of the light intensity.
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is the recombination current). Such high leakage current caused by small shunt resistance can
decrease the fill factor, thus further explaining the poor device performance of DaTIC based

devices (PCEs < 1%).

Table 4-3. Average photovoltaic performances of OSCs based on PM2:DaTIC-X NFAs
processed with CB and toluene under 100 mW-cm2 AM 1.5 G illumination.

Jsc Voc PCE S Rsh

Donor  Solvent Acceptor FF
(mA/cm?) (V) (%) kT/q MQ cm2
DaTIC 1.95 0.81 0.37 0.58 6.81 0.005
CB DaTIC-4F 9.49 0.71 0.44 2.98 2.84 0.28
DaTIC-4Cl 10.12 0.67 0.45 3.08 2.26 2.88
PM2 DaTIC 2.03 0.82 0.37 0.61 5.06 0.005
Toluene  DaTIC-4F 13.5 0.7 0.44  4.29 2.74 21.26
DaTIC-4ClI 14.11 0.69 0.47 45 2.23 8.92

By analyzing the dependence of open-circuit voltage (Voc) on the light intensity (I), the
dominant non-geminate recombination mechanism in the devices can be qualitatively
determined.’3%143144 Generally, if the linear fitting of the Voc—Inl plot indicates a slope of s = kT/q
(k is the Boltzmann-constant, T is the absolute temperature, and g is the elementary charge),
bimolecular recombination is the dominant loss mechanism in the photovoltaic devices.!3%4
Besides, the presence of trap states can be indicated by the deviations of the slope (bulk traps:
s > KkT/q; surface traps: s < kT/q). In all studied devices, the slopes of the Voc vs. Inl are much
larger than kT/q (Figure 4-6b), which is a sign of the presence of trap-assisted Shockley-Read-
Hall (SRH) recombination via deep traps in the bulk. Stronger SRH recombination in the CB cast
devices is revealed by a higher value of slope compared to devices processing with toluene for all
three systems (e.g., PM2:DaTIC, CB s = 6.81 kT/q, toluene s =5.06 kT/q), which indicates a higher

density of deep traps in the CB cast blends. Furthermore, heavier halogenated atoms (Cl > F) in
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DaTIC-4Cl result in a smaller slope (s = 2.74 kT/q) than that of DaTIC-4Cl (s = 2.33 kT/q). The
replacement of heavier halogenated atoms may improve the quality of the BHJ morphology by
reducing the trap densities at the donor:acceptor interfaces, which further suppress the SRH
recombination. It is also worth noting that DaTIC based devices show much larger slopes (s > 5
kT/q) than the other two NFAs with halogen substituents (s < 3 kT/q), which agrees with the small
Rsh in the studied devices, and further explains the poor performance of this system caused by
violent recombination via deep traps in the bulk. Since SRH processes is generally related with
interfacial defects of photoactive blends in the devices and/or impurities in materials, we speculate
that the tendency showed strong relationship with the morphological phase of blends films in this

work.

4.2.3 Semitransparent optoelectronic device

For advanced and practical applications of the NIR optoelectronic devices, we further
demonstrated semitransparent optoelectronic devices processed by toluene-based solution. these
were fabricated with 15 nm thin Au electrode instead of thick Ag electrode to obtain high
transparency in range of visible wavelength. The device architecture was shown in Figure 4-7a.
In terms of OPVs (see Figure 4-7b and Table 4-4), the device resulted in 0.46 %, 3.40 % and
3.51 % PCE for PM2:DaTIC, PM2:DaTIC-4F and PM2:DaTIC-4Cl based photoactive film,
respectively. The performance trend of improving device output by introducing halogen
substituents on NFA, is consistent with the trend of devices with thick Ag electrode. The Voc and
FF were quite similar with thick-electrode device, while current densities were decreased by
around 30 %. The reduced photocurrent densities were resulted from the less reflected re-
absorption of active layer in range of 450 nm — 600 nm relating with transmission of thin Au

electrode. On the other hand, Responsivity and specific detectivity for these semitransparent
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devices were estimated by following Equation (1) and Equation (2) under zero voltage condition.
The dot lines in Figure 4-7¢ exhibit the EQE spectra and the dashed lines show responsivity. And
the spectra of specific detectivity were shown in Figure 4-7d. As a result, optoelectronic devices
based on PM2:DaTIC-4Cl approached 2.55%x10"® Jones and 0.24 A/W as the best performance
among this work. The maximum D* responses of PM2:DaTIC-4Cl blends showing over 10! in
over 800 nm wavelength is one of competitive performance among NIR OPDs reported until now.
Furthermore, these devices showed high transparency in range of visible wavelength as shown in
Figure 4-7e. The maximum transmittances of all semitransparent devices were observed at 500
nm and it showed AVT of 23.23 %, 26.51 % and 30.98 % calculated by Equation (3) for DaTIC,
DaTIC-4F and DaTIC-4Cl devices, respectively. Figure 4-7f is a chart of reported detectivity
values of various organic photodetectors, which were working at NIR region and under zero bias.
Our work, the semitransparent PM2:DaTIC-4X devices processed by green solvent with narrow
bandgap donor polymer, yielded a peak value of exceeding 10'® Jones at the wavelength of 825
nm as self-power mode, achieving the highest specific detectivity to date. These semitransparent
NIR OPDs with using green solvent and outstanding performance might contribute to unobtrusive
application such as self-healthcare devices by continuous detection of physiological signals in near

future.

Table 4-4. Photovoltaic performances and photodetector characterization of PM2:DaTIC,
PM2:DaTIC-4F and PM2:DATIC-4CI devices

Donor  Acceptor Solvent Jsc Voc FF PCE Responsivity Specific AVT
(mA/ecm?) (V) (%) (@Amax Detectivity* (%)
(Jones@0 V)
DaTIC Tol 1.48 0.82 038 046 0.04@790 9.80x10!" 23.23
DaTIC- 10.43 0.69 047 3.40 0.23@802 1.80x10" 26.51
PM2 4F
DaTIC- 11.07 0.66 048 3.51 0.24@815 2.55%x101 30.98
4Cl1
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Figure 4-7. (a) device structure of semitransparent photodiode, (b) J-V curve (The inset shows the
dark J-V curve), (c) EQE and responsivity spectra, (d) specific detectivity spectra calculated with
zero voltage, (e) transmittance of entire devices and (f) reported D* of organic OPDs at OV.

4.3 Conclusions

In summary, we have successfully designed and synthesized new UNBG-NFAs based on
A-D’-D—D’-A molecular structure, featuring efficient NIR photovoltaic properties with green
solvent processibility. The ICT effect is modulated via simple but efficient method of end-dye
substituent modification of UNBG-NFAs enabling tailored of materials’ optical bandgaps and

energetics to achieve better compromise between AVT and device performance.

With the new NIR NFAs, the organic optoelectronic devices for both of solar cells and
photodetectors have been implemented with using a PM2 donor polymer of narrow optical
bandgap and green solvent-based fabrication. As a result, PM2:DaTIC-4Cl devices processed by
toluene based solution approached photovoltaic performance of 4.50 % PCE as an organic solar
cells and 2.75x10'% Jones at 825 nm at zero voltage as a NIR photodetector. Which were from

higher photocurrent generation from broaden light absorbance and bicontinuous film morphology
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leading to sufficient chart transport in the devices. Furthermore, by applying transparent thin Au
top electrode to the active blends, we demonstrated and characterized semitransparent organic
optoelectronic devices. The PM2:DaTIC-4Cl device showed photovoltaic performance of 3.51 %
PCE and higher detectivity of 2.55x 102 Jones with the transparency of 31 % in visible wavelength
region. In the near future, we anticipate that transparent NIR-OPDs fabricated through a narrow
bandgap composition and a green solvent-based solution process could emerge as a highly

promising device.
4.4 Experimental and supplementary information

Materials All reagents and chemicals were purchased from commercial sources and used without
further purification. All anhydrous organic solvents for the synthesis, characterization, and device
fabrication steps were purchased from Sigma-Aldrich and TCIl. Compounds 1, 6 was purchased

from 1 Materials Inc. Compound 2,3 and 4 was synthesized via conditions from literature.1%8:145

Calculation methods The optimized structures, energy levels, and HOMO and LUMO orbital
distributions were calculated the density functional (DFT) level of theory, using the semi-
empirically tuned ®b97xd/6-31G(d,p) functional and basis set. The simulated absorption peak
wavelength pf designed molecules were calculated via time-dependent DFT simulation method.
To simplify calculations, the alkyl chains were replaced with methyl or ethyl chains. The HOMO
and LUMO levels were calculated by determining the difference in energy from the optimized

ground state geometry of the cation and anion, respectively.®

Device Fabrication: optoelectronic devices were fabricated with an inverted structure of ITO/ZnO
(25 nm)/polymer:acceptor BHJ/MoO3z(5 nm) / Ag(90 nm). Patterned ITO glass substrates were

cleaned by ultrasonic treatment in detergent, distilled water, acetone and isopropyl alcohol, then
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dried in an oven for overnight at 100 °C and treated with UV-ozone for 20 min to remove residues.
Zinc oxide (ZnO) was deposited by spincoating a solution of diethylzinc (5 wt%) dissolved in a
1:5 mixture of toluene : tetrahydrofuran (THF) at 3000 rpm for 30 s onto cleaned ITO substrates
then dried for 10 min at 110 °C in air. Subsequently, mixed solutions of PM2:NFAs (25 mg/ml)
in either chlorobenzene (CB) or toluene (Tol) solvents were spin-casted on top of the ZnO film in
a nitrogen (N.) filled glove box. 5 nm MoOg3 (~0.2 A/s) layer and 90 nm Ag (~2.0 A/s) electrode
were thermally evaporated at < 1.0 x 10 torr using a shadow mask (active area 3.25 mm?). To
fabricate semitransparent device, thin Au electrode (15 nm)were deposited by thermal evaporation
with ~1.0 A/s rate. The current density-voltage (J-V curve) characteristics of devices were
measured using a Keithley 2635A source Measure unit under AM 1.5G irradiation at 100 mW/cm?
and/or dark environment. EQE measurements were conducted in ambient air using an EQE system

(Model QEXT7) by PV measurements Inc.

Characterizations of compounds *H and 3C NMR spectra of intermediate monomers were
recorded on a Varian Unity Inova 500 MHz spectrometer in deuterated chloroform solution
(CDClz) with 0.003%TMS as internal reference. Ultraviolet-Visible-Near-infrared (UV-Vis-NIR)
absorption spectra were recorded on a Perkin Elmer Lambda 750 spectrophotometer. For the
measurements of thin films, materials were spun coated onto precleaned glass substrates from
chloroform solutions (10 mg mL™). Optical band gap was determined from the absorption onset

of thin film sample.

Electrochemical characterization The electrochemical cyclic voltammetry (CV) was conducted
on a CHI-730B electrochemistry workstation with glassy carbon disk, Pt wire, and Ag/Ag+

electrode as the working electrode, counter electrode, and reference electrode, respectively ina 0.1
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M tetrabutylammonium hexafluorophosphate (n-BusNPFs) anhydrous acetonitrile solution at a
potential scan rate of 40 mV s™*. Thin films of samples were deposited onto the glassy carbon
working electrode from a 3 mg mL? chloroform solution. The electrochemical onsets were
determined at the position where the current starts to differ from the baseline. The potential of
Ag/AgCI reference electrode was internally calibrated by using the ferrocene/ferrocenium redox

couple (Fc/Fc™).

Film microstructure characterization Transmission electron microscopy (TEM) images were

obtained using JEOL JEM-2200FS (with Image Cs-corrector).

Grazing incidence wide angle X-ray scattering (GIWAXS) analysis 2D GIWAXS
measurements were performed using Beamline 9A at the Pohang Accelerator Laboratory (PAL).
The photon energy is 11.055 keV (A = 1.1214 A). The angle between the film surface and the
incident beam was fixed at 0.12° for all of the samples. The measurements were obtained at
scanning intervals of 20 between 3° and 25°. The 2D GIWAXS images from the films were
analyzed according to the relationship between the scattering vector g and the d spacing, g = 2x/d.

The GIWAXS images shown are normalized with respect to exposure time.

Material Synthesis

Compound 5: A mixture of compound 3 (300mg, 0.4 mmol), compound 4 (318mg, 1.0 mmol),
Pd(PPh3)s (24 mg) and anhydrous toluene (30 mL) was added into a flame-dried and nitrogen-
filled microwave tube in glovebox. The reactant was heated to 110 °C for 24 h. After the mixture
cooled to room temperature, DI water was added, and the mixture was extracted with

dichloromethane (50 ml x 3). The organic layer was dried over Na;SO4 and concentrated in
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vacuum. The crude product was purified by silica gel column chromatography (n-hexane:DCM,

1:1) to afford 5 as sticky deep red solid (200 mg, 56%).

'H NMR for compound 5 (500MHz, CDCls, ppm): & 9.83 (s, 2H), 7.54 (s, 2H), 6.88 (t, 2H), 6.82

(s, 2H), 2.71-2.78 (m, 4H), 1.79-1.90 (br, 24H), 1.03-1.43 (br, 32H), 0.69-0.95 (m, 24H).

Compound DaTIC-4X: A mixture of bisaldehyde intermediate 5, different halogenated 1C-4X
compound 4, dry chloroform (20 mL), and pyridine was added into to a flame-dried and nitrogen-
filled one-neck round-bottom flask The flask was purged with N2 for 20 min and the reactant was
heated to 60 °C for 12 h. After the mixture cooled to room temperature, the reaction mixture was
concentrated in vacuum. The residue was purified by silica gel column chromatography to afford

DaTIC-4x as dark blue solid.

H NMR for compound DaTIC-4F: (500MHz, CDCls, ppm): & 8.76 (d, 2H), 8.53 (m, 2H), 7.66
(m, 2H), 5 7.18 (t, 2H), 5 7.07 (s, 2H), 2.82 (m, 4H), 1.63-1.99 (br, 24H), 1.17-1.43 (br, 32H),

0.76-0.96 (m, 24H). MS (MALDI-TOF): calculated m/z 1286.49; found m/z 1353.587.

'H NMR for compound DaT1C-4Cl: (500MHz, CDCls, ppm): ): 6 8.77 (d, 2H), 7.95 (m, 2H), 7.63
(m, 2H), & 7.18 (d, 2H), 6 7.07 (s, 2H), 2.81 (m, 4H), 1.52-1.98 (br, 24H), 1.07-1.44 (br, 32H),

0.75-0.95 (m, 24H). MS (MALDI-TOF): calculated m/z 1353.37; found m/z 1287.687.
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Figure 4-S1. 2D GIWAXS images of (a) neat DaTIC-4F and neat DaTIC-4Cl films deposited by
CB-based solution, (b)In-plane and (c) out-of-plane line-cut profiles.
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Figure 4-S2. Dark J-V curve of the semitransparent devices fabricated by toluene-solution.
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Table 4-S1. Crystallographic parameters calculated from GIWAXS profiles of neat NFAs

materials films and PM2:DaTICs blend films.

Materials Packing Parameters
Axis 7-1r stack d-spacing Lamella d-spacing
[A™] [A] stack [A]
[A]
DaTIC Gy - - 0.38 16.5
Qvertical 1.75 3.59 - -
DaTIC-4F Gy - - 0.36 17.5
Qvertical 1.77 3.55 - -
DaTIC-4Cl Gy - - 0.36 17.5
Qvertical 1.78 3.53 - -
PM2 : DaTIC, CB Gy - - 0.27 233
Qvertical 1.70 3.70 - -
PM2 : DaTIC-4F,CB ¢y - - 0.28 22.4
Qvertical 1.72 3.65 - -
PM2 : DaTIC-4Cl,CB gy - - 0.28 22.4
Qvertical 1.74 3.61 - -
PM2 : DaTIC, Tol Gy - - 0.28 22.4
Qvertical 1.72 3.65 - -
PM2 : DaTIC-4F, Tol ¢y - - 0.28 22.4
Qvertical 1.73 3.63 - -
PM2 : DaTIC-4Cl, Tol  gxy - - 0.28 22.4
Qvertical 1.75 3.59 - -
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Summary and outlook

This dissertation highlights the challenges and opportunities presented by organic
semiconductors, including their potential to enable low-cost and eco-friendly large-scale
commercial production. Specifically, the dissertation outlines two major directions for advancing
the development of n-type semiconducting materials, particularly non-fullerene materials. The first
chapter serves as a demonstration of how molecular engineering on different electron-sufficient
and electron-deficient composite motifs within NFAs’ molecular framework affect materials’
solid-state properties and corresponding device physics and performance. By employing this
material design strategy shown in chapter 1, DFT calculations have been utilized to facilitate
efficient screening of molecular designs during the conceptual stage, with the goal of reducing the
need for extensive synthetic efforts. After obtaining simulated optical properties of conceptual
molecular structures and considering of the materials’ synthetic complexity, two ultra-narrow
bandgap NFAs have been synthesized, characterized and applied in NIR-OPD applications.
Inspired by the previously demonstrated molecular design strategy, a series of NFAs utilizing A-
n-D-n-A structures have been synthesized and with the purpose of designing molecules with
tailored solubility in the green solvent of 2-MeTHF. The following studies on how materials’ solid
state characteristics were effected via molecular structural variation and processing solvents have
been carried out thus leading to a better understanding of structure-properties relationship which
in return provides guidance for material design for green solvent processable organic
semiconductors. The last chapter demonstrates an example of the application of non-halogenated
solvent processable NFAs in semi-transparent NIR-OPD devices. However, the system could not
be repeated in more “greener” solvent, such as 2-MeTHF and alcoholic solvents, because of the

limitation of macromolecule of donor polymer. To advance towards a truly green solvent-
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processed and highly efficient OPV system, further materials development will be necessary,
particularly for small molecular donors and organic semiconductors that are processable using

alcoholic/polar solvents,146-148
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