
Springer Theses
Recognizing Outstanding Ph.D. Research

Takashi Harimoto

Design, Synthesis, 
and Properties 
of Redox-Active 
Bisquinodimethanes



Springer Theses 

Recognizing Outstanding Ph.D. Research



Aims and Scope 

The series “Springer Theses” brings together a selection of the very best Ph.D. theses 
from around the world and across the physical sciences. Nominated and endorsed by 
two recognized specialists, each published volume has been selected for its scientific 
excellence and the high impact of its contents for the pertinent field of research. For 
greater accessibility to non-specialists, the published versions include an extended 
introduction, as well as a foreword by the student’s supervisor explaining the special 
relevance of the work for the field. As a whole, the series will provide a valuable 
resource both for newcomers to the research fields described, and for other scientists 
seeking detailed background information on special questions. Finally, it provides 
an accredited documentation of the valuable contributions made by today’s younger 
generation of scientists. 

Theses may be nominated for publication in this series by heads 
of department at internationally leading universities or institutes 
and should fulfill all of the following criteria

• They must be written in good English.
• The topic should fall within the confines of Chemistry, Physics, Earth Sciences, 

Engineering and related interdisciplinary fields such as Materials, Nanoscience, 
Chemical Engineering, Complex Systems and Biophysics.

• The work reported in the thesis must represent a significant scientific advance.
• If the thesis includes previously published material, permission to reproduce this 

must be gained from the respective copyright holder (a maximum 30% of the thesis 
should be a verbatim reproduction from the author’s previous publications).

• They must have been examined and passed during the 12 months prior to 
nomination.

• Each thesis should include a foreword by the supervisor outlining the significance 
of its content.

• The theses should have a clearly defined structure including an introduction 
accessible to new Ph.D. students and scientists not expert in the relevant field. 

Indexed by zbMATH.



Takashi Harimoto 

Design, Synthesis, 
and Properties 
of Redox-Active 
Bisquinodimethanes 
Doctoral Thesis accepted by 
Hokkaido University, Sapporo, Japan



Author 
Dr. Takashi Harimoto 
Institute for Molecular Science 
Okazaki, Japan 

Supervisor 
Prof. Takanori Suzuki 
Department of Chemistry 
Faculty of Science 
Hokkaido University 
Sapporo, Japan 

ISSN 2190-5053 ISSN 2190-5061 (electronic) 
Springer Theses 
ISBN 978-981-96-1590-2 ISBN 978-981-96-1591-9 (eBook) 
https://doi.org/10.1007/978-981-96-1591-9 

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Singapore Pte Ltd. 2025 

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd. 
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore 

If disposing of this product, please recycle the paper.

https://doi.org/10.1007/978-981-96-1591-9


Supervisor’s Foreword 

Electrochromic systems capable of switching absorption in the NIR region (750– 
2500 nm) are attractive from the viewpoints of applications for materials and life 
science. To reduce the environmental impact and improve biocompatibility, devel-
opment of organic-based systems is needed. Redox-active π-conjugated systems 
such as para-Quinodimethane (p-QD) and 9,10-anthraquinodimethane (AQD) have 
been recognized as useful scaffolds in constructing reversible redox pairs for elec-
trochromism. However, switching of NIR absorption is still a challenging issue even 
using the AQD derivatives, in which triarylmethylium chromophores are generated 
upon two-electron oxidation. Thus, a new molecular design concept is necessary to 
construct p-QD/AQD systems which enable ON/OFF switching of NIR absorption. 

The Ph.D. thesis of Dr. Takashi Harimoto focuses on the novel molecular design 
of p-QDs and AQDs endowed with unique redox properties. The voltammetric 
and crystallographic techniques are the strong tools for Takashi to accomplish the 
Ph.D. work along with the density functional theory (DFT) calculation. Takashi 
conducted syntheses of systematically designed series of compounds with different 
aryl substituents and molecular skeletons, thus realizing the NIR electrochromicity 
up to the 1400 nm region, which were accompanied by isolation and thorough 
characterization of the polycationic species. Noteworthy, the work on bisquin-
odimethane (BQD) disclosed unprecedented domino-type electron-transfer behavior, 
thus demonstrating that the molecules with multiple redox-active units can serve as 
promising materials for simultaneous multiple-electron transfer to generate multi-
valent ionic species. These groundbreaking results in the thesis are deserving of a 
place in the Springer Theses series. 

Sapporo, Japan 
October 2024 

Takanori Suzuki
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Chapter 1 
General Introduction 

1.1 Redox-Active π-Conjugated Systems 

Over the past couple of decades, various stimuli-responsive organic molecules have 
been developed as a result of remarkable advances in synthetic and material sciences 
(Fig. 1.1) [1, 2], and these molecules are attracting attention for their potential appli-
cation in optoelectronic devices or medical materials [3–8]. Such stimuli-responsive 
molecules change their properties in response to changes in physical stimuli such as 
heat, light, and electric potential, or to a change in the chemical environment such as 
in pH or concentration. Therefore, these molecules function as nano-actuators that 
can change their form in response to external input. Electrical stimulation is partic-
ularly suitable for controlling the physical properties of a specific molecule because 
electrons can be used for precise manipulation and target selectivity at the nano-level 
[9, 10]. In this regard, various redox-active species that respond to electric potential 
have been developed. Since the precise control of the redox properties is essential 
for achieving the high performance of electronic devices, switching behavior as well 
as the characteristics such as crystal structure, charge distribution, and spin density 
of redox-active species have been studied for a long time.

In 1965, Gomes et al. achieved the structural determination of the ClO4
− salt of 

triphenylmethylium by a single-crystal X-ray structure analysis [11]. This was the 
first direct observation of the structure of a π-conjugated carbocation. Since then, 
the physical properties of cations based on aromatic hydrocarbons such as naphtha-
lene, fluoranthene and perylene have been actively investigated by experimental and 
theoretical approaches [12–14], and their crystal structures have been successfully 
determined [15–20]. Since it is difficult to stabilize such charged species without 
heteroatoms, the development of pure hydrocarbon-based redox systems is chal-
lenging from the viewpoint of the stability of cationic (anionic) species. Therefore, 
the successful isolation of charged species composed of pure hydrocarbons and eluci-
dation of their intrinsic redox properties have led to significant advances in the field 
of redox chemistry (Fig. 1.2) [21–25].

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
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2 1 General Introduction

Fig. 1.1 Schematic illustration of stimuli-responsive molecules

Fig. 1.2 Examples of previously reported well-designed redox-active π-conjugated hydrocarbons 

On the other hand, the incorporation of heteroatoms, for example, nitrogen and 
oxygen atoms, into the molecule is an effective method for stabilizing charged species 
and modulating the electronic properties of organic molecules. In addition, delocal-
ization of a charge over an extended π-conjugation is effective for the synthesis and 
isolation of charged species as stable entities with carbon-centered ions. Indeed, 
aromatic hydrocarbons are known to exhibit unique electrochemical and spectro-
scopic properties based on their π-conjugated systems, and several systems capable 
of redox interconversion between neutral and cationic (anionic) states have been 
reported by effectively stabilizing the charged-state(s) by embedding heteroatoms or 
introducing heteroatom-substituents into the π-skeleton (Fig. 1.3) [26–36]. These 
redox-active molecules have potential applications in electronic equipment such 
as semiconductors, batteries, and memory devices, due to the high reversibility of 
electron transfer among two or more redox states [37–43].

1.2 Near-Infrared (NIR) Electrochromic Systems 

Electrochromic systems can induce a drastic change in color based on intercon-
version among differently charged species upon electron transfer (Fig. 1.1) [44– 
47]. Representative examples include robust inorganic compounds, such as tungsten 
oxide (WO3), which have been used in auto-dimming mirrors, smart windows, and 
displays [48–52]. On the other hand, due to the advantages of organic molecules
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Fig. 1.3 Examples of previously reported well-designed redox-active π-conjugated systems with 
heteroatoms

in terms of affordability, flexibility, modularity, and biocompatibility, organic and 
related materials with redox activity have also been actively studied in the past 
decades [53–58]. 

Especially, NIR absorbing properties in the range of 750–2500 nm can be utilized 
to increase the efficiency of photovoltaic power generation by harvesting NIR light 
in sunlight [59–61]. In addition, since NIR light shows a superior penetration of 
biological tissues, they are also expected to be applied to chemotherapy and imaging 
of deep tissues in vivo [62–70]. Since organic dyes such as cyanines, squaliums and 
diimmonium, and organometallic complexes such as phthalocyanines and dithiolenes 
exhibit NIR-absorbing properties due to a narrow energy gap, they have attracted 
much attention from the viewpoint of various optical applications in electronics and 
life sciences to date (Fig. 1.4) [71–73]. 

In this context, some organic polymeric materials including covalent organic 
frameworks (COFs) and/or metal–organic frameworks (MOFs) have been reported as 
NIR switchable electrochromic systems (Fig. 1.5) [74–79]. In these systems, multiple 
electrophores are needed to be integrated and controlled by the corresponding oper-
ating potential to output multiple colors. On the other hand, a well-designed single 
molecule, which can adopt multiple redox states with different colors, would be very 
useful, since it could work under a simple setup without the fabrication of multiple 
layers (Fig. 1.6) [80–84]. Despite this attractiveness, since stabilization and/or isola-
tion of all redox states (neutral and anionic and/or cationic states) is needed for the 
modulation of NIR absorption based on reversible redox interconversion, it remains 
challenging to establish a smart guideline of molecular design for organic dyes that

Fig. 1.4 Examples of well-studied NIR dyes 



4 1 General Introduction

Fig. 1.5 Examples of previously reported organic polymeric NIR electrochromic materials

enable ON/OFF switching of NIR absorption, especially when some of the states are 
open-shell species. 

1.3 p-Quinodimethanes 

Para-quinodimethane (p-QD) [85, 86], a representative skeleton in cross-conjugated 
systems, is known to have a contribution of resonance structure with a planar aromatic 
sextet ring. Therefore, the p-QD skeleton is expected to be useful for the design of 
advanced π-conjugated systems that can switch photophysical and electrochemical


