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Abstract

1,4-Dithiafulvene (DTF) is a five-member heterocycle that has been frequently

used as a redox-active molecular building block in various organic electronic materials.

The combination of two DTF groups via an exo-ring C=C bond leads to formation

of well-known tetrathiafulvalene (TTF), which has been extensively studied since

the first discovery of its metallic conductivity. Previous research has demonstrated

that DTF and tetrathiafulvalene vinylogue (TTFV)-based conjugated molecules and

polymers show favored intermolecular interactions (e.g., π–π stacking and charge-

transfer interactions) with electron-deficient nitroaromatic compounds (NACs), owing

to the electron-donating nature of DTF and TTFV groups. Such properties can

be utilized in the design of chemical sensors for detection of NACs, which are an

important class of pollutants in the environment. To further understand the interplay

between NACs and DTF/TTFV-containing π-systems, a group donor–acceptor

ensembles containing nitrophenyl-substituted DTF and TTFV moieties have been

investigated in this thesis work. Detailed synthetic methods and structure-property

relationships will be discussed in the first chapter. In particular, the structural,

electronic, and electrochemical redox properties were systematically examined by X-

ray single crystallographic, UV-Vis absorption, and cyclic voltametric analyses, in

conjunction with density functional theory (DFT) modeling. With the fundamental

properties characterized and understood, a new type of TTFV-based redox-active

polymer was next designed and prepared. In the second part of this project, a

strategy of double-layer polymer film will be introduced. With this method, robust

and redox-active TTFV polymer thin films could be efficiently generated on the
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surface of glassy carbon electrodes. These modified electrodes were found to show

sensitive responses to various phenolic compounds at low concentrations (10−8 to

10−7M), suggesting promising application in rapid electrochemical sensing of phenol

derivatives and related chemicals.
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Chapter 1

Introduction

1.1 Introduction to Tetrathiafulvalene (TTF) and

Derivatives

Tetrathiafulvalene (TTF), with another name of 2,2’-bis(1,3-dithiole), has been

considered as the most popular and hence the most thoroughly investigated organic

π-electron donor.1–8 The TTF molecule has a simple heterocyclic structure (Figure

1.1). TTF and its derivatives show excellent π-electron-donating and electrochemical

redox properties and therefore have attracted enormous attention from the synthetic

community for many decades. The first synthesis of TTF was done as early as in

the 1900s, but it was Fred Wudl’s seminal paper9 published in 1971 that disclosed

its remarkable electronic properties and great potential in organic electronics. It is

worth noting that immediately after Wudl’s report, studies of similar sulfur-based

π-conjugated donors were also done by other researchers, such as the synthesis

of unsubstituted TTFs by Coffen10 in 1971 and Hünig11 in 1978. Wudl was

1



recognized as the pioneer who investigated the pure TTF and observed the high

electrical conductivity of TTF radical cation. His work opened the door to novel

“organic metals” and “organic superconductors” in years to come. The TTF-based

organic metals were produced in 1973, in the form of a charge-transfer complex of

tetrathiafulvalinium tetracyanoquinodimethane (TTF-TCNQ).12,13 The first type of

organic superconducting materials are known as the Bechgaard’s salts,14,15 which

showed unprecedented high electrical conductivity for organic-based solids when

discovered. These studies reported the ability of TTF to be reversibly oxidized to

cation radical and dication at accessible potentials, which can be adjusted by TTF

substitutions or structural modifications.16,17

Figure 1.1: Molecular structure of TTF.

TTF has been extensively applied in the field of molecular electronics. In

1974, Aviram and Ratner18 linked TTF to tetracyanoquinodimethane (TCAQ)

as an electron-acceptor through a non-conjugated bridge to achieve a molecular

rectifier. Ever since then, a variety of TTF-based intramolecular charge-transfer

compounds have been prepared and some were demonstrated to act as molecular

junctions.19–22 Taking advantage of the three redox states (0, +1, +2) of TTF,

molecular wires, switches, and memory devices have been developed based on TTF-

containing molecular systems.23–26 One type of molecular wires are linear polymers

with π-conjugated backbones, such as oligo-(p-phenylene ethynylene)s (OPEs).27–32
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It is common to use thiols as the anchoring groups for attaching molecular wires

to a metal surface.33–35 Other anchoring groups include alkylsulfides and disulfides

that can also be used to bridge the interface at a metal surface/junction.33–40

The 14-π electron tetrathiafulvalene system is non-aromatic, and it can undergo

electron transfer at very low oxidation potentials to sequentially and reversibly

form radical cation and dication states (E1
1/2 = +0.37 V and E2

1/2 = +0.67 V in

dichloromethane versus the saturated calomel electrode). Scheme 1.1 illustrates the

sequential oxidation reactions of TTF.

Scheme 1.1: Stepwise single-electron transfer reactions of TTF.

In contrast to the non-aromatic nature exhibited by the dithiole units in the

neutral TTF, the oxidized forms of TTFV, including radical cation (TTF·+) and

dication (TTF2+), have one and two 6π-electron heteroaromatic 1,3-dithiolium rings,

respectively (see Scheme 1.1). The gained aromaticity stabilizes the oxidized forms,

rendering TTF with relatively low oxidation potentials and hence excellent electron-

donating ability. Its unique redox properties make TTF a highly useful molecular

building block in the development of organic π-conjugated oligomers/polymers,

macrocycles, and supramolecular charge-transfer self-assemblies. Moreover, the

structure of TTF can be flexibly modified to generate diverse derivatives, the chemical

and redox properties of which can be controlled and finely adjusted by introducing

3



electron-donating and/or electron-withdrawing substituents to them. Compared with

neutral TTF, its radical cation and dication show much higher degrees of π-electron

delocalization, which can be readily observed in the visible region of the absorption

spectrum. These features allow for the development of colorimetric sensing functions

enabled by redox and electrochemical means. In the solid state, TTF derivatives

can form highly ordered stacks or two-dimensional sheets through sulfur· · · sulfur

interactions and intermolecular π–π interactions. These properties have been utilized

in crystal engineering of functional organic electronic and optoelectronic materials.

TTF shows good tolerance to a wide scope of synthetic conditions; for example,

mild acids, bases, and the presence of various metal catalysts. Therefore, incorpo-

ration of TTF into various molecular and macromolecular systems can be readily

done through a large number of organic reactions. Conditions that involve extremely

acidic or strongly oxidizing agents are known to lead to the formation of cationic TTF

species through protonation or oxidation. These reactive intermediates may further

react to yield undesired by-products. It is therefore necessary to avoid using these

reaction conditions in the synthesis of TTF-containing materials.

The oxidation of unsubstituted TTF undergoes sequential single-electron trans-

fers, with two oxidation potentials at E1
1/2 = +0.34 V, E2

1/2 = +0.73 V (vs Ag/AgCl

reference in MeCN). Some examples of the application of TTF in materials chemistry

are shown in Scheme 1.1. In recent years, radical-enhanced molecular recognition has

been the mostly applied pattern in the design of stimuli-responsive supramolecular

systems and synthetic molecular machines.41–44 Reversible pairing of stable organic

radicals was employed as a popular non-covalent driving force in switchable molecu-

lar shuttles,45 pumps,46 muscles,47 foldamers or host–guest complexes.48,49 The main
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Scheme 1.2: Application of the redox-active TTF unit in molecular, supramolecular,

and materials chemistry.

building blocks for these molecular devices are TTF and its derivatives, owing to

the propensity of their radical cations for forming intriguing mixed-valence dimers

through non-covalent interactions.50–53 Mixed-valence TTF radical cation dimers are

scarcely seen in the solution phase under ambient conditions, mainly because of their

poor stability.54–56 However, the formation of mixed-valence TTF dimer is a desirable

precondition for the development of stimuli-responsive molecular and supramolecu-

lar systems. Stabilized mixed-valence dimers of TTF can be achieved through two

approaches: (i) connecting two TTF groups through an appropriate covalent link-

age57,58, and (ii) confinement of two TTF molecules within a supramolecular host.57,59

Stoddart and co-workers succeeded in preparing stable TTF dimers in mechanically
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interlocked molecules like rotaxanes60 or catenanes.61,62 It is possible to form stable

mixed-valence radical cation TTF dimers in the solution phase through modifications

of monomer’s π-conjugation patterns63 to increase dispersive interactions within the

dimers. However, there is a common drawback related to such a π-extension strat-

egy; that is, the (opto)electronic characteristics of TTF are dramatically changed.

For instance, the oxidation potentials or absorption bands are shifted as a result of

π-extension.63,64 Moreover, π-extension may also lead to variation of the chemical

nature of these materials.65–67

The desirable TTF synthon for building functional supramolecular systems should

constantly maintain (i) useful (opto)electronic features, (ii) adequate stability for

its intermolecular mixed-valence and radical cation dimer, and (iii) tunability for

redox and stimuli-responsive performances. In recent years, active studies have been

performed to incorporate TTF into 24-crown-8 macrocycles, aiming at developing

supramolecular host systems for complexation with cationic guests and understanding

their interplays with TTF oxidation potentials.68–70

1.1.1 Synthesis and Properties of TTFs

TTFs in general can be classified into two categories–simple TTFs and extended

TTFs (ex-TTFs). The structures of ex-TTFs may be derived from extensions on

the side chains of dithiole rings or both dithiole rings that are linked together by a

π-conjugated spacer. Precursors need to be carefully selected in synthetic planning.

Scheme 1.3 outlines the common synthetic routes for preparing the TTF skeleton.

TTFs can be synthesized via a variety of reactions, among which the phosphite-
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Scheme 1.3: Synthetic methods for preparation of TTF skeleton.

promoted olefination of 1,3-dithiole-2-thiones is the most frequently used one. The

reaction of 1,3-dithiole-2-thione with a trialkyl phosphite under heating leads directly

to the formation of TTF products. An exemplar reaction is illustrated in Scheme

1.4A. This method is particularly suitable for the synthesis of TTFs with a symmetric

substitution pattern. However, it is incapable of making TTFs with unsymmetric

substitutions. The reaction between a 1,3-dithiole-2-thione and a 1,3-dithiole-2-one

as shown in Scheme 1.4B can produce unsymmetrically substituted TTF products. To

ensure good yields for the phosphite-promoted olefination reactions, high-temperature

conditions are preferred. On the other hand, high temperatures may negatively
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impact the synthesis of TTF derivatives that are not thermally stable. To mitigate

this problem, a Wittig-type reaction is commonly used as an alternative olefination

approach (Scheme 1.4C).

Scheme 1.4: Synthetic methods for symmetrical and unsymmetrical TTF derivatives.

1.1.2 π-Extended TTFs

Attachment of diverse groups to the skeleton of TTF leads to new classes of π-

extended TTF derivatives. Numerous ex-TTFs exhibit excellent electron-donating

properties as well as electrochemical redox activity. To create TTF analogues with

extended π-units, a commonly adopted strategy is to linearly lengthen the vinyl bridge

in the parent TTF structure by inserting various conjugated π-units between the two

dithiole heterocycles (see Figure 1.2A). Another way to produce ex-TTFs is to fuse

aromatic rings with the two dithiole units (Figure 1.2B) or with the central π-bridge

of TTF (Figure 1.2C).
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Figure 1.2: Illustration of three ways of extending the π-backbone of TTF. (A) Linear

π-extension, (B) annulation of dithioles, and (C) fusion with an aromatic central core.

Insertion of a quinoid unit between the dithiole units has been widely used

to generate novel ex-TTF derivatives with enhanced redox activity.71 TTF is an

electron-donating scaffold that can generate a radical cation (TTF·+) and dication

(TTF2+) in a stepwise manner. Mixed-valence (MV) states are formed in the radical

cation of TTF as well as the dimer of a radical cation TTF and a neutral TTF.72–82

These MV-state materials offer great opportunities for investigating intramolecular

and intermolecular electron-transfer mechanisms.83–86 In this respect, extension of

the 1,3-dithiole-2-thione-4,5-dithiolate group has resulted in several adaptable TTF-

based building blocks, including self-assembled frameworks, luminescent substances,

single molecule magnets, organic solar cells, semiconductors, and redox-switchable

systems.87–98 There have been numerous studies on TTF analogues with extended

π-conjugated systems, in which the length of the spacer that bridges the redox-

active units plays a vital role in controlling the conductivity mechanism and related

charge-transfer properties.99–101 Investigations on furano- and pyranoanhydride-based

π-extended TTFs have been carried out recently. Electron coupling among the donor–

acceptor (D—A) scaffolds leads to better control over the MV states. Based on the
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Robin–Day classification, there are three types of organic MV compounds depending

on the extent of electron coupling element (Hab) among two redox centers. Class I is

referred to the MV compounds in which the interaction is quite small. The existence

of medium interaction between two redox cores leads to class II MV. Class III is

accompanied by strong interaction and full delocalization of the charge over the whole

system. The main feature of the organic π-conjugated MV systems is the intervalence

charge-transfer (IV-CT) band that can be modulated through molecular tailoring,

through which molecular materials with new optical and electrical characteristics can

be developed.

Connecting two TTF moieties through a π-conjugated bridge has been a popular

design motif for the preparation of organic conductors.102–104 The electronic properties

of these materials are greatly dependent on the degrees of intra- and intermolecular

electronic interactions among oxidized and neutral TTFs. TTF dimers can possibly

show five redox states, including 0, +1, +2, +3, and +4. These redox states have

been discovered in compounds, in which two TTF moieties are fused with a central

benzene or pyrazine ring.105 The two TTF units act as electrochemically independent

redox centers. Relatively weak Coulombic interactions occur between the cations of

TTF if the two TTFs are oxidized at similar potentials. The electronic interactions

were probed by spectroscopic analysis, showing that the bridge mediates electronic

communications between the units. Otsubo, Iyoda, and co-workers106–108 reported

that when two TTFs were linked by ethynediyl and buta-1,3-diyndiyl, they behaved

as electrochemically self-reliant redox centers. However, the electronic spectra of

the generated radical cations (TTF-bridge-TTF·+) showed intramolecular IV-CT

absorption bands along with a broad absorption band near 1300—1400 nm.107 When
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two TTFs are linked through a cross-conjugated tetraethynylethene (TEE) spacer

(e.g., 1-1, Figure 1.3), they act as autonomous redox centers that can be oxidized at

the same potential during cyclic voltammetric analysis (i.e., simultaneous two-electron

oxidation).109–111

Figure 1.3: TTF dimers with linear or cross-conjugated bridging units.

If two TTFs units are connected through two tetraethynylethene (TEE) bridges in

a cyclic structure, such as the extended radialenes 1-2 shown in Figure 1.3, electronic
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communications occur between two TTFs. This was evidenced by the observation

of two separate redox waves in its cyclic voltammogram (two steps of oxidation).111

Moreover, a low-energy IV-CT absorption band was seen at 2257 nm, which was

related to the intermediate radical cation. Rapta and co-workers112 clearly revealed

the effects of acyclic versus cyclic bridging units through cyclic voltammetric and

EPR/UV–vis–NIR spectroelectrochemical analyses. They synthesized and examined

a number of cyclic and acyclic acetylenic scaffolds that carry two TTF units (Figure

1.3). The bridge that separates two TTF moieties was changed systematically from

the linear conjugated ethyne, butadiyne and tetraethynylethene (trans-substituted)

units to cross-conjugated tetraethynylethene unit with acyclic and cyclic motifs.

The cyclic structures (radialenes) consist of both endo- and exo-cyclic double

bonds. The interactions between the two TTF moieties in each of these compounds

were analyzed by cyclic voltammetric, UV–vis–NIR absorption, and EPR analyses.

The electron-accepting features related to the acetylenic cores were also evaluated

by electrochemical means. Low and co-workers113,114 demonstrated that how the

rotamers could influence the electronic coupling in bis-TTF/ruthenium complexes

that are linked via oligoynediyl spacers. They prepared and characterized a series of

TTF dimers as presented in Figure 1.3.

More examples of bis-TTF derivatives reported in the literature are shown in

Figure 1.4. Simple bis-TTF 1-9115 and arylene/heteroarylene bridged bis-TTFs 1-

10, 1-11,115 1-12 and 1-13116 were found to show two-electron oxidation in PhCN.

However, the insertion of a Ru center between two TTF acetylides in complex 1-14117

led to a splitting of the two-electron oxidation potentials for the first and second

TTF units (by 110 mV). The one-electron oxidation of the Ru metal center was also
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observed experimentally. There is a strong communication between the two TTF

units in 1-14, which can be attributed to the Ru center and the bulky ligands. As

such the two TTF moieties prefer a co-planar conformation.117 Through direct fusion

of the dithiole rings of two TTF, such as compound 1-15,118 or through pyrazine or

benzene ring fusion (1-16, 1-17), two TTF units can be covalently linked to show

considerably enhanced electronic communications.118

Figure 1.4: Representative bis-TTFs reported in the literature.

In 2017, Liu and co-workers119 reported two novel tetrakis-(DTF) functionalized

spiro[fluorene-9,9’-xanthene] (SFX) derivatives, namely SFX-DTF1 and SFX-DTF2

(Figure 1.5). Their studies indicated that these compounds show significant

hydrophobic hole-transporting properties. The hole mobility exhibited by these

compounds were attributed to the incorporation of DTF end groups at the 2,2′-,

7,7′- and 2,3′,6′,7-positions of the SFX core. Structurally, these compounds can be
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viewed as spiroannulated ex-TTFs. It has been suggested that this type of exTTFs

would be useful as dopant-free hole-transporting materials (HTMs) in perovskite solar

cells (PVSCs).

Figure 1.5: Spiroannulated ex-TTFs developed by Liu et al.

Fujioka and co-workers120 in 2016 reported that Vilsmeier–Haack type formylation

on different 6-aryl-1,4-dithiafulvenes could be useful for the preparation of various

π-electron donors, especially dendralene-type donors along with aromatic rings in-

corporated through applying the formylated products as precursors. Electrochemical

properties of these π-electron donors were characterized. They presented 1,3-dithiol-2-

ylidene units on 1-18 or 1-20 using the Horner–Wadsworth–Emmons (HWE) reaction

or trialkyl phosphite-mediated olefination reaction, which lead to different novel π-

extended TTF donors, monoaryl-substituted TTF vinylogues 1-21, heteroaromatic

ring inserted [3]dendralene derivatives with triple 1,3-dithiol-2-ylidenes 1-23, and

their TTF-fused analogues (Figure 1.6). Electrochemical characteristics of the new

π-electron donors have been also investigated by cyclic voltammetry.

Pritam and co-workers reported three classes of D–A π-extended chromophores,
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Figure 1.6: Synthetic routes to extended TTF systems.

in which both anhydride- or imide-based π-acceptors and TTF/DTF donors were

incorporated. Large π-surfaces, including benzoperylene or coronene derivatives,

which were quite insoluble in ordinary solutions were attached to the TTF/DTF

donors for the first time.121 Moreover, they described the first tri- and tetra-DTF

substituted PDMA acceptors. Alkyl chains were linked to the TTF/DTF or imide

units to give good solubility. The donor units resulted in the formation of radical

cations (D·+), while the π-extended acceptor formed the radical anions (A·−) through

chemical oxidation/reduction reactions under ambient conditions. The radical anions

also gained stabilization through the large π-surface of the TTF/DTF moieties.
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These radical anions exhibited UV-Vis-NIR absorption properties. It was also found

that some of these chromophores show NIR fluorescence, with λem
max extending up

to about 740 nm. Additionally, certain TTF/DTF-appended chromophores showed

excited-state solvatochromism (1-26 and 1-28). The π-acceptors with anhydride

functionalities showed lower reduction potentials than those with imide groups.

Increasing the number of donor groups, on the other hand, made the systems much

easier to be oxidized. Remarkably, some trans-TTF-fused molecules formed MV

states in the mid infrared (MIR) region (1-24, 1-25, 1-27, Figure 1.7). These

systems, owing to their multi-state redox activity, panchromism, and NIR to MIR

optical absorption properties, have been applied in the preparation of multi-stimuli-

responsive and switchable molecular materials.122,123

1.1.3 Application of TTF in Functional Molecular Devices

In recent years, radical-enhanced molecular recognition has been applied as a

popular strategy for the development of stimuli-responsive supramolecular systems

and synthetic molecular machines. Reversible pairing of stable organic radicals is a

widely used mechanism in the operations of switchable molecular shuttles, pumps,

muscles, foldamers, and host–guest complexes.23–32 TTF and its derivatives have

found extensive application in this area, since their radical cations tend to form

intermolecular mixed-valence radical-cation dimers. As discussed before, TTF is

an excellent π-electron donor. The electrochemical redox properties of TTF can

be widely used in various fields, including organic conductors, superconductors,

photovoltaic cells, field effect transistors, sensors and biosensors, solar cells, and
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Figure 1.7: Selected examples of TTF/DTF-appended D–A chromophores.

more prominently as polymeric electrooptic materials, molecular devices and single-

electron donors in catalysis. TTF and derviatives can show C-T and π-interactions

with a variety of π-conjugated molecules with complementary electronic nature and

molecular shapes. Therefore they are particularly useful in supramolecular chemistry

and molecular devices. In the following sections, a brief literature review concerning

recent application of TTFs and ex-TTFs in materials chemistry is provided.

1.1.3.1 TTF Derivatives as Chemosensors

Several applications can be derived from the electrochemical and redox properties

of TTF derivatives such as creation of molecular sensors, amplification of redox-

17



fluorescent switches, redox-controlled gels, and molecular tweezers and clips.124–128

The use of TTFs as redox-active components in electrochemical sensors has been

pursued for decades. A wide range of sensing functions have been developed,

especially sensors for metal cations.129 By using different types of linkage groups,

TTF cores can be covalently linked to receptor groups to form sensor systems. In

these sensors, the TTF unit functions as a reporter, signaling redox currents and/or

potential changes in response to the binding of analytes and receptors. For example,

the TTF-crown ether hybrids shown in Figure 1.8 were designed as selective sensors for

different metal ions. The crown ether groups act as the receptors, providing binding

cavity to selectively capture metal ions. When a metal cation is bound to the crown

ether, an enhanced inductive effect is transduced to the TTF unit, which reduces the

electron density of TTF. The oxidation potential of the TTF core is in turn increased,

which can be detected by various voltammetric methods. In this way, sensitive

detection and quantification of certain metal ions can be achieved. The Becker group

pioneered in designing two TTF derivatives, crown ether-annulated or tethered TTFs,

as cation sensors.130,131 Crown ethers are not easy to synthesize and require ultra-

high dilution and certain conditions to accomplish satisfactory yields. Crown-TTF

systems also show low solubility as a result of their limited conformational flexibility.

To circumvent these problems, Bryce and co-workers developed TTF sensors that

carry more flexible podand receptors rather than crown ethers (see Figure 1.9). With

these modifications, the podant-TTF sensors achieved better solubility and exhibited

selectivity for certain transition metal ions.

Podand ligands are acyclic analogues of crown ethers. They provide binding sites

for specific transition metal ions.132,133 The structural flexibility makes the synthesis
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Figure 1.8: Examples of crown-annulated or tethered TTFs as metal cation sensors.

of TTF-podant systems more convenient and cost-effective than TTF-crown ethers.

Podand receptors show different binding properties and selectivity as compared to

crown ether receptors. As a result, the podand-TTF sensors complement instead of

replace the crown-TTF sensors. TTF can also be combined with the calix[4]arene

system to generate cation sensors. Calix[4]arene is a good cation receptor that has

a rigid backbone and a three-dimensional inner cavity. Calix[4]arene can effectively
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bind with various metal ions with strong affinity and defined stoichiometry. In this

respect, sensors containing a calix[4]arene receptor tends to show very good sensing

performance for metal ions. Figure 1.10 shows an example of a TTF-calix[4]arene

hybrid that can be used to detect sodium cation effectively.134,135

Figure 1.9: Examples of TTF-podand systems as transition metal ion sensors.

Figure 1.10: A bis(calix[4]arene)-TTF compound as a robust sodium cation sensor.

Most aryl-substituted TTFV derivatives exhibit a pseudo-cis conformation that

facilitates the construction tweezer-like receptors or supramolecular hosts. A class of

phenyl-acetylenic TTFVs has been investigated by the Zhao group via cross-coupling

and cycloaddition reactions, taking advantage of the convenient reactivity of the

alkynyl groups attached. Click chemistry has become the most important synthetic
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strategy in modern materials chemistry, since Sharpless first introduced this concept

in the late 1990s. In 2013, the Zhao group designed and synthesized molecular

tweezers 1-38 (Figure 1.11) by using a click reaction between an alkynyl-substituted

TTFV and an azido-phenylbornate precursor using the Cu-catalyzed alkyne-azide

coupling (CuAAC) conditions.136 The two phenylboronic acid groups in this tweezer

were designed to act as efficient receptors for saccharides, while the redox-active

TTFV central unit acted as an electrochemically active indicator for monitoring the

binding events of saccharides with 1-38. Electrochemical sensing function towards

a range of monosaccharides was achieved under physiological conditions. Through

a similar CuAAC strategy, a class of arene-substituted TTFV molecular tweezers

was also generated by the Zhao group. Compound 1-39 is an example of these

compounds (Figure 1.11). It was found to selectively bind with C70 fullerene in the

presence of a large excess of C60 fullerene (> 1000 fold).137 Fluorescence spectroscopic

titration revealed that binding of 1-39 with C70 fullerene produced a fluorescence

enhancement caused by the anthracene fluorophores on the molecule. This type of

molecular tweezers can be used as highly sensitive fluorescence sensors for fullerenes,

with the responsiveness of the fluorescence being determined by the arene fluorophores

connected to the TTFV unit.

Several types of chemosensors based on TTFs are also noteworthy, including those

for neutral and anionic chemical species, for example, the anthryl-TTF derivatives

1-40 shown in Figure 1.12. These compounds were prepared and used for the

detection of singlet oxygen as chemiluminescent traps.138,139 As a cytotoxic chemical,

singlet oxygen is very important for the survival of live cells.62,63 Sensitive detection

methods for singlet oxygen are therefore highly desirable. The anthryl unit is a
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Figure 1.11: TTFV-based molecular tweezers 1-38 and 1-39.

luminophore that reacts with singlet oxygen in the structures of 1-40a-c. In response

to singlet oxygen trapping, the TTF group transfers electrons as a strong electron

donor. Photo-induced electron transfer (PET) is the key process in the sensing

mechanism. Singlet oxygen reacts with the anthryl group of 1-40 to yield strong

chemiluminescence, switching the fuorescence quantum yield from Φ = 0.0039 to Φ =

0.21. In contrast, other reactive oxygen species, such as H2O2, OCl−, and O2 did not

induce the same magnitude of fluorescence response. It has also been demonstrated

that the introduction of electron-rich TTF to the 9-position of anthracene can greatly

increase its reactivity to singlet oxygen as revealed by the observed chemiluminescence

changes.

The proposed sensing mechanism consists of three steps, as shown in Scheme 1.5.

First, the electron-donating TTF unit of 1-41 activates the anthracene moiety to trap

singlet oxygen, yielding an unstable endoperoxide 1-42. The subsequent breakdown

of the peroxide intermediate results in the excitation of the anthracene moiety. By

oxidizing the electron-rich TTF moiety, the molecule is transformed into a cationic
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Figure 1.12: Anthryl-TTF derivatives for sensing of singlet oxygen.

Scheme 1.5: Possible mechanism for strong chemiluminescence (CL) resulting from

the interactions of sensor 1-41 with singlet oxygen.

form. As a consequence of such a tandem reaction, the generation of the final cationic

species leads to chemiluminescence.

For the detection of saccharides, sensors made of TTF, anthracene, and phenyl-

boronic acid units were developed; for example, compounds 1-44 and 1-45 in Figure

1.13.64–66 In these two chemosensors, the anthracene moiety acts as a fluorophore for

fluorescence signaling. Phenylboronic acid serves as a saccharide receptor, since it

is able to complex with the 1,2- or 1,3-diol groups in saccharides to form boronate

esters in water. TTF in these sensors works as a mediator to regulate the fluorescence

of anthracene. Without binding with saccharides, the fluorescence of these sensors is

quenched due to a PET mechanism, in which the TTF donor transfers electrons to the
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Figure 1.13: TTF-anthracene systems functionalized with phenylboronic acid groups

as selective fluorescenc sensors for saccharides.

anthracene unit upon photoexcitation. When the sensors are bound to saccharides,

the electronic properties of the boron center are changed. In particular, the boronate

group is a stronger acceptor than boronic acid due to increased Lewis acidity. As a

result, the PET pathway from TTF to boronate dominates, making the fluorescence

of the anthracene unit turned on. The detailed mechanism for the sensing function is

explained in Scheme 1.6. Sensor 1-44 displayed an excellent selectivity for D-fructose,

while sensor 1-45 was more selective for D-glucose. The results indicated that the

number of boronic acid receptors attached to the anthrancene-TTF backbone has a

significant effect on saccharide selectivity.
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Scheme 1.6: TTF-anthracene systems functionalized with phenylboronic acid group-

sas fluorescence turn-on sensors for saccharides.

1.1.3.2 TTF Derivatives as Molecular Machines and Switches

The reversible redox behavior of TTF derivatives makes them useful switchable

building blocks for advanced molecular devices. It is possible to modify and fine-tune

the redox properties of TTFs at the molecular level and apply them to molecular

switches and machines.140–142 A change in color (such as a transition from pale

yellow to deep green or blue) generally indicates the oxidation of TTF to its cationic

states. Zhou et al.143 investigated the colorimetric properties of a class of chiroptical

molecular systems, in which TTF groups are covalently linked to chiral binaphthyl

units. It is known that axially chiral binaphthalene molecules produce strong circular

dichroism (CD) signals that can be easily detected.144 It has been demonstrated that

changes in the oxidation states of the two TTF units resulted in either attractive

or repulsive interactions between them. Consequently, the dihedral angle of the

binaphthalene molecule varies to give detectable CD signal changes (Scheme 1.7).

Scheme 1.8 illustrates the mechanism for the redox-controlled dihedral angle
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Scheme 1.7: Illustration of the three states of compound 1-46 associated with its

oxidation and reduction.

changes through tuning the oxidation states of TTF. In the first step, each TTF

is oxidized to its radical cation. At this point, intramolecular attraction between the

two radical cations draws them closer and reduces the dihedral angle between two

naphthalene rings. As the TTF units are further oxidized, two dicationic TTF units

are formed. Coulombic repulsion occurs between them, causing an increase in the

dihedral angle between two naphthalene rings.

Redox-controlled fluorescent switches have been achieved by TTF-fused porphyrin

systems, for example, compounds 1-48, 1-49, and 1-50 in Figure 1.14. In these

compounds, the fluorescence of porphyrin units is quenched by adjacent TTF donors.

Upon oxidation, the TTF units lose their electron-donating ability, and the electron

transfer from TTF to porphyrin is inhibited. As a consequence, these TTF-fused

porphyrins exhibit increased fluorescence when oxidized.

The Stoddart group designed a rotaxane-type molecular machine (shuttle) 1-51,
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Scheme 1.8: Schematic illustration of the three states of 1-47 showing different

dihedral angles after oxidation of TTF units (BN: binaphthalene unit).

Figure 1.14: TTF-porphyrin-based redox fluorescent switches.

which employs TTF as a key functioning unit (see Figure 1.15).145,146 As a result

of the oxidation or reduction of TTF moieties through chemical or electrochemical

processes, the redox-bistable rotaxane underwent controlled and reversible motions.

The working principle of this molecular machine is based on the chemistry of host-
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guest recognition.147 As shown in Figure 1.15, the rotaxane system contains two

CBPQT4+ rings circling around a molecular wire that carries two TTF and two

naphthalene stations. When the TTF stations are in the neutral state, the CBPQT4+

rings are drawn closer to them through charge-transfer interactions as the TTF unit

is a better electron donor than the naphthalene group. When the two TTF groups

are oxidized, the CBPQT4+ rings are pushed away by electrostatic repulsion and

move toward the naphthalene units. The motion of CBPQT4+ rings in this molecular

shuttle can be controlled by the redox processes taking place on the TTF units.

Figure 1.15: Rotaxane 1-51 as a redox-controlled molecular machine.
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1.2 Introduction to 1,4-Dithiafulvene (DTF)

1,4-Dithiafulvene (DTF) is a significant organic electron-donating functional group,

which is the half structure of TTFV (Scheme 1.9). In general, DTFs can be

functionalized by π-insertion and/or π-annulation to generate what are known as

π-extended TTFs or ex-TTFs. Many of DTF derived materials show intriguing

electronic and semiconducting properties. Like TTF derivatives, DTF-functionalized

π-conjugated materials have also found wide applications in organic electronic and

optoelectronic devices.

Scheme 1.9: General strategies for integrating the DTF unit into various π-conjugated

systems.

1.2.1 Electron-donating Properties of DTF

As an electron-rich heterocycle, DTF is capable of releasing an electron upon oxi-

dation. There have been some theoretical investigations on the thermochemical and

structural properties of 2-methylene-1,3-dithiole, which is the unsubstituted DTF.148,149

Based on nucleus independent chemical shift calculations (NICS) and isomerization

stabilization energy calculations (ISE), unsubstituted DTF was suggested to be a
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good π-electron donor.150 However, unsubstituted DTF is unstable and therefore

cannot be easily obtained for experimental analysis. Through π-conjugation, DTF

can be substituted and linked with other functional groups in order to gain improved

stability and enriched electronic properties.

Extension of the DTF structure leads to new opportunities for improving chemical

stability, redox activities, and electronic properties. Three different approaches can

be used to incorporate a DTF group into conjugated molecular systems (Scheme

1.9). The 1,3-dithiole ring may either be directly connected to a π-conjugated unit

or be linked to the unit via covalent linkages on the vinylidene position.151 The DTF

derivatives investigated in this thesis work is characterized by the motif where the

DTF group is linked to a π-conjugated arene group at vinylidene position.

1.2.2 Synthetic Methods for DTF-Functionalization

The first DTF was synthesized by Kirmse and Horner in 1958.152 They used 4-phenyl-

1,2,3-thiadiazole 1-53 to produce a biradical intermediate 1-54 through photolysis.

Some of the intermediate then turned into thiokene 1-55. The combination of 1-

54 and 1-55 gave diphenyl-substituted DTF 1-56 as a final product (Scheme 1.10).

As this approach did not exhibit stereoselectivity and gave a low yield, it was not

accepted as an effective method for DTF synthesis.

Scheme 1.10: Formation of DTF through photolysis of 1,2,3-thiadiazole.
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Later, the Wittig-type olefination reaction was developed as a more useful

synthetic method. In 1971, Hartzler devised a process for obtaining dithiols

substituted with phenyls (i.e., 2-benzylidene-1,3-dithioles).153 It consists of two steps.

The cycloaddition of aliphatic phosphine with acetylene 1-58 first forms phosphorane

intermediate 1-59, which then undergoes the Wittig reaction with its benzaldehyde

counterpart to produce the final product 1-60. A new approach involving protonation

of dithiol-2-yl phosphonium intermediates with HBF4 has been described by Cava

and co-workers (Scheme 1.11).154 In basic conditions, the phosphonium salts can be

converted into Wittig reagents, which can then react with a variety of aldehydes

and ketones to generate olefinated compounds. A number of different phosphonate

reagents and phosphonium salts have been described for DTF functionalization on

various π-conjugated systems via the Wittig-type olefination reaction.

Scheme 1.11: Synthesis of 1,3-dithiol-2-yl phosphonium tetrafluoroborate.

In 2007, Bryce and co-workers155 developed another method, often referred to

as phosphite-promoted olefination. This reaction occurs by reacting an aldehyde

or ketone directly with 1,3-dithiole-2-thione under normal heating conditions in the

presence of excess P(OMe)3 or P(OEt)3 (Scheme 1.12).

Over the past decade, phosphite-mediated olefination reactions have gained

increasing popularity in the synthesis of DTF derivatives, mainly due to the following
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Scheme 1.12: DTF functionalization through the phosphite-promoted olefination

reaction.

reasons. First, it is an easy reaction that requires only one step. Second, a variety

of π-conjugated aldehydes and ketones can be used as starting materials. Third,

the 1,3-dithiole-2-thione precursor can be readily synthesized and tailored to meet

desired properties. Scheme 1.13 describes the mechanism of the phosphite-promoted

olefination reaction.

Scheme 1.13: Reaction mechanism for the phosphite-promoted olefination reaction.
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Apart from the above-mentioned methods, the double S-vinylation procedure

may also be used to achieve post-olefination functionalization.156,157 For instance,

1,2-benzenedithiol can undergo DTF functionalization (Scheme 1.14), when reacted

with a gem-dihalovinyl system under certain conditions. DTF product 1-75

is characterized by its extended benzo-d [1,3]dithiole structure. Some difficult

DTF syntheses have been successfully handled by using this method, while other

approaches such as phosphite-promoted olefinations and Wittig-type methods fail to

deliver desired products. Morin and Nielsen, for example, reported that the reaction

can be applied to generate highly efficient DTF-functionalization of large polycyclic

aromatic hydrocarbon (PAH) cores under extremely mild conditions.158,159

Scheme 1.14: Post-olefination functionalization through double S-vinylation.

1.2.2.1 Synthetic Methods for 1,3-Dithiole-2-thiones

In order to prepare a wide range of derivatives of DTFs and TTFs, 1,3-dithiole-2-

thiones are often used as starting materials since they can be readily functionalized

with a wide variety of side groups. A number of different DTF products have been

synthesized in this thesis by phosphite-promoted olefination. Scheme 1.15 presents
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the structure of a 1,3-dithiole-2-thione 1-80 synthesized by this method.

Scheme 1.15: Synthetic route for 1,3-dithiole-2-thione 1-80 involving the reduction

of CS2 with Na as the key step.

A wide range of 1,3-dithiole-2-thiones can be prepared in large quantities at

relatively low costs using this method. In the synthesis, CS2 is treated with an

alkali metal (e.g., Na or K) . Alkali metals act as reducing agents and convert CS2

to 1,3-dithiole-2-thione-4,5-dithiolate 1-88. This transformation can be explained by

the mechanism illustrated in Scheme 1.16.160 The first step in this mechanism is the

reduction of CS2 by Na metal, which forms radical anion 1-82. Then the radical

anion reacts with a second radical anion to yield dithiolate 1-83. The dithiolate

anion is chelated with zinc (II) cation to generate a stable salt of ammonium zincate

1-79. The zinc salt 1-79 can react with an electrophile appropriate to the desired

structure of 1,3-dithiole-2-thione to yield the thione compound 1-80.

There are also other synthetic methods available for the preparation of 1,3-dithiole-

2-thiones in addition to those described previously. Scheme 1.17 provides a concise

summary of these synthetic methods.

34



Scheme 1.16: Reaction mechanism for 1,3-dithiole-2-thione 1-80 involving the

reduction of CS2 with Na as the key step.

1.2.3 Chemical Properties and Redox Activity of DTFs

DTF is an electron-rich heterocycle that readily forms to a radical cation when

oxidized. In 1957, Kirmse and Horner152 published a study on the oxidative

dimerization reaction of DTF. This reaction involved oxidizing DTF 1-89 to yield

a reddish-violet salt 1-90. Further studies in 1974 offered evidence for oxidation of

diaryl-substituted DTFs (Scheme 1.18) and provided indicative structure data derived

from elemental analysis and UV-Vis absorption measurements. They proposed that

the radical cation 1-92 was formed in the following step of oxidation. Then, a

stable dication salt was formed by dimerization of two intermediate radical cations.

An aryl group attached to the DTF vinyl position aids in the formation of radical

cation intermediates, in turn producing a stable dication product, and the presence

of the vinyl proton facilitates elimination, which leads to the product known as a

tetrathiafulvenyl vinylogue (TTFV).

The DTF dimerization reaction can be promoted by several oxidants, including
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Scheme 1.17: Synthetic methods for 1,3-dithiole-2-thiones.

(BrC6H4)3SbCl6,
161,162 I2,

163,164 Br2,
165,166 and AgBF4.

167–169 DTF dimerization

reactions can also be induced by electrochemical conditions, resulting in the formation

of numerous TTFV products.166,170–172 Hapiot et al.173 conducted a comprehensive

study of the oxidative dimerization mechanism of DTF through cyclic voltammetric

(CV) analysis in 1996. According to their proposed mechanism, a radical cation

1-92 is generated through a fast electron transfer followed by the rapid formation

of a dication dimer 1-93 (Scheme 1.19). The next step entails abstracting the two

hydrogens from vinylidene, completing the double elimination reaction to produce

TTFV 1-94, which is readily oxidized to produce a stable TTFV dication at a lower

potential than the starting material DTF.

Several other reactivities for DTF have been reported in the literature. Details
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Scheme 1.18: Oxidative dimerization of DTFs.

Scheme 1.19: Mechanism for DTF oxidative dimerization

are provided in Scheme 1.20.165 DTF vinylidene proton is usually displaced by

different electrophilic groups in the majority of reaction mechanisms. In 1951,

Hartzler suggested that benzylidenedithioles (i.e., phenyl-DTFs) were quasi-aromatic

compounds due to their resonance properties.153 The C=C bond on the exo-ring

position can be substituted in a variety of ways, including bromination,174 addition

to a diazonium salt, nitrosylation,175 or formylation with oxalyl chloride.176

The activated C=C bond of DTF can possibly undergo cycloaddition reactions.177

Furthermore, a photo-oxidative cleavage reaction can also occur in the presence of

DTF and C60 fullerene.161,178 The photoexcitation of C60 induces the formation of

singlet oxygen, which then interacts with the C=C bond, cleaving DTF into the

related aldehyde and 1,3-dithiol-2-one. Researchers from the Zhao group have recently

identified certain properties of DTF that are unique. When phenyl-DTF is substituted
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Scheme 1.20: Summary of the reactivities of DTFs with various electrophiles.

with an ortho-substituent such as CH3 or Br, the presence of iodine can promote

oxidative coupling reaction, leading to unusual products such as compounds 1-97

(Scheme 1.21).

Scheme 1.21: An unusual oxidative dimerization of phenyl-DTFs with ortho-

substituents.

In the above reaction, the ortho-substituted group is believed to inhibit the

deprotonation step in the oxidative dimerization process. As a result, the protonated

dication intermediate reacts with Na2S2O3 during the workup step to provide a bis-

38



spiro-tricyclic product, 1-97. As a result of resonance effects, the π-extended aryl

groups, which are linked to a DTF, may stabilize the radical cation intermediate and

become resistant to the process of oxidative dimerization.

There is another type of substitution reaction that DTF can undergo. As shown

in Scheme 1.22, 1-naphthyl or 9-anthryl-substituted DTF 1-98 reacts with a 1,3,4-

thiadiazole-2-thiol 1-99 in the presence of iodine. The reaction mechanism begins

with the oxidation of DTF 1-98. The resulting DTF radical cation further reacts

with a 1,3,4-thiadiazole-2-thiol to form a thiadiazolyl-substituted product 1-100 in

good yield.179

Scheme 1.22: Iodine-mediated oxidative vinylic C(sp2)–H sulfenylation.

An intramolecular alkynedithiolium cycloaddition reaction was serendipitously ob-

served by Zhao’s group. As shown in Scheme 1.23, a bis(DTF)-substituted pheny-

lacetylene derivative 1-101 was treated with iodine, with the intention of making

TTFV-based conjugated oligomers or polymers. Nevertheless, a bis(indenothiophene)

1-102 was observed as the most significant product of this reaction.180 Another cy-

clized product, 1-103, was formed after treatment of 1-101 with a strong acid, TFA.

Experimental results indicated that the protonation of the vinylic carbon is a criti-
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cal step in this type of reaction. Density functional theory (DFT) analysis revealed

that the reaction begins with protonation of the vinylic carbon, yielding a dithiolium

cation intermediate that further reacts with the ortho-alkynyl group to form an in-

tramolecular cycloaddition product.181

Scheme 1.23: Intramolecular alkynyl-dithiolium cycloaddition reactions.

1.3 Recent Progress in DTF and TTFV Function-

alized Organic Materials

1.3.1 Organic Solar Cells

Optoelectronic performance of the π-conjugated systems, to which DTF is attached,

can be enhanced by the DTF functional group. In 2008, Leriche and co-workers182

prepared six different triphenylamines (TPAs) functionalized with DTF (Figure

1.16). These compounds were investigated as active materials in organic field-effect

transistors (OFETs) and photovoltaic devices.

According to this study, compound 1-104 exhibits a higher hole mobility

compared to the other compounds listed in Figure 1.16, because of its stronger π-
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Figure 1.16: DTF-functionalized triphenylamines for solar cell devices.

stacking in the solid state. Compound 1-104 was also used together with C60 fullerene

in fabrication of a bulk heterojunction (BHJ) solar cell. The resulting solar cell showed

an acceptable conversion efficiency; however, the device did not demonstrate sufficient

stability.

The DTF–A-type metal-free organic sensitizers were synthesized by Yang and co-

workers183 in 2012 for the preparation of dye-sensitized solar cells (DSSCs) (Figure

1.17). Increasing the length of the π-bridge results in improved performance for

devices based on DTF sensitizers. In terms of power conversion efficiency (η) of

8.29% for compound 1-108 (Figure 1.16), which is the highest value among others.

Comparison of these compounds with metal-based sensitizers indicated that organic

DSSCs with high performance based on DTF-functionalized dye molecules are likely
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Figure 1.17: DTF-unit as a donor for high-efficiency dye-sensitized solar cells.

to be developed in the future (the power conversion efficiency(η) for the Ru-based

N719 is 8.76%. A significant amount of research has been conducted in this area.

Guo and co-workers184 recently reported that dye sensitized solar cells incorpo-

rating DTF functionalized systems were highly efficient. In this study, they syn-

thesized two V-shaped dye compounds (1-113, 1-114, Figure 1.18) that were later

co-adsorbed on TiO2 with chenodeoxycholic acid (CDCA) to obtain a high (η) 9.04%.

DSSC systems were functionalized with the same DTF/(2-cyanoacetic acid strategy

as star-shaped TPA systems so that they could meet high performance requirements.

Figure 1.18: V-shaped DTF-functionalized dyes for high-performance DSSCs.
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Wang and co-workers185 designed and synthesized a spiro[uoren-9,9’-xanthene]

molecule functionalized with dithiafulvenyl (1-115 and 1-116, Figure 1.19). In

their study, two substances were found to have the potential to be applied as hole-

transporting materials in perovskite solar cells (PVSCs). Because of the beneficial S–S

contact in the solid state, the DTF group resulted in high hole mobility and excellent

air stability. It was found that compound 1-115 had a hole mobility approximately

five times greater than compound 1-116. The researchers concluded that the DTF

positions on the spiro[uorene-9,9’-xanthene] structure can impact device performance

to a significant extent.

Figure 1.19: DTF-functionalized spiro[uorene-9,9’-xanthene]s as hole-transporting

materials for PVSCs.
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1.3.2 Molecular Wires

Molecular wires composed of linear π-conjugated oligomers and polymers can be

used for a variety of applications, including nanoscale electronics and optoelectronic

devices.186–190 TTF-based charge transfer complexes have been extensively applied in

making crystalline materials that contain TTF and acceptors oriented in separated

stacks. The polymer composites that consist of TTF charge transfer complexes have

been synthesized and examined as transparent conductive materials. The TTF radical

cation is able to act as an acceptor and the neutral TTF and TTF radical cation

composition can also form mixed-valence complexs. The formation of self-assembly

stacking can be considered as a driving force for molecular switches regarding to

mechanical movement.191

TTF also is considered as a key compound for construction of nanodevices and

nanosensors.192–194 TTF can interact with transition metal ions to yield charge

transfer complexes. Previous research measured the charge transfer properties of

TTF complexed with various transition metal ions, including (Cu(II), Fe(III), Ru(III),

Rh(III), and so forth. Evaluation of their conductivities in the powdery forms has

been reported.195–197

A number of DTF-functionalized oligo(phenylene ethynylene)s (OPEs) have been

synthesized by Nielsen and co-workers (Figure 1.20).198–202 These oligomers were

subjected to conductive probe (CP) atom force microscopic (AFM) measurements

on self-assembled monolayers (SAMs) and mechanically controlled break-junction

experiments on single molecules in order to understand their molecular wire behavior

and related structure-property relationships.203,204
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Figure 1.20: DTF-functionalized OPEs as molecular wires.

CP-AFM analysis of these OPE wires showed that the molecular conductivity

increases as the number of DTF groups orthogonally arranged increases along the

wires. In contrast, DTF groups result in a decrease in the probability of junction

formation as well as insignificant effects on the conductance of a single molecule,

which was indicated by single-molecule measurements using STM-BJ and MCBJ.

Other factors, such as the structure of the interfacial layer, are also important. On the

other hand, it is a very challenging task to measure molecular conductance. According

to a study by Lissau et al.,205 a group of A-substituted OPE wires with linear and

cross-conjugated structures has been investigated. Two DTF-functionalized OPEs

were characterized and compared (1-120 and 1-121, Figure 1.21). According to

the MCBJ measurement with gold contacts, both compounds displayed remarkably

broadened conductance peaks. The conductance histograms of compounds 1-115 and

1-116 were different, since 1-120 exhibits linear conjugation and 1-121 shows cross
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conjugation.

Figure 1.21: Cruciform-shaped D–A substituted OPE molecular wires.

Petra and co-workers206 prepared label-free biosensors based on functionalized

TTF–Au wires in combination with microfluidic techniques. The TTF-Au wires were

prepared through bottom-up synthesis and functionalized with various molecules

in order to achieve label-free sensing functions for catecholamines and human IgG

(Schemes 1.24 and 1.25).

.
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Scheme 1.24: Functionalization of the TTF–Au wire for immunoassay. Step 1: SAM

of 4-ATPh. Step 2: immobilization of the capturing antibody (anti-human IgG) by

using EDC/NHS. Step 3: (1) blocking the unreacted wire surface by CEA and (2)

antigen (human IgG) binding.

Scheme 1.25: Functionalization of the TTF–Au wire for the amine sensing. Step 1:

formation of the CEA self-assembled monolayer (SAM) by the Au–S bond. Step 2:

binding of GA to form a Schiff base. Step 3: (1) binding of analytes with the amino

group (analyte-NH2) and (2) treatment with NaCNBH3 to form a stable secondary

amine.

1.3.3 DTF Building Blocks for Redox-active Sensors

As discussed before, DTF can undergo oxidative coupling to form a C–C bond. Based

upon this reactivity, polymers, oligomers, and even macrocyclic molecules can be

synthesized using various DTF-substituted molecules as precursors. Hascoat and co-

workers173 in 1997 reported that the oxidative coupling of a bis(DTF) compound

1-122 yielded macrocyclic products 1-123a and 1-123b (Scheme 1.26).

In 2016, Mohammadreza and co-workers207 reported the synthesis of a TTFV-
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Scheme 1.26: Preparation of TTFV macrocycles through DTF oxidative coupling.

pyrene macrocycle 1-125 through oxidative coupling of bis(DTF)-pyrene 1-124

(Scheme 1.27) There are two steps involved in the synthesis. In the first step,

the monomer 1-124 was oxidized using iodine. The reaction was stopped after

approximately 45 minutes, yielding a mixture of monomer and dimer. Mechanical

grinding was carried out on the mixture in the presence of iodine to yield macrocycle

1-125 with an impressive 37% yield. The reaction time has a major role to play

in the synthesis of this macrocycle. Further studies have revealed that macrocycle

1-125 can serve as an effective supramolecular host for nitrobenzene. According to

molecular modeling studies, the DTF groups in the structure assists in the binding

of macrocycle 1-125 with electron-deficient aromatics. This observation encouraged

Mohammadreza to synthesize a class of multivalent DTF-functionalized polyarene

building blocks 1-126 and 1-127 (Figure 1.22) for preparation of redox-active

polymer thin film sensors, which are highly sensitive to nitrobenzene explosives.208

After the multi-cycle cyclic voltammetric scans of the octa-DTF compound

1-122, a stable microporous cross-linked polymer thin film was created on the
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Scheme 1.27: Preparation of TTFV macrocycles under oxidative conditions.

working electrode surface. The thin film formed on the working electrode surface

exhibited sensitive electrochemical response to nitrobenzene at low concentrations.

Nevertheless, the thin film sensors showed limited durability and stability.

In 2019, a double-layer strategy was proposed and tested by Zhao’s group in order

to improve the stability of cross-linked polymer thin films.209 Shahrokhi and Zhao

published a report on the synthesis of a TTFV-pyrene derivative 1-128 (Figure 1.23).

Through electropolymerization of a DTF-substituted phenylacetylene precursor, a

durable redox-active polymer thin film was generated on the surface of a working

electrode. This polymer thin film surface was next modified with DTF-substituted

dendrimer 1-128 through electropolymeization, which deposited another layer of

polymer thin film. This double-layer thin film sensor showed excellent sensitivity

and selectivity for TNT among other nitrobenzene derivatives.
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Figure 1.22: Multivalent DTF-endcapped dendrimers.

1.4 Objectives and Organization of This Thesis

Work

The performance of the DTF-modified polymer thin film sensors work well in organic

solvents, but they are not compatible with aqueous media. When they are placed in

water, voltammetric scans would lead to quick detachment of the thin films from the

working electrode, resulting in a complete lose of sensing function. It is likely that the

hydrophobic nature of the polymer films play an important role in its incompatibility

with water. Moreover, these polymer films only showed electrochemical sensing

properties for electron deficient aromatic compounds, such nitrobenzene and its

derivatives. Further structural modifications are warranted in order to expand the
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Figure 1.23: Structure of tetra(DTF)-substituted fluorene-cored phenylene vinylene

dendrimer 1-125.

sensing scope of this type of polymer thin films.

The major goal of this MSc dissertation is to develop new DTF and TTFV-based

molecular materials for both fundamental studies and applications in optoelectronic

devices (e.g., electrochemical sensors). There are two major research projects that

have been conducted in this MSc thesis work, dealing with the synthesis and

characterization of functionalized π-conjugated DTF and TTFV-based molecular

materials. In the synthetic work, a series of reactions, including phosphite-promoted

olefination, alkylation, and oxidative coupling were carried out to newly prepared

DTF and TTFV derivatives that are subsituted with various donor/acceptor groups.

Following the synthesis, advanced instrumental analyses were applied such as NMR,

mass spectrometry, IR, UV-Vis absorption spectroscopy, X-ray single crystallography,

and cyclic voltammetry (CV), to systematically examine their structural, electronic,

and redox properties. Fundamental structure-property relationships and potential

applications in electrochemical sensing for aromatic pollutants (e.g. phenol and
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phenol derivatives) have been revealed based on the experimental studies. Detailed

results of these studies are outlined in the following two chapters.

Chapter 2 describes a comprehensive study of the properties of a series of

nitro and methoxy-substituted DTF and TTFV derivatives with focuses placed

on understanding their electronic absorption, redox, X-ray single crystallographic,

and supramolecular properties. Our studies unravel the effects of donor/acceptor-

substitution on the electronic absorption, electrochemical redox, and solid-state

supramolecular self-assembling properties of these DTF and TTFV systems.

Chapter 3 focuses on the design and synthesis of a new family of DTF-end-capped

redox-active 1,3-diphenoxypropane, in which a new bola-type bis(DTF) compound

and its mono-DTF-substituted precursor were synthesized and characterized in

this work. Crystallographic and UV-Vis absorption spectral analyses have clearly

showed their molecular conformations, solid-state packing, and electronic transition

properties. The flexible structure of the bola-bis(DTF) was clearly identified as

a key factor that causes significant changes in redox potentials compared to rigid

structures counterparts. This result provides a new design concept for for DTF and

TTFV-based redox-active molecular devices, including electrochemical sensors. A

double-layer thin film was generated through sequential electropolymerization of a

structurally rigid bis(DTF) and the bola-bis(DTF) on a glassy carbon electrode.

Systematic electrochemical analyses showed that they can act as electrochemical

sensors for electron-rich phenol and phenol derivatives. These results point to

potential application in sensing emerging organic contaminants in the environment,

for example, phenolic industrial wastewater or pollution from cannabis industry.

Experimental work in these two chapters have met success, resulting in one research
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articles published in a peer-reviewed scientific journal and one submitted manuscript

under peer-review. In both papers, the author of this thesis is the first author, who

made major contribution to the experimental work and data analysis. The author

also actively participated in the manuscript preparation in collaboration with her

supervisor and other co-workers. So, Chapters 2 and 3 of this thesis are formatted in

a paper-based structure. Chapter 4 describes a summary of this thesis work. Based

on the results of this thesis work, future research directions are suggested.
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Chapter 2

Donor/Acceptor Substituted

Dithiafulvenes and

Tetrathiafulvalene Vinylogues:

Electronic Absorption,

Crystallographic, and

Computational Analyses

The contents of this chapter were published as a full article on New J. Chem. 2021,

45, 11918–11926. Contributions of authors are described below:

Azadeh Afzali is the first author, who conducted all the experimental work and

data collection. She also contributed to the manuscript preparation and editing.
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Maryam F. Abdollahi is a PhD student in the Zhao group. She conducted the DFT

computational analysis reported in this article. Prof. Baiyu H. Zhang is the co-

supervisor of Azadeh Afzali, who contributed to developing the project, manuscript

editing, and securing funding support to this work. Prof. Yuming Zhao is the

supervisor of Azadeh Afzali and helped her design and develop this project. In this

article, he acts as the corresponding author, who wrote the manuscript, participated

in data analysis, and handled the manuscript submission.

2.1 Introduction

1,4-Dithiafulvene (DTF) is a five-member heterocycle (see Figure 2.1) that has

been frequently used as a redox-active molecular building block in various organic

electronic materials.210,211 Being non-aromatic in its neutral state, DTF can be

readily converted into an aromatic dithiolium cation through oxidation. As such

DTF exhibits very good π−electron donating properties.115,212–214 The combination of

two DTF groups via an exo-ring C=C bond yields the well-known tetrathiafulvalene

(TTF), which has been one of the most studied organic molecules ever since the

metallic conductivity of TTF salts was first discovered by Wudl and co-workers in the

early 1970s.215,216 Nowadays, a vast array of TTF-based molecules and its π−extended

analogues (exTTFs) has been documented and their appealing applications in

advanced molecular electronic and optoelectronic materials and devices are still

attracting unabated research interest and efforts.217–220

Among various ex-TTFs, the class of vinyl-extended TTF, namely tetrathiaful-

valene vinylogue (TTFV), has been under active investigation over the past two
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Figure 2.1: Molecular structures of DTF, TTF, and TTFV.

decades.221 A DTF group can be directly bonded to an arene group (e.g., phenyl),

forming a redox-active π-system that is prone to a facile oxidative dimerization re-

action.212–214 As outlined in Figure 2.1, the DTF group upon oxidation releases one

electron to generate a reactive radical cation that dimerizes quickly to form a diphenyl-

substituted TTFV product. Since TTFV is a better electron donor than DTF, the

dimerization reaction eventually leads to a stable TTFV dication before a reduc-

tive workup step is implemented. It is worth noting that neutral diphenyl-TTFV

and its dication show dramatically different conformations.222–228 Taking advantage

of the excellent redox-activity and unique redox-controlled conformational switch-

ing properties of TTFV, various TTFV-based molecular tweezers, conjugated poly-

mers, and macrocycles have been developed to explore their applications in chemical

sensing and supramolecular chemistry.221,228–238 Our group recently reported that a

TTFV-pyrene-based macrocycle showed fluorescence turn-on sensing properties for

nitrobenzene,142 while some DTF-TTFV dendrimers exhibited high selectivity and

sensitivity in terms of electrochemical recognition/detection of 2,4,6-trinitrotoluene

(TNT).143,144 Nitroaromatic compounds (NACs) have been widely used in explosives,

dyes, pesticides, and pharmaceutical feedstocks. Detection and sensing of this type of

compounds have important implications in the fields of mining industry, military, na-
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tional security, and environmental control.145–147,239 In our previous work, the sensing

performance of TTFV-based materials for nitrobenzenes was ascribed to π−π interac-

tions between the electron-deficient nitroaromatic ring and the electron-rich dithiole

ring of DTF and TTFV groups. In particular, the π-stacking of two aromatic rings

with opposite electronic nature has been known to result in intermolecularcharge-

transfer148 that in turn modifies photophysical properties and redox activity.149,150

To deepen the knowledge for the design of DTF and TTFV-based chemosensors for

NACs, fundamental understanding of the interplay between dithiole and nitroben-

zene, both covalently and noncovalently, warrants systematic investigations.

Figure 2.2: Oxidative dimerization mechanism of phenyl-substituted DTF.

In the literature, π− π interactions of nitrobenzenes with arenes have been inves-

tigated mainly by the computational modeling approach.151 X-ray crystallographic

analysis is a powerful analytical tool that can cast in-depth insight into the details

of the noncovalent interactions taking place in the solid state.152 However, X-ray

analysis cannot be easily applied to address the topic of nitrobenzene/dithiole nonco-

valent interactions, mostly due to the difficulty in obtaining good-quality co-crystals

of nitrobenzene with DTF or TTFV compounds. To circumvent this problem, we en-

57



visioned that molecular donor–acceptor ensembles containing nitrophenyl, DTF, and

TTFV moieties could serve as suitable model compounds to obtain this knowledge.

These compounds allow the electronic interactions between the electron-donating

dithiole and electron-withdrawing nitrophenyl groups to be analyzed. Furthermore,

their crystallization can lead to good-quality single crystals for diffraction analysis in

order to disclose the detailed properties of noncovalent interactions between nitroben-

zene and dithiole. Aiming at this goal, we prepared nitrophenyl-substituted DTF and

TTFV derivatives 3 and 4 (Figure 2.3). Additionally, electron-rich methoxyphenyl-

substituted DTF and TTFV derivatives 7 and 8 were also prepared as counterparts

in order to better understand the electronic substitution effects on aromatic π − π

interactions153 through comparative analyses. Previously, a nitro-substituted phenyl-

DTF was reported by Katz et al. to show strong second-order nonlinear optical sus-

ceptibility.154 Okada and co-workers recently employed a nitrophenyl-DTF to prepare

donor–π–acceptor dyes.155 The synthesis of certain methoxy-substituted phenyl-DTF

and related TTFV derivatives has been documented.212,224,240,241 Nevertheless, sys-

tematic comparative analysis of these donor/accetpor-substituted DTF and TTFV

systems have not yet been reported in the literature. The following describes a com-

prehensive study of the properties of a series of nitro and methoxy-substituted DTF

and TTFV derivatives with focuses placed on understanding their electronic absorp-

tion, redox, X-ray single crystallographic, and supramolecular properties.
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2.2 Results and Discussion

2.2.1 Synthesis of donor/acceptor-substituted DTF and TTFV

derivatives

The synthesis of para-nitrophenyl and para-methoxyphenyl-substituted DTF and

TTFV model compounds followed our previously reported procedures.242 As shown

in Figure 2.3, to prepare phenyl-DTF derivatives 3 and 7, we conducted the

phosphite-promoted olefination reactions243 between 1,3-dithiol-2-thione 2 with para-

nitrobenzaldehyde (1) and para-methoxybenzaldehyde (6), respectively. These

olefination reactions proceeded smoothly at elevated temperature (100–120 ◦C) for

3 h. Nitrophenyl-substituted DTF 3 was obtained in a modest yield of 46%, and it

appears as a red-colored crystalline solid after purification. Compound 3 was found

to slowly decompose during a certain period of time when stored under ambient

conditions. In contrast, methoxyphenyl-substituted DTF 7 is a colorless solid with

good stability. The limited stability of 3 is therefore deemed to be the reason for

its lower yield in comparison with that of para-methoxy-substituted DTF 7 (85%),

although the two olefination reactions were run under very similar conditions. It is

likely that the strongly electron-withdrawing effect of the nitro group enhances the

reactivity of vinyl group of 3 towards molecular oxygen to cause decomposition.

DTF derivatives 3 and 7 were subsequently subjected to iodine-induced oxidative

dimerization reactions, affording corresponding TTFV products 4 and 8 in similar

yields (ca. 50–55%). Like its DTF precursor, nitrophenyl-substituted TTFV 4 is a

dark red solid with limited stability. Methoxyphenyl-substituted TTFV 8, however,
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appears as a yellow-colored solid with a much better stability. All the DTF and

TTFV compounds were successfully recrystallized to form good-quality single crystals

through carefully controlled solvent(CH2Cl2)/non-solvent (hexane) diffusion at room

temperature. It is noteworthy that during the recrystallization of 4, a trace amount

of yellow-colored single crystals was collected. X-ray structural analysis proved that

it is a bis-spiro byproduct 5 (Figure 2.3. Similar side products were observed in the

oxidative dimerization of phenyl-DTFs, where the phenyl group carries substituents

at its ortho-position.228,242 The central thia-bridged five-member ring of 5 results from

the nucleophilic attack by Na2S2O3 during the reductive workup step. The formation

of 5 indicates that less ortho-hindered but more electron-deficient phenyl can also

induce this side reaction by enhancing the electrophilicity of the TTFV unit.

Figure 2.3: Synthesis of para-nitrophenyl and para-methoxyphenyl-substituted DTF

and TTFV model compounds. Inset: X-ray structure of compound 5 (CCDC

2077632).
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2.2.2 Comparative study of the electronic properties of donor

/ acceptor-substituted DTF and TTFV derivatives

The electronic properties of para-nitrophenyl and para-methoxyphenyl-substituted

DTF and TTFV derivatives were investigated by UV-Vis absorption and cyclic

voltammetric (CV) analyses. As shown in Figure 2.4, the UV-Vis spectrum of

nitrophenyl-substituted DTF 3 shows significant low-energy maximum absorption

band (λmax) at 449 nm, which can be mainly ascribed to the HOMO→LUMO

transition according to density-functional theory calculations (see the Appendix for

detailed TD-DFT results). The λmax of methoxyphenyl-substituted DTF 7 appears

at 341 nm, which is substantially blueshifted than that of 4. The cut-off wavelength

of the low-energy band of 3 is observed at 522 nm, which corresponds to an optical

bandgap (Eg) of 2.37 eV. The (Eg) of DTF 7 is calculated as 3.05 eV according

to the cut-off wavelength at 406 nm in its UV-Vis spectrum. Clearly, the direct

π−conjugation between the electron-donating dithiole and electron-withdrawing

nitrophenyl units of 3 results in a very strong electron push–pull effect and hence

a relatively narrow optical bandgap. The donor (methoxy) substitution, on the other

hand, does not influence the degree of π−electron delocalization as much as the

acceptor (nitro) substitution.

The UV-Vis spectrum of nitrophenyl-substituted TTFV 4 shows a low-energy

absorption band at the same wavelength as that of its DTF precursor 3. This

is because the molecule of 4 takes a twisted conformation that prohibits effective

π−electron communications between the two phenyl-DTF segments in the molecule.

As such, the degree of π−electron delocalization of TTFV 4 is nearly the same as that

61



of DTF 3, albeit the π−framework of 4 is much larger in size than DTF 3. Similar

results can be found when comparing the UV-Vis spectra of nitrophenyl-substituted

TTFV 8 and its DTF precursor 7. Again, the twisted TTFV conformation can be

used to rationalize these outcomes. In is interesting to note that the absorption

band of bis-spiro compound 5 is substantially blueshifted to 264 nm in comparison

to its TTFV counterpart 4. Obviously, the disruption of π−conjugation between the

dithiole and nitrophenyl moieties exerts a pronounced effect of lowering the degree of

π−electron delocalization.

Figure 2.4: UV-Vis absorption spectra of compounds 3–5, 7, and 8 in CH2Cl2 at

room temperature.

The electrochemical redox properties of the DTF and TTFV derivatives are

investigated by multi-cycle CV analyses. As shown in Figure 3.10A, both the

nitrophenyl and methoxyphenyl-substituted DTFs (3 and 7) show quasi-reversible

redox wave pairs in their voltammogram. It is interesting to note that the cathodic

and anodic potentials of nitrophenyl-substituted DTF 3 are more positive than
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Figure 2.5: Cyclic voltammograms of (A) DTF derivatives 3 (red trace) and 7 (blue

trace), and (B) TTFV derivatives 4 (red trace) and 8 (blue trace).

those of methoxyphenyl-substituted DTF 7. The significant differences in redox

potentials testify to a strong electronic substitution effects on the π-electron density

of DTF, which is in good agreement with the data of UV-Vis analysis. Multi-

cycle CV scans of the two DTF derivatives show no significant changes in their CV

profiles. Previously reported phenyl-DTFs usually show an apparent growth of a

redox wave couple after the first cycle of CV scans, as a result of the formation

and accumulation of oxidatively coupled products (TTFVs) on the working electrode

during the CV scans.244,245 However, this is not the case for DTFs 3 and 7. It is

noteworthy that the cathodic peak appearing the reverse scan of DTF 3 (at +0.78

V) is significantly more positive than that of its TTFV counterpart 4 (+0.59 V).

Comparison of the CV data of DTF 3 and DTF 4 thus confirms that the quasi-

reversible features revealed by the voltammogram of 3 are mainly due to the single-

63



electron transfer (oxidation/reduction) processes occurring on the DTF moiety, and

there is no significant deposition of oxidatively dimerzed product (i.e., TTFV 4) on

the working electrode during the multi-cycle CV scans of 3. It is likely that the strong

electron-withdrawing effect of nitro group reduces the reactivity of the radical cation

of 4 towards dimerization under the electrochemical conditions.The redox potentials

of methoxyphenyl-substituted DTF 7 and TTFV 8 are quite similar. The separation

of anodic and cathodic peaks for TTFV 8 is narrower than DTF 7, indicating a higher

degree of reversibility. The qausi-reversible redox wave pair in the voltammogram of 7

can be assigned to single-electron transfer on the DTF moiety, while the redox wave

pair in the voltammogram of TTFV 8 is attributed to simultaneous two-electron

transfers. The multi-cycle CV scans of DTF 7 does not show the characteristic

growth of TTFV redox couple. It is reasoned that the electron-donating methoxy

group provides stabilization to the radical cation of DTF 7, which in turn makes its

dimerization reaction rate on the working electrode slower than the CV scan rate

applied.

2.2.3 X-ray single crystallographic properties

The X-ray single crystal structure of nitrophenyl-DTF 3 is shown in Figure 2.6. In the

crystalline state, the molecule of 3 adopts a fully planar π-conjugated conformation,

which facilitates the electron push-pull interactions between nitrophenyl and dithiole

groups. The crystal packing contains slipped face-to-face π-stacks (see Figure

2.6A), where adjacent molecules of 3 are in an antiparallel orientation with close

intermolecular distances of 3.43 Å and 3.48 Å, respectively. Such an arrangement
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allows the electron-donating dithiole group to interact with the electron-withdrawing

nitrophenyl group intermolecularly. Of note is that in the adjacent pair of molecules,

the benzylic carbon atoms show a close intermolecular distance of 3.39 Å (highlighted

in Figure 2.6B), which is slightly shorter than the van der Waals diameter of carbon.

Figure 2.6: (A) ORTEP drawing (50% ellipsoid probability) of para-nitrophenyl-DTF

3. (B) Crystal packing diagrams of 3 showing (B) slipped face-to-face π-stacking,

and (C) edge-to-edge interactions. Selected intermolecular distances are highlighted

in Å (CCDC 2077629).

The two methyl groups of DTF 3 show different orientations with respect to the

conjugated molecular plane; one is nearly co-planar, and another is perpendicular.

The co-planar methyl group encounters more steric crowding with the dithiole ring

of the same molecule; however, intimate intermolecular S· · ·C contacts can be

observed between the co-planar methyl and a dithiole sulfur atom of the adjacent

65



molecule (Figure 2.6C) with a S· · ·C distance of 3.43 Å. This interaction brings

about stabilizing effects due to favored donor–acceptor orbital interactions; that

is, the lone pair orbital of the dithiole sulfur atom (donor) to interact with the

antibonding orbital of the C–S bond (acceptor). The nitro group in DTF 3 facilitates

intermolecular hydrogen bonding interactions as well. As shown in Figure 2.6C, the

nitro oxygen atoms show close contact with the edges of adjacent molecules, forming

O· · ·H hydrogen bonds with distances from 2.46 Å to 2.81 Å. Overall, the solid-

state packing of nitropheny-DTF 3 is organized by π-stacking, S· · ·C contact, and

hydrogen bonding interactions.

Figure 2.7: (A) ORTEP drawing (50% ellipsoid probability) of para-methoxyphenyl-

DTF 7. (B) Crystal packing diagrams of 7 showing (B) slipped face-to-face π-

stacking, and (C) edge-to-edge interactions. Selected intermolecular distances are

highlighted in Å (CCDC 2076928).

The X-ray structure of methoxyphenyl-DTF 7 is depicted in Figure 2.7. Like its
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Figure 2.8: (A) and (B) ORTEP drawings (50% ellipsoid probability) of para-

nitrophenyl-TTFV 4 viewed from different perspectives (hydrogen atoms are not

shown for clarity). Crystal packing motifs of 4 driven by (C) intermolecular O· · · S

and (D) O· · ·H interactions. Selected intermolecular distances are highlighted in Å

(CCDC 2077631).

counterpart 3, the π-framework of 7 retains a fully planar conformation to attain

a maximum degree of π-conjugation. The packing of 7 in the crystal structure is

dominated by intermolecular S· · ·H, O· · ·H, and CH· · · π interactions as highlighted

in Figure 2.7B/C. There is no significant π-stacking observed in the crystal structure,

which can be rationalized by the electron-donating methoxyphenyl and dithiole rings

in 7 that are repulsive to one another when they are arranged face-to-face. The

contrasting packing motifs between 3 and 7 indicate that the electron-rich dithiole

unit only favors stacking with electron-deficient nitrobenzene, which accounts for the

observed selective binding of NACs with certain dithiole-containing systems.207,208

The X-ray structure of nitrophenyl-substituted TTFV 4 shows a twisted confor-
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mation due to the significant steric crowding among the arene groups in the molecule

(Figure 2.8A/B). It is worth noting that the dihedral angle between the two vinyl

units in 4 is 100.9◦, rendering the molecule a cruciform-shaped conformation as can be

clearly viewed in Figure 2.8B. Such a conformation disfavors intermolecular face-to-

face π-stacking among the arene groups in the crystal packing. On the other hand, the

electron-withdrawing nitro group gives rise to attractive intermolecular O· · · S inter-

actions with adjacent SCH3 group, which draws the dithiole ring to a close proximity

to the nitrobenzene unit (Figure 2.8C). In a sense, these types of interactions can

be ascribed to the “chalcogen bonding interactions”,243,246–249 which could account

for the supramolecular binding of NCAs with various TTFV-based systems.207,208,250

Moreover, significant intermolecular O· · ·H interactions can be seen between closely

positioned nitro oxygen and phenyl proton (Figure 2.8D).

The molecules of methoxyphenyl-substituted TTFV 8 in the single crystal show

two slightly different molecular structures (Figure 2.9A). Both show cruciform-shaped

conformations similar to that of TTFV 4, but the dihedral angle between the two

vinyl units in each of the molecules (81.9◦ and 95.7◦, respectively) is smaller than

that of 4. The two molecules of 8 show close CH· · · π contacts among the methoxy

and phenyl rings, which serve as the main noncovalent forces assembling the crystal

packing of 8. As shown in Figure 2.9B, there are four molecules of 8 in the unit

cell. Unlike the packing of TTFV 4, the crystal structure of 8 does not show

significant intermolecular interactions between the dithiole and methoxyphenyl rings.

The results further corroborate that electron-rich dithiole only favors to interact with

electron-deficient arenes such as nitrobenzene.
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Figure 2.9: (A) X-ray structures of two molecules of para-methoxyphenyl-TTFV 8

with intermolecular CH· · · π interactions highlighted in Å. (B) ORTEP drawing (50%

ellipsoid probability) of the molecules of 8 packed in the unit cell. Hydrogen atoms

are not shown for clarity (CCDC 2077628).

2.2.4 DFT computational analysis

2.2.4.1 Molecular electrostatic potential and frontier molecular orbital

properties

To further understand the electronic properties of para-nitrophenyl and para-

methoxyphenyl substituted DTF and TTFV derivatives, density functional theory

(DFT) calculations were carried out. We first examined the electron density and

frontier molecular orbital (FMO) properties of these compounds in the gas phase.

As shown in Figure 2.10A, the molecular electrostatic potential (MEP) plot of

nitrophenyl-substituted DTF 3 shows that the nitro oxygen atoms possess the highest
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negative electrostatic potentials, while the regions around the methyl, vinyl, and

phenyl hydrogens exhibit significant positive electrostatic potentials. Such a charge

distribution pattern is in line with the intermolecular edge-to-edge interactions in the

crystal packing (see Figure 2.6A). In contrast to 3, the MEP plot of methoxyphenyl-

substituted DTF 7 reveals a high degree of electron density over the phenyl ring and

dithiole group, which accounts for their disinclination towards co-facial π-stacking

in the crystal packing. The most positive electrostatic potentials of 7 are located

around the methoxy and thiomethyl groups. The observed S· · ·H and edge-to-edge

contacts in the crystal packing of 7 (Figure 2.7C and D) are also in line with the

charge distribution properties disclosed by the MEP plot.

Figure 2.10: Plots of MEP surfaces and frontier molecular orbitals for DTF derivatives

(A) 3 and (B) 7. Maximum and minimal potentials on the MEP surfaces are

highlighted (in kcal/mol). Calculations done at the M06-2X/Def2SVP level of theory.

The highest occupied molecular orbital (HOMO) of nitrophenyl-substituted DTF
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3 is mainly distributed on the electron-rich dithiole unit, and its lowest unoccupied

molecular orbital (LUMO) is more concentrated on the electron-withdrawing para-

nitrophenyl moiety (Figure 2.10A), indicating a high degree of π-electron delocaliza-

tion. For methoxyphenyl-substituted DTF 7, the HOMO is solely contributed by the

dithiole group, whereas the LUMO is extensively distributed across the π-conjugated

phenyl-dithiole framework. The HOMO energy of 3 is lower than that of 7 by 0.504

eV. Since the oxidation potential can be correlated to the HOMO energy,251 such a

significant difference in the HOMO energies of 3 and 7 concurs with the results of

their CV analysis; that is, the anodic peak of 3 in its cyclic voltammogram is more

positively shifted by 0.26 V relative to that 7 (see Figure 3.10A).

Figure 2.11: Plots of MEP surfaces and frontier molecular orbitals for TTFV

derivatives (A) 4 and (B) 8. Maximum and minimal potentials on the MEP surfaces

are highlighted (in kcal/mol). Calculations done at the M06-2X/Def2SVP level of

theory.

The MEP and FMO properties of TTFV derivatives 4 and 8 are depicted in Figure
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2.11. Similar to its DTF precursor, the nitro oxygens of TTFV 4 hold the strongest

negative electrostatic potentials, while the edges of electron-deficient phenyl groups

show positive potentials as well. Intermolecular attractions between nitro oxygens and

phenyl edges therefore constitute the major driving forces in the crystal packing of 4

(see Figure 2.8D). The HOMO of 4 is distributed along the two dithiole rings and the

vinyl bridges between them. The LUMO is mainly located on one of the nitrophenyl

group. Compared with DTF 3, the HOMO of 4 is more delocalized and its energy is

higher than that of 4 by 0.098 eV. This result is in line with that of the first oxidation

potential of TTFV 4, which is about 0.16 V lower than that of DTF 3 as determined

by CV analysis. The phenyl rings in methoxyphenyl-substituted TTFV 8 do not

appear to be as electron-rich as that of DTF 7. The conformation of TTFV 8 shows

a relatively large twist angle between the phenyl and dithiole groups due to significant

steric crowding. As such, the electron-pushing effect from the dithiole to the phenyl

ring is attenuated. The MEP plot of 8 shows that the most negative potentials appear

around the methoxy oxygen atoms, and the thiomethyl and methoxy groups possess

the most positive potentials. Relative to its DTF precursor 7, the HOMO of 8 is also

more delocalized and its energy is therefore lower than that of 7 by 0.233 eV. The

LUMO of 8 is mainly distributed along the dithiole and vinyl moieties. The phenyl

rings of 8, however, make a much smaller degree of contribution to the LUMO in

comparison to its DTF precursor 7.

2.2.4.2 π-Stacking properties of DTF 3

To quantitatively examine the face-to-face π-stacking properties between electron-rich

dithiole and electron-deficient nitrophenyl groups, a π-stacked dimer of nitrophenyl-
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Figure 2.12: (A) Optimized geometry of a dimeric assembly of DTF 3 in the slipped

face-to-face stacking mode. Intercentroid and interfacial and distances are highlighted

in Å. (B) Plots of frontier molecular orbitals of the dimer of 3. Calculations done at

the M06-2X/Def2SVP level of theory.

substituted DTF 3 was modelled in the gas phase by DFT calculations (Figure 2.12A).

The geometry of this dimer (referred to as π-dimer herein) shows a parallel displaced

stacking mode similar to that observed in the crystal packing (see Figure 2.6B). It

is worth noting that in the gas phase, the π-dimer structure shows an interfacial

distance of 3.411 Å, which is close to the van der Waals diameter of carbon (3.40

Å). The distance between the centroid positions of the dithiole and phenyl rings

that show direct π-stacking is 3.594 Å. With these two distances, the degree of

parallel displacement can be reflected by a pitch angle (θ = 18.4◦) as shown in Figure

2.12A. It is worth noting that the geometry of the π-dimer is similar to that of

two closely packed molecules of 3 in the crystal structure. In the crystal packing,

two adjacent molecules of 3 show an interfacial distance of 3.28 Å, an intercentroid

dithiole–phenyl distance of 3.79 Å, and a pitch angle of 30.2◦. Compared with
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the gas-phase π-dimer, the interfacial distance in the crystal packing is shortened

slightly and the degree of slippage between the dithiole and phenyl rings is increased.

The variation can be explained by the intermolecular edge-to-edge attractions in

the crystal packing. The interaction energy (∆E int) of the π-dimer is calculated to

be -22.64 kcal/mol, rendering the π-stacking mode an important cohesive force in

the solid-state packing of nitrophenyl-substituted DTF 3. For organic conjugated

materials, π−π interactions among aromatic rings play a vital role in their electronic

properties; especially, the charge transfer process.252 Usually, close stacking distance

and short displacement are conducive to good orbital overlap and hence facilitates

intermolecular charge transport.253 In this sense, the slipped face-to-face stacking

mode of the π-dimer of 3 should be beneficial for the development of efficient organic

charge-transport materials. To assess the effects of π-stacking on the electronic

properties. The frontier molecular orbitals of the π-dimer are computed (see Figure

2.12B). Compared with the individual molecule of 3, the HOMO energy of the π-dimer

is lowered by 0.012 eV, and the LUMO energy is lowered by 0.321 eV. The results

indicate that face-to-face π-stacking exerts a more significant effect on the LUMO

properties, which in turn would lead to enhanced electron affinity for the crystal of

3. The computational results for the π-dimer of 3 thus point to a promising prospect

for experimentally exploring the charge-transport properties of the single crystal of

DTF 3.
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2.3 Conclusions

In conclusion, we have conducted a comprehensive study on the electronic, struc-

tural, and crystallographic properties of para-nitrophenyl and para-methoxyphenyl-

substituted DTF and TTFV derivatives. The electron-rich dithiole and electron-

deficient nitrophenyl can form donor/acceptor push-pull systems through π-conjugation,

resulting in lowered electronic bandgaps and considerably shifted oxidation poten-

tials. Their significant intramolecular charge-transfer properties can be useful for

various organic optoelectronic applications. X-ray single crystallographic analyses

have shown the detailed supramolecular self-assembling behavior in the solid state.

Various noncovalent forces come into play to influence the solid-state packing mo-

tifs of these DTF and TTFV derivatives. Of particular note is the crystal packing

properties of the nitrophenyl-substituted DTF 3, in which an antiparallel face-to-

face stacking mode exists in its crystal structure. DTF calculations revealed that

the molecules of compound 3 favor forming a face-to-face stacked π-dimer in the

gas phase, in which the electron-rich dithiole and electron-deficient nitrophenyl rings

show attractive interactions. The π-dimer structure shows a slight degree of change

in the crystal packing, indicating that this π− π interacting mode can be retained as

a dominant noncovalent force in the solid-state assembly. Computational modeling

studies demonstrated that the π-stacking of 3 leads to enhanced intermolecular or-

bital interactions to narrow the HOMO–LUMO gap. Such properties are beneficial

for improving charge transport performance in the solid state and hence make 3 a

good candidate in the application of organic semiconducting devices. In contrast to 3,

nitrophenyl-substituted TTFV 4 do not show significant intermolecular π−π interac-
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tions due to its highly twisted molecular conformation. Electron-rich methoxyphenyl

substituted DTF 7 and TTFV 8 do not show π−π interactions either in their crystal

packing. Therefore, the molecular conformation and electronic nature are two key fac-

tors to consider in the design of face-to-face stacked crystals of aromatic compounds.

Overall, the findings reported in this studies offer a fundamental understanding on

the interactions of NACs with electron-rich dithiole ring, which is useful for further

exploring NACs related molecular sensors and supramolecular hosts.

2.4 Experimental section

2.4.1 Materials and instrumentation

All starting materials and reagents were acquired from commercial sources and

used directly without purification. All reactions were carried out in standard,

dry glassware. Evaporation and concentration have been conducted with a rotary

evaporator. Flash column chromatography was performed with 240-400 mesh silica

gel, and thin-layer chromatography (TLC) was carried out with silica gel F254

covered on plastic sheets and visualized by UV light. Melting points (m.p.) were

measured using an SRS OptiMelt melting point apparatus and are uncorrected. 1H

and 13C NMR spectra were measured on a Bruker Avance III 300 MHz multinuclear

spectrometer. Chemical shifts (δ) are reported in ppm downfield relative to the signals

of the internal reference SiMe4 or residual solvents (CHCl3: δH = 7.24 ppm, δC = 77.2

ppm). Coupling constants (J ) are given in Hz. Infrared spectra (IR) were recorded

on a Bruker Alfa spectrometer. High-resolution APPI-TOF MS analysis was done
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on a GCT premier Micromass Technologies instrument. UV-Vis absorption spectra

were measured on a Cary 6000i spectrophotometer.

Cyclic voltammetric (CV) analysis was carried out in a standard three-electrode

setup controlled by a BASi Epsilon potentiostat. Glassy carbon electrode was used

as the working electrode, and its surface was polished by 1.0 micron alumina prior to

standard CV scans. A Pt wire was used as the counter electrode, and the reference

electrode was Ag/AgCl (3.0 M NaCl). All CV experiments were performed in CH2Cl2

and/or CH3CN media with Bu4NBF4 as the electrolyte.

2.4.2 Synthetic procedures

Synthesis of DTF 3. (4-Nitrobenzaldehyde), 4 (0.604 g, 3.992 mmol), compound

2 4,5-bis(methylthio)-1,3-dithiole-2-thione (0.904 g, 3.992 mmol), and P(OMe)3 (8

mL). The mixture was heated at 120 ◦C for 3 h with an oil bath. After that,

the reaction mixture was subjected to vacuum distillation at the same temperature

to quickly remove unreacted P(OMe)3. The residue was purified through silica gel

flash column chromatography using hexanes/CH2Cl2 (7:3, v/v) as the eluent. The

separation resulted in two products. Compound 3 (0.62 g, 1.88 mmol,46%) as a red

crystalline solid. m.p: 136.1–138.1 ◦C; 1H NMR (300 MHz, CDCl3) δ 8.23 (d, J =

15 Hz, 2H), 7.31 (d, J = 15 Hz, 2H), 6.52 (s, 2H), 3.80 (s, 3H), 2.47(d, J = 5 Hz

6H), 2.43 (s ,6H), 2.41 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 144.4, 142.4, 140.0,

128.7, 126.6, 124.2, 111.8, 23.9, 19.1, 18.9, ppm; FTIR (neat) 3084, 2915, 1586, 1548,

1494, 1479, 1317, 1102, 725, 852,742, 681 cm−1; HRMS (APPI, positive) m/z calcd

for C12H11NO2S4 329.9766, found, 329.9766 [M + H]+.
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Synthesis of TTFV 4 Compound3 (0.500 g, 1.598 mmol) iodin (0.92 g,

3.624mmol) and CH2CL2 (10ml) were added to a 100 mL round-bottom flask.

The reaction mixture was stirred under N2 at room temperature for 5 min. Then

(60 mL) of the aqueous solution of saturatedNa2S2O3 was added to the reaction

and the mixture was kept stirring for another 15 min. The mixture was poured

into a separatory funnel, and the aqueous layer was separated and extracted with

CH2Cl2 twice. The organic layers were combined and dried over MgSo4. After

filtration and concentration under gentle heating and reduced pressure, the resulting

residue was subjected to silica gel column chromatography using hexanes/CH2Cl2

(hexanes/CH2Cl2) (9:1, v/v) as the eluent. to give compound 4 (0.41 g, 0.414 mmol,

55%) crystalline solid . m.p.: 131.9–132.8 ◦C; 1H NMR (300 MHz, CDCl3) δ 8.18

(d, 9.1H, 4H), 7.51 (d, J = 9.1 Hz, 4H), 2.48 (s,6H),2.40(s,6H), 2.39 (s, 6H) ppm;

13C NMR (75 MHz, CDCl3) δ 148.35, 148.18, 144.60, 142.52, 141.17, 132.06, 129.98,

127.13, 126.38, 126.19,124.94, 124.44, 123.13, 120.94, 81.30, 67.53, 19.19, 19.05, 18.93

ppm; FTIR (neat) 3073, 2919, 2441, 1587, 1505, 1464, 1330, 1189, 1106, 1013, 1963,

848, 702 cm−1; HRMS (APPI, positive) m/z calcd for C24H21N2O4S8 656.9262, found,

656.9264 [M+H]+. A trace amount of compound of 5 was also obtained from the

reaction as and yellow crystalline solid during recrystalization of 4. ;1H NMR (500

MHz, CDCl3) δ 8.04 (d, J = 8.9 Hz, 4H), 7.55 (d, J = 8.2 Hz, 4H), 2.27 (s, 6H), 1.94

(s, 6H), 13C NMR (75 MHz, CDCl3) δ146.84, 138.80, 129.21, 124.70, 121.77, 63.45,

29.93, 28.93, 17.43 ppm; FTIR (neat) 3359, 2920, 2851, 1520, 1345, 1261, 1103, 1016,

881, 857, 801, 697 cm−1.

Synthesis of DTF 7. 4-Methoxybenzaldehyde(6) (6) (1.05 g, 7.74 mmol), 4,5-

bis(methylthio)-1,3- dithiole-2-thione(2) (3.50 g, 15.486 mmol), and P(OMe)3 (8.0

78



mL) were added to a 50 mL round-bottomed flask. The flask was placed in an oil

bath and heated at 120◦C for 3 h. After that, the reaction mixture was subjected

to vacuum distillation at the same temperature to remove unreacted P(OMe)3. The

residue was subjected to silica gel column chromatography (hexanes/ CH2Cl2, 7: 3)

to give pure compound7 (2.19 g, 6.96 mmol, 85%) as a white crystalline solid; m.p

60.8–61.2 ◦C; 1H NMR (500 MHz, CDCl3) δ 7.15 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 9

Hz, 2H), 6.42 (s, 1H), 2.42 (s, 3H), 2.40(s, 3H); 13C NMR (75 MHz, CDCl3) δ 157.78,

129.24, 128.87, 128.15, 126.97, 123.93, 114.95, 113.99, 55.31, 18.91, ppm; FTIR (neat)

2962, 2912, 2837, 1556, 1501, 1305, 1283, 1024, 996, 900, 836 cm−1; HRMS (APPI,

positive) m/z calcd for C13H14OS4 313.9922, found, 313.9931[M + H]+.

Synthesis of TTFV 8. Compound7 (0.500 g, 1.59 mmol), iodine (1.02 g, 4.00

mmol), and CH2Cl2 (10ml) were added to a 100 mL round-bottom flask. The reaction

mixture was stirred under N2 at room temperature for 5 min. Then 60 mL of the

aqueous solution of saturated Na2S2O3 was added to the reaction and the mixture was

kept stirring for another 15 min. The mixture was poured into a separatory funnel,

and the aqueous layer was separated and extracted with CH2Cl2 twice. The organic

layers were combined and dried over MgSO4. After filtration and concentration

under gentle heating and reduced pressure, the resulting residue was subjected to

silica gel column chromatography (hexanes/CH2Cl2, 9:1) to give compound8 (0.26 g,

0.414mmol, 55%) as a pale yellow crystalline solid. m.p 105.7–106.4 ◦C; 1H NMR

(500 MHz, CDCl3) δ 7.35 (d, 9.0H, 2H), 6.87 (d, J = 8.9 Hz, 2H), 3.83 (s,3H),

2.43(s,3H), 2.42 (s, 2H) ppm; 13C NMR (75 MHz, CDCl3) δ 158.6, 133.3, 128.1, 127.8,

124.9, 124.5, 113.9, 58.5, 29.2, 23.8, 19.6 ppm; FTIR (neat) 2924, 2857, 1728, 1671,

1600, 1252, 1174, 1028, 828 cm−1; HRMS (APPI, positive) m/z calcd for C26H2702S8

79



626.9772, found, 626.9810 [M+H]+.
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Chapter 3

Studies of a Bola-Type

Bis(dithiafulvene) System:

Synthesis, Crystal Structure, and

Electrochemical properties

The contents described in this chapter have been submitted to New J. Chem. as a

full article that is under peer-review. Contributions of authors are described below:

Azadeh Afzali is the first author, who conducted all the experimental work and

data collection. She also contributed to the manuscript preparation and editing.

Zahra A. Tabasi is second author, who contributed to data analysis and manuscript

writing. Prof. Baiyu H. Zhang is the co-supervisor of Azadeh Afzali, who contributed

to developing the project, manuscript editing, and securing funding support to this

work. Prof. Yuming Zhao is the supervisor of Azadeh Afzali and helped her design
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and develop this project. In the submitted manuscript, he acts as the corresponding

author, who conducted the DFT/TD-DFT calculations, MD/MM simulations, wrote

the manuscript, participated in data analysis, and handled the manuscript submission.

3.1 Introduction

1,4-Dithiafulvene (DTF) is a five-memebered heterocyclic structure with remarkable

electronic and electrochemical properties.254? ,255 A significant member in the family

of DTF derivatives is the phenyl-substituted DTF, which features a facile oxidative

coupling reactivity through a radical dimerization mechanism (Figure 3.1).256,257 It

is worth noting that this reaction not only offers an efficient C–C bond forming

strategy for extending the structure of DTF, but serves as the most commonly

used synthetic method for making another class of redox-active organic compounds,

namely tetrathiafulvalene vinylogues (TTFVs).258 As shown in Figure 3.1, TTFV is

an intriguing π-extended analogue of the well-known organic donor, tetrathiafulvalene

(TTF).259,260 Diaryl-substituted TTFVs not only show reversible redox activities at

relatively low potentials, but undergo dramatic conformational changes along with

their redox processes. Owing to its rich electronic properties and redox activity, DTF

has been widely used as a functional molecular building block in a wide range of

molecular devices, such as molecular wires,261,262 molecular receptors,263–266 chemical

sensors,267–269 nonlinear optical phores,270–273 and high-performance chromphores for

dye-sensitized solar cells,274–280 and so on.

It is noteworthy that a large number of bis- and poly(DTF)-substituted com-

pounds have been synthesized and reported in the literature, serving as reactive build-
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Figure 3.1: (A) Molecular structures of DTF, TTF, and TTFV. (B) Oxidiative

dimerization of phenyl-subsitututed DTF.

ing blocks for construction of complex polymeric and macrocyclic structures.281–288

Previously, we, have extensively examined the type of DTF–π–DTF molecular

structures, in which the central linkages are structurally rigid π-conjugated sys-

tems.262,284–290 These compounds can be viewed as “molecular dumbbells” or “molec-

ular wedges” depending on the shape of the π-linker (see Figure 3.2). When subjected

to oxidative coupling conditions, their molecular rigidity predisposed them to form

linear conjugated oligomers, polymers, and shape-persistent macrocycles, depending

on the structural and electronic nature of the π-linkages. Bis(DTF) compounds with

a flexible and non-conjugated central linker, on the other hand, give a different class of

derivatives herein called “bola-bis(DTF)s” (Figure 3.2). The term “bola” is used due

to the resemblance of the molecular shape to the throwing weapon, known as a bolas,

which is made of two or more balls interconnected by a soft cord and designed for cap-
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turing animals by entangling their legs. In contrast to their structurally rigid cousins,

bola-bis(DTF)s have been rarely investigated in the literature. The only known ex-

amples of bola-bis(DTF)s are those reported by Hapiot and workers in 2007.291,292 In

their work, a series of bis(DTF) derivatives that contain flexible polyoxyethyl linkers

with varying lengths were synthesized and characterized by electrochemical analysis.

When subjected to electrochemical polymerization, these compounds yielded conduct-

ing polymer thin films with quickly switchable redox states.291 Chemical oxidation

of them resulted in crown ether-type macrocyclic ligands, which showed potential

application in metal ion recognition.292 Clearly, the bola-bis(DTF) derivatives could

be as useful as rigid DTF–π–DTF systems in development of redox-active polymeric

materials and molecular devices. Nevertheless, there has been no further studies on

such systems after Hapiot’s work. To address this deficiency, we conducted a sys-

tematic study of a newly designed flexible bola-bis(DTF) compound, focusing on

disclosing fundamental molecular structural, solid-state packing, electronic absorp-

tion, and electrochemical properties. Moreover, we have employed the bola-bis(DTF)

in combination with a rigid DTF–π–DTF to form a hybrid polymer thin film through

stepwise electrochemical polymerizations. This new type of polymer film exhibited

intriguing electrochemical responsiveness to phenol and phenol derivatives, which can

be useful in the application of environmental sensing. Detailed results of our studies

are reported in the following sections.
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Figure 3.2: Bis(DTF)-substituted molecular building blocks with different molecular

shapes and rigidity.

3.2 Results and Discussion

3.2.1 Synthesis

Figure 3.3 outlines the synthesis our designed bola-bis(DTF) 5. The synthesis began

with a double O-alkylation reaction between 4-hydroxybenzaldehyde (1) and 1,3-

dibromopropane in DMF at 100 ◦C using K2CO3 as the base. The reaction proceeded

for 12 hours to yield a dibenzaldehyde product 3 in 80% yield. This intermediate

contains a 1,3-diphenoxypropane moiety that was intended to serve as the flexible

linker for the target bola-bis(DTF). Compound 3 was subsequently subjected to

an phosphite-promoted protocol293 with 1,3-dithiole-2-thione 4 and P(OMe)3. This

reaction involved two steps of olefination, yielding a mono-olefinated intermediate
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6 first and then the bola-bis(DTF) product 5. It was observed that both 5 and 6

showed limited stability at high temperature. Therefore the reaction temperature

was controlled between 100 to 120 ◦C to avoid significant thermal decomposition of

the intermediate and product. The control of reaction time is also critical. The

highest yield (46%) of bola-bis(DTF) 5 was obtained at a reaction time of 3 hours.

Longer reaction time led to a lowered yield of 5. Under the optimal conditions, a

significant amount of intermediate 6 remained unconsumed, which could be readily

separated and purified through silica flash column chromatography in an isolated

yield of 25%. The acquisition of intermediate 6 is actually beneficial for the following

characterization studies, since it provides a counterpart of bola-bis(DTF) 5 and hence

allows better understanding of structure-property relationships through comparative

analyses.

Figure 3.3: Synthesis of bola-bis(DTF) 5 and related intermediate 6.

3.2.2 Molecular structural and solid-state packing properties

The molecular structures and purity of compounds 5 and 6 were confirmed by NMR,

IR, and MS analyses (see Appendix for details). Both compounds are yellow-color
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solids with reasonable stability under ambient conditions. Good-quality single crystals

of these two compounds were successfully grown by a solvent/non-solvent diffusion

method. In this method, pure 5 or 6 was first dissolved in a proper amount of

CH2Cl2. On the top of the solution was gently added a layer of hexane, which slowly

diffused into the layer of CH2Cl2 by gravity to induce single crystal growth at room

temperature. The obtained single crystals of 5 and 6 were then subjected to single

crystal X-ray diffraction (SCXRD) analysis to elucidate their molecular structures

and solid-state packing properties.

Figure 3.4: ORTEP drawings (50% probability ellipsoids) of the unit cells of (A) 5

viewed along the c axis, (B) 5 viewed along the b axis, (D) 6 viewed along the a

axis, and 6 viewed along the b axis. Plots of the unit cells of (C) 5 and (F) 6 with

free space highlighted by yellow-colored isosurface. CCDC numbers: 2157962 (5) and

2158002 (6.
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Figure 3.4A and B show the X-ray structure of bola-bis(DTF) 5 in the unit cell.

Compound 5 crystallizes in the monoclinic space group P/c, with two molecules in

the unit cell. In each of the molecules, the central O–C–C–C–O skeleton adopts an

all-gauche conformation, rendering the molecule a wedge-like molecular shape. This

conformation is similar to that reported for the crystal structure of compound 3.294

The crystal packing of compound 5 is hence dominated by a herringbone-shaped

stacking as depicted in Figure 3.5. Various non-covalent forces come into play in this

type of assembly. Figure 3.5 highlights the C–H· · · π interactions between phenyl rings

and their adjacent OCH2 groups. The stacking distance is 3.55 Å, which is slightly

longer than the van der Waals diameter of carbon. Viewing from the edge of this

stack, one can notice significant intermolecular S· · ·H and S· · ·C interactions (Figure

3.5B). The S· · ·H contact occurs between two CH3 groups in proximity, with an

S· · ·H distance at 2.88 Å and an S· · ·H–C angle at 157.4◦. These geometric features

suggest weak hydrogen bonding interactions. The S· · ·C contact shows a distance of

3.46 Å and an S· · ·C–S angle of 160.9◦. The origin of this contact can be attributed

to the orbital interactions between the lone pair orbital of sulfur (donor) and the

antibonding orbital of the adjacent C–S bond (acceptor).295,296 These noncovalent

forces enable the wedge-shaped molecules of 5 to pack efficiently in the crystalline

state. Figure 3.4C depicts the distribution of free space within the unit cell of 5,

which contributes to 28.93% of the total volume of the unit cell.

The molecular structure of mono-DTF derivative 6 determined in the crystal

structure shows a very different conformation in comparison to its bola-bis(DTF)

counterpart. As can be seen from Figure 3.4D and E, the crystal structure of of 6

takes a triclinc P − 1 group space with four molecules in the unit cell. Each of the
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Figure 3.5: (A) Front view and (B) side view of the herringbone-shaped stacking in

the crystal packing of 5. Intermolecular distances are highlighted in Å.

molecules adopts a linear conformation, in which the central O–C–C–C–O tether is in

an all-anti (zig-zag) arrangement. In the crystal packing, adjacent molecules of 6 are

in an anti-parallel orientation. The free space in the unit cell accounts for 28.15% of

the total volume (see Figure 3.4F), which is slightly lower than that of bio-bis(DTF)

5. Close examination of the crystal packing properties reveals intimate intermolecular

C–H· · ·O contacts between a pair of anti-parallelly oriented molecules of 6. As shown

in Figure 3.6A, the O· · ·H contact between phenyl C–H and phenolic oxygen gives

a distance of 2.70 Å, while the methylthio C–H and aldehyde oxgen atom interacts

at a distance of 2.60 Å. Both types of O· · ·H interactions can be viewed as very

weak hydrogen bonding. It is interesting to see that the aldehyde oxygen shows a

close intermolecular interaction with one of the SCH3 groups in an adjacent molecule

(Figure 3.6B), indicating an orbital interaction between the oxygen lone pair orbital

(donor) and the S–C antibonding orbital (acceptor).297,298 This donor–acceptor orbital
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interaction drives the two interacting molecules into a linear arrangement.

Figure 3.6: (A) Anti-parallel packing of two adjacent molecules of 6 driven by

intermolecular O· · ·H interactions. (B) Linear arrangements of the molecules 5

through intermolecular S· · · S–C contacts. Intermolecular distances are highlighted

in Å.

3.2.3 Electronic absorption and molecular orbital properties

The electronic absorption properties of bola-bis(DTF) 5 and its mono-DTF substi-

tuted counterpart 6 were determined by UV-Vis spectral analysis. Figure 3.7 com-

pares the normalized UV-Vis absorption spectra of both compounds measured in

CH2Cl2. Compound 5 shows two absorption bands at 340 nm and 270 nm, while

the spectrum of 6 gives two bands at 338 nm and 255 nm. The origin of the low-

energy absorption band in each absorption spectrum can be assigned to the S◦ →

S1 transition. Since compounds 5 and 6 carry different π-chromophore groups, it is

kind of interesting to observe that their low-energy absorption bands are of nearly
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identical energy (340 nm for 5 and 338 nm for 6). Time-dependent density functional

theory (TD-DFT) calculations offered a deep insight into their electronic transition

properties. Calculated at the M06-2X/DEF2SVP level of theory,299,300 the S◦ → S1

transition energy for 5 is 3.788 eV (327.3 nm), while the S◦ → S1 transition energy

for 6 is 3.781 eV (327.9 nm). These results agree well with the experimental UV-Vis

data. Detailed contributions of frontier molecular orbitals (FMO) to the S◦ → S1

transitions for 5 and 6 are summarized in Figures 3.8 and 3.9, respectively.

Figure 3.7: Normalized UV-vis absorption spectra of compounds 5 and 6 measured

in CH2Cl2 at room temperature.

As shown in Figure 3.8, the the S◦ → S1 transition is due to H − 1 → LUMO

(48%), H − 1 → L + 6 (10%), and HOMO → LUMO (20%). The bonding and

antibonding orbitals that participate in the electronic transition show significant

spatial overlap at one of the DTF groups (i.e., symmetry allowedness). The S◦ →

S1 transition for 6, as can be seen in Figure 3.9, is contributed by H − 7 → LUMO
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(83%) and H − 7 → L + 10 (15%). In the molecule of 6, the HOMO is distributed

on the electron-donating phenyl-DTF, while the LUMO is at the electron-accepting

benzaldehyde unit. Interestingly, the HOMO→ LUMO transition has no contribution

to the S◦ → S1 band, because they are spatially separated (i.e., symmetry forbidden

transition). The benzaldehyde unit appears to be the chormophore group that gives

rise to the S◦ → S1 band of 6, the transition energy of which is nearly identical to

that of 5 by coincidence.

Figure 3.8: Plots and energies of the FMOs of 5 that are involved in the S◦ → S1

transition. Calculations done at the M06-2X/DEF2SVP level, and isovalue of orbital

plots is set as 0.03 au.
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Figure 3.9: Plots and energies of the FMOs of 6 that are involved in the S◦ → S1

transition. Calculations done at the M06-2X/DEF2SVP level, and isovalue of orbital

plots is set as 0.03 au.
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3.2.4 Electrochemical properties and redox reactivity

The electrochemical redox properties of compounds 5 and 6 were examined by

cyclic voltammetric (CV) analysis. Figure 3.10 shows their cyclic voltammograms

obtained from multiple-cycle CV scans in the positive potential window. For

comparison purposes, the cyclic voltammogram of a bis(DFT) derivative 7262,286 was

also measured under the same experimental conditions. Compound 7 represents a

structurally rigid DTF–π–DTF molecular dumbbell, in which the two DTF groups

are connected through a linear π-conjugated butadiynylene bridge.

In our previous studies, the electrochemical redox properties and reactivity of

bis(DTF) 7 were fully examined.262,286,290 As shown in its voltammogram, the first

cycle of CV scan resulted in an anodic peak at Epa = +0.83 V, which can be attributed

to the simultaneous oxidation (i.e., two electron transfer) taking place on the two DTF

groups. The electrochemical behavior of 7 follows an EC mechanism, in which the

oxidized 7 undergoes DTF coupling reactions on the electrode surface, resulting in

the formation of TTFV-based polymer film. This is clearly evidenced by the growing

quasi-reversible redox couple at Epa = +0.69 V and Epc = +0.58 V, which is the

redox characteristic of TTFV.262,286,290

The cyclic voltammogram of bola-bis(DTF) 5 shows a pattern similar to that of

bis(DTF) dumbbell 7, indicating the occurrence of electrochemical polymerization

during the multiple-cycle CV scans as a result of DTF coupling reactions. Neverthe-

less, the anodic and cathodic peaks of 5 are markedly shifted to the lower potential

direction in comparison with those of 7. In the first cycle of the CV scan, the anodic

peak of 5 is observed at Epa = +0.64 V, while the resulting TTFV redox couple
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Figure 3.10: Cyclic voltammograms of compounds 5–7. Experimental conditions:

Bu4NBF4 (0.10 M) as the electrolyte, CH2Cl2/CH3CN (5:1, v/v) as the solvent,

glassy carbon as the working electrode, Pt wire as the couter electrode, Ag/AgCl as

the reference electrode, scan rate = 100 mV/s.

appears at Epa = +0.52 V and Epc = +0.45 V. For mono-DTF substituted 6, the

cyclic voltammogram shows little change during multiple-cycle scans; the anodic peak

consistently appears at Epa = +0.87 V and the cathodic peak at Epc = +0.49 V.

These feature suggest that the DTF group in 6 lacks the reactivity towards oxidative

coupling, and only shows a quasi-reversible redox pattern due to the DTF group.301

Comparison of the three voltammograms in Figure 3.10, one would come up with
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Figure 3.11: Normal ordering and potential inversion scenarios for the oxidation of a

bis(DTF) system.

a question; that is, why are the redox potentials of bio-bis(DTF) 5 shifted to much

less positive values than the others? To address this question, we need to examine

the bis(DTF) oxidation mechanism. As illustrated in Figure 3.11, the oxidation of

a bis(DTF) system involves two steps of single electron transfer occurring on each

redox-active DTF moiety, respectively. If the linker group induces a certain degree

of electron communication, the oxidation of the second DTF group should be more

difficult than the first step of oxidation, making the second oxidation potential greater

than the first oxidation potential (i.e., E◦
2 −E◦

1 > 0). This situation is called normal

ordering,302 for which two separate steps of single electron transfer should be seen in

the CV analysis. On the other hand, if the electron-transfer reactions are accompanied

by significant structural variations, the second oxidation potential may become lower

than the first oxidation potential (E◦
2 −E◦

1 < 0). This scenario results in the so-called

“potential inversion”.302,303 In such a case, the system would undergo simultaneous

two-electron transfer at a potential lower than the oxidation of a single DTF group.

According to the CV results in Figure 3.10, both of the bis(DTF) compounds 5 and 7

show one anodic peak in the first cycle of scan, which are lower in potential than that
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of mono-DTF 6. So, it is clear that both bis(DTF) derivatives undergo a simultaneous

two-electron transfer upon oxidation due to potential inversion. Compound 7 is

structurally more rigid than bola-bis(DTF) 5. It is therefore reasonable to predict

that 5 would undergo a much higher degree of structural changes associated with the

redox process. Our results here clearly demonstrate that the structural flexibility of

the linker group in a bis(DTF) system has a pronounced effect on its redox potentials.

This property deserves serious consideration in the design of bis(DTF) precursors for

functional TTFV-based polymers.

3.2.5 Electropolymerization and application in phenol sens-

ing

The multiple-cycle CV experiments of bola-bis(DTF) 5 and rigid bis(DTF) 7 both

ended with the formation of a polymer thin film on the surface of the working (glassy

carbon) electrode. The polymerization reactions are described in Figure 3.12A and

(B), respectively. Both polymers contain TTFV units in their backbones, which

deliver redox activity to their thin films. The structurally rigid bis(DTF) 7 upon

electropolymerization yielded a robust thin film that showed excellent stability to

solvent rinsing and multiple CV scans after preparation. In contrast, the polymer

thin film generated from flexible bola-bis(DTF) 5 afforded poor stability and could be

easily detached by solvent rinsing. The intimate π− π stacking among the molecular

chains of poly-[7] is believed to be the main reason for the excellent stability of its

polymer film. Taking advantage of this property, we previously developed a two-

layer electrodeposition strategy,304 in which dendritic poly(DFT) precursors were
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electrochemically polymerized on the surface of poly-[7] to generate double-layered

electrochemical thin film sensors for nitroaromatic compounds (e.g., TNT). In this

work, we employed this strategy to have the polymer of bola-bis(DTF) 5 grafted onto

the surface of poly-[7] through the stepwise electropolymerization approach illustrated

in Figure 3.12C.

Figure 3.12: Polymerization reactions of (A) bis(DTF) 5 and (B) 7 under electro-

chemical conditions. (C) Schematic illustration of electrodeposition of two layers of

polymers on the surface of glassy carbon electrode (GEC) using 7 and 5 as monomeric

precursors.

In our experiments, a poly-[7] thin film was first generated on the surface of a

glassy carbon working electrode by performing 48 cycles of CV scans of a solution of

bis(DTF) 7 in CH2Cl2/CH3CN with Bu4NBF4 as the electrolyte. A robust polymer

film was formed, showing excellent redox-activity as depicted in Figure 3.13A. The
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CV profile of the thin film of poly-[7] shows a reversible redox couple at Epa =

+0.69 V and Epa = +0.61 V, respectively. This redox feature arises from the TTFV

moieties present in the molecular structure of poly-[7]. The poly-[7]-modified glassy

carbon electrode was further subjected to multiple cycles of CV scans in a solution

of bola-bis(DTF) 5 under the same experimental conditions used for the generation

of poly-[7] thin film. As illustrated in Figure 3.13B, the first forward CV scan of 5

with poly-[7]-coated glassy carbon electrode gives an anodic peak at Epa = +0.71 V,

which mainly reflects the redox-activity of the thin film of poly-[7]. In the reverse

scan, the voltammogram shows two cathodic peaks at E1
pc = +0.43 V and E2

pc

= +0.57 V, which contrasts the one cathodic peak observed for the pristine poly-

[7] film. Starting from the second cycle of CV scans, the anodic peak at +0.71 V

completely vanishes and the voltammograms show two reversible redox couples at

E1
pa = +0.50 V/E1

pc = +0.43 V and E2
pa = +0.62 V/E2

pc = +0.57 V, respectively.

This observation indicates that the surface of the poly-[7] film is significantly modified

after one CV cycle. The current intensity of the first redox couple continues to grow

with increasing CV scans, but the second redox couple changes insignificantly. These

outcomes suggest that the first redox couple is due to the formation of a poly-[5]

layer on top of the poly-[7] thin film. The second redox couple can be ascribed to the

redox features of the layer of poly-[7], and its redox potentials are significantly shifted

to the less positive direction. This shift can be rationalized by the fact that poly-

[5] is covalently linked to the terminal end of poly-[7] during the electrodeposition

process (as schematically illustrated in Figure 3.12C). With this functionalization,

the intramolecular π − π stacking of poly-[7] is attenuated and the flexibility of

the polymer backbone is increased. As discussed previously, the gained structural
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flexibility enhances the potential inversion scenario and hence results in lowered redox

potentials.

Figure 3.13: (A) CV scan of poly-[7] thin film-coated glassy carbon electrode

measured in a solution of Bu4NBF4 (0.1 M) in CH3CN/CH2Cl2 (5:1, v/v). (B)

Voltammograms monitoring 24 cycles of CV scans of bola-DTF 5 in a solution of

Bu4NBF4 (0.1 M) in CH3CN/CH2Cl2 (5:1, v/v) using poly-[7]-coated glassy carbon

as the working electrode. The first cycle of scans is highlighted in red color.

After the above-mentioned two-stage CV scan experiments, a double-layer thin

film, namely poly-[5]//poly-[7], was deposited on the glassy carbon working electrode.

This polymer-modified electrode showed redox activity when subjected to CV scans

in an electrolyte solution. For instance, in a solution of 0.1 M Bu4NBF4 in CH3CN),

multiple CV scans gave two redox couples at E1
pa = + 0.53 V/E1

pc = + 0.49 V E2
pa =

+ 0.64 VE1
pa = + 0.60 V, respectively (see the red-color trace in Figure 3.14A). The
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cyclic voltammograms showed nearly unchanged profiles after multiple cycles of CV

scans, indicating good consistency and stability of the double-layer film generated.

Interestingly, the poly-[5]//poly-[7] film exhibited very significant CV responses to

the presence of phenol or phenol derivatives in the electrolyte solution.

Changes in the CV profiles were observed. In our experiment, three representative

phenolic compounds–phenol, catechol, and cannabidiol–were examined. Figure 3.14A

depicts the CV responses of the poly-[5]//poly-[7] thin film to the gradual titration

of cannabidiol.

Phenolic compounds are widely present in the environment, owing to their

extensive application in medicine, pesticides, plastics, food, and dyes.305–308 Also

there are abundant natural products containing phenolic groups in their molecular

structures. Many phenolic compounds are toxic, teratogenic, or carcinogenic. Rapid

and cost-effective detection methods for these compounds are therefore urgently

needed. The commonly used detection methods for phenolic compounds are based

on spectrometric and chromatographic analyses, which are time-consuming and

unsuitable for in situ analysis and monitoring. Recently, the use of electrochemical

sensors for phenolic compounds has captured growing interest owing to their

advantages of easiness to use, fast response, high sensitivity/selectivity, and low

costs.309–312 In our experiments, three representative phenolic compounds–phenol,

catechol, and cannabidiol–were investigated as analytes for the poly-[5]//poly-[7]

thin film. Figure 3.14 illustrates the results of CV titration with cannabidiol. As

can bee seen, the two redox couples show continuous attenuation in current intensity

with increasing concentration of cannabidiol. The anodic peaks are slightly shifted

to the most positive direction, while the cathodic peaks shift to the less positive
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Figure 3.14: (A) CV scans monitoring the responses of the poly-[5]//poly-[7] thin

film to the titration of cannabidiol (0 to 6.54 ×10−5 M) in CH3CN with Bu4NBF4

(0.1 M) as the electrolyte. (B) Correlation of changes in the intensity of the first

anodic peak with the concentration of cannabidiol.

direction as the titration progresses. Examination of the correlation of the cannadidiol

concentration with the current intensities of the anodic and cathodic peaks show two

stages of changes. As illustrated in Figure 3.14B, the current change at the first anodic

peak is plotted against the logarithm of cannabidiol concentration. Herein the current

change (∆I pa
1) is calculated by the following equation, ∆I pa

1 = I pa
1(0) − I pa

1(m),

where I pa
1(0) is the current intensity of the first andoic peak before titration, and

I pa
1(m) is the current intensity of the first anodic peak measured at the mth step
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of titration. The plot shows that when the concentration of cannabidol is below

5.67 ×10−7 M, the ∆I pa
1 shows a nearly linear correlation with the logarithm of

the cananbidiol concentration. When the concentration of cannabidiol is higher than

×10−7 M, the thin film shows very weak responses, indicating the saturation.

In a control experiment, the thin film made of only poly-[5] was subjected to

CV titrations with the three phenolic compounds and it showed quite insignificant

responses to these analytes. The results validate that the CV responses of the double-

layer thin film to phenolic compounds are due to the interactions of the phenolic

analytes with poly-[5] layer. It can reasoned that the phenolic ether moieties in the

structure of poly-[5] can attract phenol analytes through hydrogen bonding, π − π

stacking, and van der Waals forces. When complexed with the phenol analytes, the

conformation and rigidity of the molecular backbone of poly-[5] are changed, which

in turn result in the observed CV responses. In the CV analysis, the peak current

can be described by the Randles–Sevcik equation,

Ip = 0.44633/2F 3/2A
D1/2Cv1/2

(RT )1/2

where: Ip is the peak current, F is the Faraday constant 96485 C·mol−1), A is

the working electrode surface area, D is the diffusion coefficient of the redox-active

species, C is the molar concentration of the redox-active species, v is scan rate, R

is the gas constant (8.31 J·K−1·mol−1), and T is the temperature. According to

this equation, the peak current variation during the titration process can be mainly

attributed to the changes in the diffusion coefficient of the redox-active TTFVmoieties

in poly-[5] as a result of their binding with phenolic analytes. After the titration with
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cannabidiol, poly-[5]//poly-[7] film was thoroughly rinsed with CH2Cl2 and then

subjected to another round of CV scans in CH3CN with Bu4NBF4. The CV profile

determined remained the same as that of the last stage of the cannabidiol titration (see

Appendix), suggesting that cannabidiol can be so strongly trapped inside the poly-[5]

layer that the regeneration of free polymer film cannot be achieved by solvent rinsing.

Overall, our CV studies indicated that the poly-[5]//poly-[7] double-layer film can

be used to rapidly and sensitively detect the presence of phenolic species at sub-µM

concentrations in organic media. The reusability of the double-layer polymer film is

poor, but this is offset by its easy and low-cost generation. The CV titration results of

phenol and catechol show similar trends of redox changes to those for the cannabidiol

titration (see Appendix), indicating that the poly-[5]//poly-[7] polymer film would act

as a universal and disposable electrochemical sensor for various phenolic compounds.

3.2.6 Molecular Dynamic Simulations

According to our CV titration experiments, the layer of poly-[5] shows significant

affinity for phenolic compounds, which in turn leads to detectable electrochemical

responses. To gain a deeper insight into the interactions of poly-[5] and phenolic

compounds at the molecular level, molecular dynamic (MD) simulations were carried

out using a tetramer of bola-DTF 5 as a model polymer. In our simulation studies,

the tetramer was first set with a non-folded conformation (see the snapshot at 0

ns in Figure 3.15B) and allowed to evolve in an aqueous medium at 298 K. It was

found that the conformation of the non-folded tetramer undergoes dramatic changes

in the first 4 ns of evolution, which can be seen from the root-mean-square deviation
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(RMSD) trace in Figure 3.15B.

Figure 3.15: Molecular geometry of the 1:1 complex of a tetramer of 5 (drawn in

the wireframe style) and cannabidiol (blue-color capped sticks) optimized by MM

calculations. Close intermolecular O· · · S distances are highlighted.

Examination of the snapshots of the molecular structures during this period of

simulation time reveal a folding process that is dictated by the π−π stacking among

the arene groups with the tetramer. The radius of gyration of the tetramer is also

reduced from 19 Å to 8 Å. After 4 ns, the conformation of the tetramer becomes fully

folded and remains stable, which is reflected by the insignificantly fluctuated RMSD

and radius of gyration traces (Figure 3.15B). The simulation results of the tetramer

suggest that the polymer of bola-bis(DTF) can readily fold owing to its flexible

molecular backbones. From the above MD simulations, a stable folded conformer of

the model tetramer was extracted. In the vicinity of its major groove, a molecule of
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cannabidiol was placed. This molecular ensemble (see the snapshot at 0 ns in Figure

3.15D) was then subjected to MD simulations in water to examine the dynamics

of their intermolecular interactions. As shown in Figure 3.15C, the RMSD trace

shows some fluctuations in the first 20 ns and then becomes stable. The radius of

gyration trace shows insignificant fluctuations during the entire simulation time (62

ns). Analysis of the snapshots of the MD simulations shows that the cannabidiol

molecule is drawn close to the groove of the folded tetramer within the first few ns.

As the simulations continue, the tetramer adapts to have the cannabidiol molecule

partially engulfed through various intermolecular interactions, in which the O· · · S

interactions between the oxygen atoms of cannabidiol and the sulfur atoms of the

tetramer play an important role. Hydrogen bonding interactions between the phenolic

oxygen atoms of the tetramer and the cannabidiol hydroxy groups, however, are not

observed during the MD simulations. The complex of the tetramer with cannabidiol

appears to be quite stable throughout the entire simulation period, which concurs

with the significant affinity of poly-[5] with phenolic compounds observed in our

experiments.

The stable tetramer–cannabidiol complex evolved from the MD simulations was

further subjected to molecular mechanics (MM) calculations using the MMFF force

field in water. The MM optimized structure is shown in Figure 3.16, in which three

intimate intermolecular O· · · S contacts can be seen. The binding energy (∆G◦, at 298

K) of this complex is calculated as 6.287 kcal/mol. Intermolecular O· · · S interactions

are commonly seen in biological systems and have been know to exhibit strength

comparable to typical hydrogen bonding interactions.313 Our modeling study herein

disclose a molecular origin of the favored binding of poly-[5] with various phenolic
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Figure 3.16: Molecular geometry of the 1:1 complex of a tetramer of 5 (drawn in

the wireframe style) and cannabidiol (blue-color capped sticks) optimized by MM

calculations. Close intermolecular O· · · S distances are highlighted.

compounds.

3.3 Experimental section

3.3.1 Materials and instrumentation

All starting materials and reagents were acquired from commercial sources and used

directly without purification. Compound 3 was prepared following the procedure

reported by Saeed et al.314, and compound 4 was made following our previously
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reported method.301 All reactions were conducted in standard, dry glassware.

Evaporation and concentration were carried out with a rotary evaporator. Flash

column chromatography was performed with 240-400 mesh silica gel, and thin-layer

chromatography (TLC) was carried out with silica gel F254 covered on plastic sheets

and visualized by UV light. Melting points (m.p.) were measured using an SRS

OptiMelt melting point apparatus and are uncorrected. 1H and 13C NMR spectra

were measured on a Bruker Avance III 300 MHz multinuclear spectrometer. Chemical

shifts (δ) are reported in ppm downfield relative to the signals of the internal reference

SiMe4 or residual solvents (CHCl3: δH = 7.24 ppm, δC = 77.2 ppm). Coupling

constants (J ) are given in Hz. Infrared spectra (IR) were recorded on a Bruker Alfa

spectrometer. High-resolution APPI-TOF MS analysis was done on a GCT premier

Micromass Technologies instrument. UV-Vis absorption spectra were measured on a

Cary 6000i spectrophotometer.

Cyclic voltammetric (CV) analysis was carried out in a standard three-electrode

setup controlled by a BASi Epsilon potentiostat. Glassy carbon electrode was used

as the working electrode, and its surface was polished by 1.0 micron alumina prior to

CV scans. A Pt wire was used as the counter electrode, and the reference electrode

was Ag/AgCl (3.0 M NaCl). All CV experiments were performed in CH2Cl2 and/or

CH3CN media with Bu4NBF4 as the electrolyte.

Single crystal X-ray diffraction (SCXRD) analyses were performed on a XtaLAB

Synergy-S, Dualflex, HyPix-6000HE diffractometer at 100(2) K, using Cu Kα

radiation (λ = 1.5406 Å). The data collection and reduction were processed within

CrysAlisPro (Rigaku OD, 2019). For the single crystal of 5, a multi-scan absorption

correction was applied to the collected reflections. Using the software package,
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Olex2,315 the structure was solved with the ShelXT structure solution program using

Intrinsic Phasing and refined with the ShelXL refinement package using Least Squares

minimisation. For the single crystal of 6, two-component non-merohedral twin was

found in and the twin law was identified as the matrix -1 0 0 0 -1 0 1.254 0.663

0.955. An empirical absorption correction using spherical harmonics (ABSPACK in

CrysAlisPro) was applied to the collected reflections. The structure was solved from

a detwinned HKLF 4 reflection file with the ShelXT316 structure solution program

using Intrinsic Phasing. The structure was refined from the HKLF 5 reflection file

with the ShelXL refinement package317 using Least Squares minimisation. All non-

hydrogen atoms were refined anisotropically, and the organic hydrogen atoms were

generated geometrically.

3.3.2 Computational analysis

In our DFT computational studies, molecular structures of 5 and 6 were optimized

using the M06-2X density functional299 in conjunction with the DEF2SVP basis

set.300 The optimized structures were then subjected to TD-DFT analysis (nstates

= 10) at the same level of theory. All of these calculations were performed using

the methods implemented in the Gaussian 16 software package.318 Assessment of the

free space in the crystal unit cells of 5 and 6 was performed using the Multiwfn

software package,319 and the isosurface of calculated free space was rendered by the

VMD program.320
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3.3.3 Synthetic procedures

To a round-bottom flask (50 mL) were added compound 3 (1.00 g, 3.52 mmol),

compound 4 (2.39 g, 10.6 mmol), and P(OMe)3 (8 mL). The mixture was heated at

120 ◦C for 3 h with an oil bath. After that, the reaction mixture was subjected to

vacuum distillation at the same temperature to quickly remove unreacted P(OMe)3.

The residue was purified through silica gel flash column chromatography using

hexanes/CH2Cl2 (7:3, v/v) as the eluent. The separation resulted in two products.

Compound 5 (1.03 g, 1.61 mmol mmol, 46%) as a yellow pale crystalline solid. m.p:

114.1–115.1 ◦C; 1H NMR (300 MHz, CDCl3) δ 7.14 (d, J = 8.9 Hz, 4H), 6.90 (d, J

= 8.9 Hz, 4H), 6.42 (s, 2H), 4.16 (t, J = 6.1 Hz 4H), 2.43 (s ,6H), 2.41 (s, 6H), 2.25

(quintet, J = 6.0 Hz, 2H) ppm; 13C NMR (75 MHz, CDCl3) δ 157.2, 129.5, 128.4,

127.8, 126.7, 123.9, 114.6, 114.2, 64.1, 28.4, 19.1, ppm; FTIR (neat) 2960, 2359, 1739,

1568, 1505, 1426, 1368, 1224, 1116, 1069, 972, 892, 827, 754 cm−1; HRMS (APPI,

positive) m/z calcd for C27H29O2S8 640.9933, found, 640.9948 [M + H]+. Compound

6 (0.57 g, 0.89 mmol, 25%) as a yellow crystalline solid . m.p.: 90.1–92.0 ◦C; 1H NMR

(300 MHz, CDCl3) δ 9.89 (s, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.14 (d, J = 8.8 Hz , 2H),

7.01 (d, J = 8.7 Hz , 2H), 6.90 (d, J = 8.8 Hz , 2H), 6.43 (s, 1H), 4.26 (t, J = 6.1

Hz, 2H), 4.18 (t, J = 5.9 Hz, 2H), 2.43 (s, 3H), 2.41 (s, 3H), 2.30 (quintet, J = 6.0

Hz, 2H) ppm; 13C NMR (75 MHz, CDCl3) δ 190.3, 163.7, 156.8, 131.6, 129.8, 129.1,

128.8, 127.7, 126.3, 114.6, 113.6, 64.8, 63.8, 29.6, 28.5, 18.8 ppm; FTIR (neat) 3084,

2915, 1586, 1548, 1494, 1479, 1317, 1102, 725, 852, 742, 681 cm−1; HRMS (APPI,

positive) m/z calcd for C22H23O3S4 463.0530, found, 463.0517 [M+H]+.
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3.4 Conclusions

In conclusion, a new bola-type bis(DTF) compound 5 and its mono-DTF-substituted

precursor 6 were synthesized and characterized in this work. Our crystallographic

and UV-Vis absorption spectral analyses have clearly elucidated their molecular con-

formations, solid-state packing, and electronic transition properties. The structural

flexibility of the bola-DTF was convincingly identified as an important factor influ-

encing the redox properties; in particular, significant potential inversion took place

in the bola-bis(DTF) system, making the redox potentials considerably shifted to the

less positive direction in comparison with those of its structurally rigid analogues.

This finding points to a new design approach for DTF and TTFV-based redox-active

molecular devices (e.g., electrochemical sensors). A double-layer thin film was gener-

ated through sequential electropolymerization of a structurally rigid bis(DTF) 7 and

bola-bis(DTF) 5 on a glassy carbon electrode. CV analyses showed that this hybrid

film showed sensitive redox responses to phenolic compounds in organic media. Our

findings disclosed in this work not only cast insight into the fundamental properties

of the intriguing class of bola-bis(DTF) derivatives, but recommend new polymer

materials suitable for the development of sensitive and cost-effective polymer-based

electrochemical sensors. We envision that further exploration of the bola-bis(DTF)

systems will broaden their application in multiple disciplines (e.g., environmental

monitoring, food chemistry, and pharmaceutical industry), where rapid and sensitive

detection methods for various phenolic compounds are highly desired.

111



Chapter 4

Conclusions and Future Work

In this MSc thesis, two experimetal projects have been successfully accomplished to

investigate the fundamental properties and application potential of new DTF-based

organic molecular materials. The long-term objective of this thesis work is to explore

the applications of DTF-based π-conjugated polymers in optoelectronic devices (e.g.,

electrochemical sensors). In this light, the findings of this work have pointed to a

very promising prospect. The significance of each research project in this thesis is

outlined as follows.

In the first project (Chapter 2), a series of reactions such as phosphite-

promoted olefination, alkylation, and oxidative coupling have been carried out

to prepare new DTF and TTFV derivatives substituted with different donor

(methoxyphenyl)/acceptor (nitrophenyl) groups. Following the synthetic work, a

series of advanced instrumental analyses have been conducted, including NMR, mass

spectrometry, IR, UV-Vis absorption spectroscopy, X-ray single crystallography, and

cyclic voltammetry (CV). These studies systematically examined the structural,
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electronic, and redox properties of these new redox-active compounds. Among

the experimental results, the observation of close intermolecular DTF/nitrobenzene

stacking in the X-ray single crystal structure is remarkable and inspirational, which

offers strong theoretical evidence for the use of DTF as a building block in the

design of chemical sensors for nitroaromatic compounds, which are an important

class of pollutants in the environment. Moreover, the intramolecular electron push–

pull effects in the acceptor-substituted DTF and TTFV compounds were found to

result in relatively narrow electronic bandgaps and significantly shifted oxidation

potentials. Given the excellent crystallinity exhibited by these compounds, intriguing

intramolecular and intermolecular charge-transfer properties are expected for the co-

crystals of these compounds with other functional organic π-molecules. This crystal

engineering approach should lead to the discovery of new organic crystalline materials

useful for optoelectronic applications such as nonlinear optics and small-molecule

organic semi-conductors. More explorations along these directions are warranted in

our future study.

In the second project (Chapter 3), an object-oriented molecular design was

conducted, aiming at developing new redox-active polymers useful for electrochemical

sensing. The choice of using 1,3-diphenoxypropane as a flexible linker in a bis(DTF)

system led to a novel bola-type bis(DTF) compound. This type of bis(DTF)s

have been rarely reported in the literature, mainly due to the perception that

a flexible, non-conjugated linker group is not beneficial to electronic and redox

activity. Our comparative analyses of the structural and electrochemical properties

of this compound, on the other hand, clearly points to the opposite. The finding

that the bola-bis(DTF) shows a significantly lowered oxidation potential than its
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structurally rigid, fully π-conjugated counterpart suggests that the linker flexibility is

indeed an important molecular factor that controls the redox properties of bis(DTF)

or poly(DTF) systems. The lowered oxidation potential of the bola-bis(DTF) is

comparable with those of TTFs and TTFVs, which are excellent organic π-donors.

This property points out a potential to new redox-active ligands with a high-

degree of structural adaptability. To demonstrate this, prototype polymer thin film

sensors have been prepared by electropolymerization. The double-layer thin film

has shown a potential in electrochemical sensing for various phenolic compounds.

Rapid and cost-effective detection of these compounds have extensive applications in

environmental control as well as food and pharmaceutical industries. At this juncture,

the electrochemical sensing function only works well in polar organic media (e.g.,

CH3CN). Whether this polymer film can be applied to detect phenolic pollutants in

aqueous media (e.g., seawater) is a question worthy of more active studies.

According to the results obtained from the two research projects, a number of

future directions can be envisioned as follows:

(1) Design and synthesis of bola-bis(DTF) with various alkyl liner groups should

be conducted to better understand the effects of linker flexibility and intramolecular

distances of DTF groups on redox properties.

(2) The synthesis of some analogues of bola-bis(DTF) with star and tree-

like (dendritic) molecular shapes are appealing synthetic targets that are worth

investigating. These types of compounds allow the multi-DTF effects to be explored,

and they are also expected to generate complex, microporous polymer networks

through electropolymerization.

(3) Fundamental studies of the detailed mechanisms for the absorption of phenols
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on the TTFV polymer films are a new direction to pursue. Better understanding these

properties will help improve the sensitivity/selectivity of the polymer films towards

certain phenol derivatives.

(4) Improvement on the compatibility of the TTFV polymers with other solvents,

particularly water, will greatly enhance the applicability in environmental sensing.

So far, the oxidation of DTF or TTFV in water has been observed to cause structural

degradation. Most likely, the cations of DTF and TTFV can readily react with water

molecules. A reasonable way to avoid this problem is to coat a hydrophobic membrane

layer on top of the double-layer polymer film.
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[69] Schröder, H. V.; Sobottka, S.; Nößler, M.; Hupatz, H.; Gaedke, M.; Sarkar, B.;

Schalley, C. A. Impact of mechanical bonding on the redox-switching of

tetrathiafulvalene in crown ether–ammonium [2]rotaxanes. Chem. Sci. 2017,

8, 6300–6306.
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