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Abstract 

Organic materials, including organic small molecules and polymers, are advantaged in their 

unlimited potential for functionalization due to the ease of chemical modifications. Pristine organic 

materials can be rendered to have desired functions with proper structural engineering. For 

example, in this work, acenes are subjected to various substitutions to achieve favored properties. 

Besides, the stiffness of polymeric layer-by-layer assembled thin films was tuned by coordination 

chemistry and photo-chemistry. 

Chapter One gives a general introduction to acene-based materials. The synthesis, 

spectroscopic properties, and application of acene-based materials are described. The 

cycloaddition reaction between singlet oxygen and acene is emphasized. The chapter summarizes 

the historical development of acene-based singlet oxygen probes and points out other important 

singlet oxygen related applications of acenes, such as photo-cleavable drug delivery systems. 

Finally, this chapter summarizes some current challenges of acene-based materials and provides 

an outlook in this field from the author’s perspective. 

Chapter Two describes work on developing singlet oxygen responsive acene derivatives 

using extended aromatic pendants. Installation of aromatic substitutions groups, namely phenyl, 

naphthyl, and anthryl groups, to ethylated tetracene and anthradithiophene cores does not impact 

the kinetics of the cycloaddition with singlet oxygen but significantly impacts the photo-physical 

properties. For instance, the anthracene-substituted molecules have quenched fluorescence but still 

react with singlet oxygen at a similar rate to phenyl or naphthyl substituted tetracenes. Moreover, 

these non-emissive molecules display unusual resistance to unwanted photooxidation, which can 
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be attributed to the poor photo-sensitizing capability resulting from fast internal conversion 

relaxation of their excited states. 

Chapter Three describes work on using electron-donating/ withdrawing groups to tune the 

kinetics and photo-physical properties of ethynylated tetracenes. The emission maxima of 

modified tetracenes are red-shifted, including the one with benzothiadiazole pendants that reaches 

the NIR window. The reaction rates with singlet oxygen are either accelerated with electron donors 

or decelerated with electron acceptors. We believe this understanding could help develop a new 

singlet oxygen sensor with favorable emission and reaction rate. 

Chapter Four describes work on directing the crystallization of acene-based materials by 

non-covalent interactions. While the structure-property relationship in solution states is well-

studied, there is still a gap in understanding the influence of structure on solid-state packing and 

properties. In this chapter, we intentionally introduce a non-covalent interaction, ArF-ArH 

interaction, into the system by installing non-conjugated fluorinated side chains onto acenes. With 

the help of single-crystal XRD tests, we identify the impact of ArF-ArH interactions and explain 

the different photo-physical properties of these materials in the solid state. 

Chapter Five describes work on using metal coordination to tune the stiffness of layer-by-

layer polymer thin films. LbL polymeric films that rely on H-bonding suffer from unwanted 

environmental sensitivity, especially relative humidity. With higher RH, the moisture can interrupt 

the H-bonds in the films and significantly decrease their stiffness. To address this problem, we 

develop a simple, synthesis-free, and all-aqueous method to enhance the stiffness of such films. 

Moreover, the crosslinking can be partially removed via irradiation-triggered photo-reduction of 

iron ions.    
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1.1 Introduction to acenes 

Acenes comprise linearly fused benzene rings that can be considered as 1-dimensional 

fragments of graphene. The resulting extended conjugated structure and possibility for favorable 

packing motifs in the solid-state have rendered acenes as one of the most promising classes of 

compounds for organic field-effect transistors (OFETs).1, 2 Increasing the length of acenes can 

improve the performance of the materials so the development of longer acenes is critical in this 

field. However, due to their high HOMO levels and lower per-ring resonance energies, longer 

acenes can suffer from poor stability, especially during photoirradiation. This challenge around 

stability has resulted in a wide variety of strategies that harness substituent effects to suppress 

undesirable reactivity.3 On the other hand, the generally increased reactivity of longer acenes could 

open possibilities for applications beyond organic electronics,4 as shown in Figure 1.1.  

1.2 Synthesis of pristine acenes  

Overall, regardless of the intended application space, the instability and lack of solubility of 

longer acenes are problematic in terms of large-scale synthesis. However, various novel strategies 

and sophisticated synthetic technologies for their synthesis have emerged in recent years5-7.  

Figure 1.1: Illustration of acene’s applications embedded in the chemical structure of a tetracene 

molecule. Figure reproduced from Ref. 4. Copyright 2020 Royal Society of Chemistry. 
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As shown in Figure 1.2, the synthesis of longer pristine long acenes commonly follows three 

strategies, reduction of pentacenedione,8 oxidation of hydroacenes,9 and thermal- or photo-induced 

elimination reactions10, 11 Importantly, these works enabled thorough characterization of the optical 

and electronic properties of hexacene, and the authors also demonstrated the high photosensitivity 

m n
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n
m

m n
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O
m n

acenequinones hydroacenes

oxidationnucleophile -
reduction

heat or hn

retrocycloaddition

Figure 1.2: Common strategies of longer acene synthesis. Figure reproduced from Ref. 4. 

Copyright 2020 Royal Society of Chemistry.  
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of hexacene—photo-oxidation of the hexane thin-film occurred in minutes under UV light while 

the film showed no degradation in the dark for more than a month.11 Longer acenes, such as 

heptacene, have also been successfully synthesized by fragmenting heptacene dimers12, thermal 

decarbonylation13, and on-surface chemistry14, 15.  

1.3 Development of substituted acenes and beyond 

Although numerous methodologies for synthesizing unsubstituted longer acenes have 

emerged, their limited solubility and stability can limit their applications. Thus, the ability to 

prepare functionalized longer acenes, especially those with better solubility, is crucial. As a result 

of these breakthroughs, the applications of longer acenes are no longer limited to the solid-state. 

The development of stable and soluble longer acenes allows organic chemists and materials 

scientists to explore other potential applications that both include and reach beyond organic 

electronics. 

One of the most common strategies is to introduce silyl-ethynylene substituents or other 

carbon-based substituents onto the conjugated acene core by addition-elimination sequences 

between the corresponding quinone and suitable organometallic reagents, which for ethynyl 

groups could be traced back to 1969,16 and to 1942 for aryl substituents on pentacene.17 

Methodologies for acene synthesis was then developed, with the improved lab equipment and 

better control over the reaction conditions. Around 20 years ago, a milestone material for organic 

electronics, bis(triisopropylsilylethynyl)-pentacene (TIPS-pentacene), was developed using a 

similar approach.18 Tips-pentacene displayed unusual photo-stability and favored electronic 

properties comparable with single-crystal silicone devices.19 Stimulated by this outstanding 

achievement, diversely functionalized longer acenes have been discovered.5, 20-22 
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Overall, silyl-ethyne substituents can improve both the solubility and stability of longer 

acenes significantly, both of which enable many of the spectroscopic analyses for acenes longer 

than pentacene that is commonly performed in the solution phase (Figure 1.3).23 The further tuning 

of side groups can also optimize the crystal packing of the materials, thereby improving their 

performance in organic electronic devices.24, 25 Supporting these discoveries, Linker and 

coworkers reported a mechanistic rationale for how triple bonds can protect the longer acenes 

against photo-oxidation.3 In addition, terminal alkyne substituents, which can be obtained by 

simple and rapid desilylation, are desirable intermediates for the Sonogashira cross-coupling 

reaction and click chemistry. Using this approach, subsequent functionalization of the ethynyl 

substituent on the acene could be achieved.26-28 

Figure 1.3: Absorbance spectra of silyl-ethyne-substituted acenes. Copyright © 2011 WILEY‐

VCH  
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Besides silyl-enthylation, other substituents have been introduced to achieve various 

functions. For example, fused five-member rings have been used for the stabilization of longer 

acenes by kinetically blocking two possible sites for photo-oxidation.29-32 Fluorination, which can 

improve the crystallization of acenes and tune the frontier orbitals, is another common 

modification for acene materials.33, 34 Besides, water-soluble acenes have also been developed by 

introducing strong solubility groups.35  

Heteroatom acenes also play a big role in this field. Azaacene, in which aromatic carbon 

atoms are substituted by nitrogen atoms, is one of hetero-acenes that have been studied the most. 

In 2003, the Nuckolls group synthesized a pentacene analog, dihydrodiazapentacene, by simply 

condensing a diol and a diamine.36 The reported molecule displayed good electronic properties 

like pentacene but better environmental stability. Following this work, the development of 

azaacenes thrived in recent years.37-40 Notably, with efficient condensation reactions and coupling 

reactions of aromatic amines, pyrene-fused azaacenes41, 42 and long azaacenes with 15 fused rings43 

have been developed and characterized by XRDs and electrochemistry. However, the research on 

azaacenes in cycloaddition reactions and singlet oxygen sensing is surprisingly limited.44 The 

application of azaacenes is still highly focused on organic electronics.38, 39 

Acenes containing boron-nitrogen (B ← N) Lewis pairs are another kind of important hetero-

atom acenes. Although reported in the 1960s,45 this kind of molecule did not receive much attention 

until recent years. The synthesis of BN acenes typically relied on the electrophilic aromatic 

borylation that directly annulated the nitrogen-containing group with a double bond,46-49, and the 

resulting BN acene could then be further functionalized.50, 51 Switching the carbon-carbon double 

bond with B ← N bond could significantly change the electronical properties of acenes, and so 
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that change the reactivity and photo-physical properties.46 For instance, Liu's group has reported 

that the BN-substituted anthracene displayed similar photo-physical properties as tetracene.52 Also, 

it has been reported that BN substitution could decrease the chemical reactivity of acenes in 

cycloaddition and oxidation.46, 49  

1.4 Cycloaddition of acenes 

Cycloaddition is one of the key reactions of acenes that enabled this kind of molecule in 

photo-/thermal responsive materials. The basic reaction schemes are displayed in Figure 1.5. In 

general, cycloaddition reactions present numerous advantages for both organic synthesis and 

Figure 1.4: Chemical structure of reported azaacenes and BN acenes. Structures adapted form 

ref.36, 42, 46, and 49.  
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materials science: i) they form multiple covalent bonds in one reaction, often with excellent regio- 

and stereoselectivity, ii) they proceed without byproduct formation, and iii) the low degree of 

charge separation during these reactions reduces the dependence of their rates on the polarity of 

the environment. Acenes can react with various dienophiles due to their electron-rich nature and 

their diene reaction sites. In addition, acenes can also undergo photochemically allowed [4+4] 

"butterfly" dimerization reactions upon irradiation.53 

 Generally, the reactivity of cycloadditions follows several trends: i) the longer the acene is, 

the higher reactivity; ii) the interior rings, such as the 5,12 positions of tetracene and 6,13 position 

of pentacene, are more reactive; iii) steric hindrance can significantly slow down the reaction. 

These trends have been rationalized by both theoretical simulation54 and experimental results55.  

Despite the higher reactivity of longer acenes, anthracene is a much more common intentional 

partner for cycloaddition reactions due to higher stability and accessibility. Such methodology has 

been heated studied in organic synthesis of complicated structures, 56 post modification of polymer 

materials57, 58, and fabrication of nanoparticles59. More importantly, both [4+2] and [4+4] 

cycloadditions exhibit good reversibility, which provides a nature of dynamic covalent bonding. 

The cycloreversion can be triggered by multiple stimuli, including light, heat, and mechanical 

Figure 1.5: The [4+2] and [4+4] cycloaddition reaction of longer acenes. Figure reproduced from 

Ref. 4. Copyright 2020 Royal Society of Chemistry. 
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forces60. Grounded on these mechanisms, novel applications, such as reversible writing/erasing 

platform61, nanoscale patterning62, and reversible surface modification63, 64, have been developed. 

The study on cycloadditions of longer acenes is relatively scarce, which may be due to the 

vulnerability towards photo-oxidation of longer acenes. However, Ciszek's group has reported 

several studies involving cycloaddition chemistry on the surface of long acene crystals.65-67 The 

Liao group has also highlighted a series of fundamental studies about the reaction between long 

acenes and a strong dienophile tetracyanoethylene (TCNE).68, 69 Nevertheless, unlike anthracenes, 

examples of using longer acenes in applied materials are still lacking.  

1.5 Introduction of singlet oxygen 

Figure 1.6: Molecular orbitals of molecular oxygen in ground state (triplet), 1st and 2nd excited 

states (singlet). Δe is the energy difference between excited state and ground state in eV. 
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Among the dienophiles being studied with acenes, one of them displays unique properties 

and attracted frequent attention, singlet oxygen (1O2).70, 71 Singlet oxygen is the lowest energy 

electronically excited state of molecular oxygen. Unlike the oxygen in ground states (3Σg
-), the 

electron configuration of singlet oxygen is different. Two electrons are paired and only occupy one 

π* orbital, resulting in an overall higher energy of the molecule (1Δg) as shown in Figure 1.6. The 

two electrons in π* may also occupy two different π* orbitals but have opposite spin, which is the 

electron configuration of the 2nd excited state of molecular oxygen (1Σg
+). Such excited state (1Σg

+) 

is less stable and rapidly converts to the first excited state (1Δg).
72 In the rest of this dissertation, 

the term "singlet oxygen" and "1O2" specifically represent the first excited state of molecular 

oxygen (1Δg). 

Figure 1.7: Diagrammatic representation of photo-sensitizing process and the chemical structures 

of two commonly used photosensitizers. 
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To generate singlet oxygen, a process called photo-sensitizing is normally applied.73 As 

shown in Figure 1.7, a photo-sensitizer (PS) was excited to singlet excited states, followed by an 

intersystem crossing to triplet states. Such triplet state PS donates its energy to triplet state oxygen 

(ground state) via a spin-allowed energy transfer resulting in the relaxation of PS and the 

generation of 1O2. The PS is normally an organic dye,73 such as Methylene Blue (MB) and Rose 

Bengal. However, a lot of biological molecules or conjugated materials have been found to be 

capable of serving as PS. As the O2 is very abundant in the atmosphere, such abundance makes 

1O2 easy to access but, on the other hand, hard to avoid. Thus, the generation of singlet oxygen has 

been blamed as one of the key steps in plant photodamaging74, DNA photodegradation75, and 

materials photooxidation76, 77.  

1.6 Cycloaddition of singlet oxygen 

The study of singlet oxygen cycloaddition on acenes divides into two different objectives: 

avoiding the reaction or harnessing the reaction.4, 78 The former is usually proposed by scientists 

who develop organic materials containing acenes as functional groups, and by slowing or stopping 

the reaction, the stability of materials can be enhanced.79-81 The latter, on the other hand, is 

frequently mentioned in the fluorescent detection of singlet oxygen because this reaction would 

significantly alter the π conjugation of acenes, which results in absorbance or fluorescence 

signal.82-84  

As mentioned earlier in 1.3, one of the most commonly used substituents on long acenes is 

silyl acetylenes. Interestingly, installing these substituents significantly slows down the 

cycloaddition of singlet oxygen. Linker group has carefully studied this phenomenon and proposed 

rationales in different aspects: i) the triple bonds render the molecule to quenchers for singlet 
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oxygen; ii) the triple bonds accelerated the reverse reaction by lowering the activated energy; iii) 

the mechanism of cycloaddition changed from a zwitterion intermediated pathway to a slower 

concerted addition (Figure 1.8).3  

In recent years, our group has made an effort to understand the cycloaddition of singlet 

oxygen. With a series of works79-81, 85-88, our group has established a small library of substituted 

acenes and discovered some trends in the kinetics of this reaction. The results are summarized and 

adapted in Figure 1.9. Generally, the reaction happens faster when a longer acene core is 

participating.79, 88 When a thiophene ring is fused to the acene, it provides about two-thirds of the 

Figure 1.8 Two different reaction mechanisms proposed by Linker group. Anthracene was used 

for simplification. Copyright © 2012, American Chemical Society 
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impact of a benzene ring. For instance, the rate constant for cycloaddition of diphenyl-tetracene is 

higher than it for diphenyl-anthrathiophene and lower than that for diphenyl anthradithiophene.  

Besides, the type of substituents also plays a key role in the kinetics of the reaction. 

Introducing triple bonds slows down the reaction significantly, which has been discussed in the 

last section. Moreover, our group found an unsymmetrically mono-substitution of triple bond 

results in half the consequences of binary substitution.79 We have also reported that the reaction 

was accelerated when switching the substituents to electron-donating alkoxy groups.88 

Figure 1.9: The reactivity of acenes toward singlet oxygen increases with the number of aromatic 

rings in their core. Alkynyl derivatives are the least reactive, while alkoxy derivatives react the 

fastest. Steric hindrance also plays a role in acene reactivity. Figure reproduced form Ref. 4. 

Copyright 2020 Royal Society of Chemistry. 
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Steric hindrance is another factor affecting the reaction rate and the regioselectivities of the 

reaction. Our group installed a phenyl, with alkyl groups on the two ortho-positions, onto a 

tetracene core. When the alkyl group is less bulky methyl groups, the reaction can happen both on 

the substituted (5,12) site and the unsubstituted (6,11) site. Nevertheless, when using sterically 

larger ethyl groups, one of the possible products, endoperoxide at 5,12 positions, could not be 

found. We believe that is the steric effect that blocks the attack of singlet oxygen towards the 

acene.81 Based on a similar design, we have also published a pentacene that is both stabilized by 

steric hindrance and electronic effect. Such molecules showed great photo-stability and resistance 

to cycloaddition of singlet oxygen in the solution state.80   

Efforts have also been made by other groups in this field. Jäkle's lab reported a thorough 

analysis of the singlet oxygen cycloaddition reaction with a set of BN anthracenes. They found 

that steric hindrance induced by methyl substituent accelerated the cycloaddition of singlet oxygen. 

They attribute this phenomenon to the lack of carbocation stabilization of the reaction intermediate 

resulting from the hindering of planarization.48 The Anthony group carefully evaluated the impact 

of atomic substitutions on TES-ADT. The silicon atom was switched by carbon or germanium 

atoms, and the optoelectronic properties and photo-stabilities were studied. Compared with carbon 

or germanium, silicon-substituted acene displayed better photo-stability, which was explained by 

a lower reaction enthalpy determined by theoretical calculations.89 The same group has also studied 

the impact of substitutions on the thiophene rings of TES-ADT. They found that all the substituents 

installed in that work could stabilize the acene to some degree, with fluorine atoms displaying the 

strongest stabilization effect.90 Other examples of stabilizing acenes include blocking the reactive 

sites by annulation reactions29, 30, protecting the acene by supramolecular encapsulation,91 and 

shortening the lifetime of excited states by thiophene substitutions.92 
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1.7 Fluorescent probing of singlet oxygen 

Due to their rich spectroscopic properties and the rapid responsiveness towards singlet 

oxygen, acenes are great candidates for singlet oxygen spectroscopic probing. For instance, 9,10-

diphenyl anthracene (DPA) is a well-studied colorimetric probe for singlet oxygen. The 

absorbance of DPA at around 355 nm decreases upon reacting with singlet oxygen with a rate 

constant of ~106 M-1 s-1.93 Thus, the generation of singlet oxygen can be probed by UV-vis 

spectroscopy. Also, the reliability and stability of DPA make it a kinetic standard for the future 

development of singlet oxygen responsive materials.27, 79, 94 

Figure 1.10: Top: Chemical Structure of DPAX-1, DMAX, Singlet Oxygen Sensor Green® 

(SOSG), Aarhus Sensor Green (ASG), Si-DMA. Bottom: Reaction of the anthracene moiety with 

singlet oxygen and the depression of photoinduced electron transfer (PET) after oxidation. Figure 

reproduced form Ref. 4.  Copyright 2020 Royal Society of Chemistry. 
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Luminescent probing, on the other hand, provides higher sensitivity and possibilities in 

biological analysis. Thus, the development of fluorescent probes of singlet oxygen is also heatedly 

discussed in this field. One of the most frequently used designs is to covalently link the responsive 

part, usually acenes, with a fluorescent organic dye. Due to the photoinduced electron transfer 

(PET) between the two components, the probe is less or non-emissive before exposure to singlet 

oxygen. Once the cycloaddition happens, the endoperoxides produced are no longer able to accept 

electrons from the dye, so a "turn-on" fluorescent signal from the fluorescent dye can be 

observed.95 Figure 1.10 displays some "milestone" probes with similar designs and a generalized 

scheme of sensing mechanisms.82, 95-98 

Despite the good sensitivity and quality of signals provided by these probes, they are still 

suffering from deficiencies such as limited effective pH range82, self-sensitizing, and slow 

responsiveness96. One major reason for these drawbacks is the reliance on the existing organic 

dyes, which usually incorporate charged groups to achieve a push-and-pull structure. To address 

this problem, a solution is to use intrinsically fluorescent acenes. Compared with anthracenes, 

longer acenes, such as tetracene and tetracenothiophene, have comparable fluorescent quantum 

yields while the emissions are in a favored, red-shifted range.79 Meanwhile, the responsiveness 

can be accelerated due to the higher reaction rates described in the last section.  

In contrast to the fluorescent signals that are "turned on," sensors utilizing longer acenes 

commonly exhibit ratiometric signals. Specifically, these acenes are integrated into the system 

either through covalent27, 84 or non-covalent bonding83, 86, 99 with a conjugated polymer (CP), which 

functions as both an energy donor and a light harvester.100 Within this setup, the acenes serve as 

energy "traps" of Förster resonance energy transfer (FRET) or through-bond energy transfer and 
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emitters prior to undergoing cycloaddition. Upon exposure to singlet oxygen, the endoperoxide's 

increased HOMO-LUMO gap prevents it from accepting energy from the CP.83 As a result, the CP 

takes the role of the new emitter, emitting at a different wavelength that is typically hypochromic. 

This type of design is advantageous in multiple ways: (i) a ratiometric response of fluorescence 

that is resistant to the error inherent in simple fluorescence intensity measurements; (ii) the 

efficient CP-acene energy transfer and the strong light-harvesting capabilities of CP enable the use 

of a small amount of energy acceptor, the functional acenes. 

Figure 1.11 displays an example of a CP/acene probing platform developed by our group. 

The polymer's maximum emission switched from 510 nm (the same as small molecule diphenyl 

tetracene) to 410 nm (the same as a non-acene polymer) upon exposure to singlet oxygen while 

maintaining high fluorescence quantum yield above 50%.84 Following this work, our group 

developed a singlet-oxygen-mediated protein sensing platform using acene-doped CP thin films in 

the next year.86 This work showed the possibility of interaction between CP and acenes without 

Figure 1.11: The reaction of singlet oxygen cycloaddition in a CP/acene system and the Förster 

resonance energy transfer (FRET) between the CP and acenes. Figure reproduced from Ref. 4. 

Copyright 2020 Royal Society of Chemistry. 
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being covalently connected. Then, we also attempted to use through-bond energy transfer and 

synthesis of a poly(phenylene ethynylene) (PPE) based polymer with tetracene pendants linked to 

the backbone through all conjugated linkers.27 

In 2017, inspired by the studies in conjugated polymer nanoparticles (CPNs)101-103, our group 

developed an acene-doped, water-dispersible, and nanoscale ratiometric fluorescent singlet oxygen 

probe.83 This probe has outcompeted the performance of commercially available SOSG, and 

pushed the signaling window above 500 nm. This was further improved by using a different CP104 

and blending two CPs.99 

Besides the works of our group, novel singlet oxygen sensors/ sensing platforms have been 

developed by researchers frequently. Wang and coworkers developed a pentacene derivative that 

responds to NIR light as a molecule or as supramolecular assemblies. In this work, singlet oxygen 

Figure 1.12: CP/acene singlet oxygen sensing platforms developed by Thomas group. Figure 

reproduced from Ref. 4. Copyright 2020 Royal Society of Chemistry. 
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was generated by self-sensitizing the pentacene derivative using NIR light and then reacted with 

the acene.105 Chen's group developed a colorimetric singlet oxygen sensor using azaacenes doped 

polymer film.44 Li and coworkers reported a PET-based, two-photon fluorescence singlet oxygen 

probe that can be excited by light at a wavelength of 800 nm. In that work, singlet sensing was 

performed in cell and brain tissues.106  

Although there are already numerous accomplishments in this field, efforts are still needed in 

a couple of aspects.  

(1) Avoiding self-sensitizing in the sensing process. As the probes are always a fluorescent 

dye at the same time, singlet oxygen can be generated by photo-sensitization of the probe itself, 

which can result in fake positive signals.107 Thus, it is reasonable to develop probes that are not 

good photosensitizers but are still responsive. 

(2) Biocompatibility. Many of these probes are cytotoxic small molecules, which is not good 

for biological systems. Although there are some successes in using SOSG-doped CPNs to achieve 

bio-imaging108, the size of CPNs is not good for cellular penetration, and the staining mechanism 

is still under determination.   

(3) Quantitative analysis. Most of the developed probes can only provide qualitative results. 

However, knowing the concentration of singlet oxygen is rather important, especially in the 

medical process, such as photo-dynamic therapy.109 Step-wise responsiveness could be a promising 

solution110. However, monitoring the concentration in real-time is still desired. Taking advantage 

of the reversible nature of singlet oxygen cycloaddition may provide another possibility for 

dynamic analysis.111 
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1.8 Other important 1O2-related applications of acenes 

Probing singlet oxygen is only a small proportion of 1O2-related applications of acenes.4 

Other important applications include but are not limited to cancer therapy and drug delivery.  

 

Figure 1.13: Self-assembly of amphiphilic polymers into micelles and intracellular delivery 

triggered by the cleavage reaction of the dialkoxyanthracene linker. Figure reproduced from Ref. 

4. Copyright 2020 Royal Society of Chemistry. 
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Acenes have been used as photo-sensitizers for photodynamic therapy and photothermal 

therapy due to their strong absorbance and photo-sensitizing abilities.4, 112 For instance, Hu and 

coworkers reported an organic small molecule based photosensitizer with two anthracenes 

installed on a donor-acceptor chromophore.113 Jäkle's group reported acenes modified with BN 

Lewis pairs.48, 114 The BN bonding enlarged the conjugation and planarized the molecules, red-

shifting the absorbance of the materials, allowing the application in photodynamic and 

photothermal cancer therapies. Recently, the Liu group reported a method encapsulating acenes 

into nanoparticles. The resulting nanoparticles were then applied as a self-degradable singlet 

oxygen resource for photodynamic therapy. This work rationalized the advantage of low photo-

stability of acenes and broadened the prospect of applications of acene-based materials.   

Similar to other dienophiles, the cycloaddition of singlet oxygen is reversible.111 Thus, it is 

possible to use acenes to perform singlet oxygen "catch and release" for therapeutic purposes as a 

mutated version of photodynamic therapy109. Generally, the acene derivatives are tethered to 

nanomaterials115, 116 or incorporated in supramolecular systems117, 118. Then, the material is exposed 

to photogenerated singlet oxygen and form endoperoxide. Each acene structure can hold one 

molecule of singlet oxygen so that the material becomes a carrier for singlet oxygen. Then, the 

material can be introduced to the desired biosystem, and the release is triggered by external stimuli, 

normally heat. Consequently, the cytotoxicity of singlet oxygen can induce the death of cancer cell 

around the area. 

 Another significant application is utilizing the singlet-oxygen-assisted photocleavage to 

develop drug delivery platforms.119 Our group reported an amphiphile containing cleavable linkers 

and fabricated nanoscale micelles based on such amphiphiles.120 When singlet oxygen is generated, 
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the micelle breaks and releases the cargo, anti-cancer chemotherapeutics, due to the cleavage 

between the hydrophobic and hydrophilic chains. This kind of design enabled the performance of 

photo-dynamic and chemical cancer therapy at the same time and has excellent potential to 

improve their efficiency of them. 

Acenes have also been applied in complicated bio-imaging systems. For instance, the Smith 

group developed a host-guest complex for thermally activated chemiluminescence.121 In that work, 

a squaraine fluorophore was encapsulated inside a macrocycle containing two anthracene moieties. 

The anthracene reacted with singlet oxygen in the air under irradiation to form endoperoxides. 

When the cycloreversion was triggered by thermal energy, the generated excited-state anthracene 

transferred energy to the encapsulated squaraine and released a photo in NIR that can penetrate the 

body tissue of mice. With different chemical modifications, the wavelength of chemiluminescence 

can be tuned. 122    

Thanks to the rapid development of organic electronics, research on has regained significant 

attention, with renewed interest sparking innovative studies.4, 39, 40, 51, 60, 123 We believe this field 

still holds unlimited possibilities, promising exciting advancements in the future. 
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2.1 Introduction 

Acenes, also known as linearly fused benzenes, have been frequently studied as 

building blocks for organic electronic devices.2, 7 Besides, the interesting chemistry 

properties make acenes promising functional groups in applications4, 60 such as drug 

delivery120, stimuli-responsive materials61, 62, 64, and singlet oxygen sensing83, 84, 94-96. 

However, the further development of acene-based materials is limited by their vulnerability 

towards unwanted photo-oxidation, mainly resulting from the self-sensitizing of singlet 

oxygen (1O2) and the following cycloaddition76, 77, 124. This problem is especially 

challenging for longer acenes due to the lower per-ring aromatic stabilization effect.79 

Efforts have been made to address this issue via various approaches. For instance, 

Ogilby and co-workers have developed an acene-based singlet oxygen probe, Aarhus 

Senser Green (ASG).96 The photo-sensitizing ability of ASG was decreased by adding 

fluorine atoms to the fluorophore, which protected the probe from 1O2-mediated photo-

oxidation. Other than cutting off the resource, acenes intrinsically inert to 1O2 have been 

developed. TIPS-pentacene is one of the most famous molecules among this kind.18, 19 

The triple bonds protected the acene core through a combination of altering the mechanism, 

physical quenching, and accelerating the reverse reaction.3 Electronic effect and steric 

hindrance were also identified as major factors in the reactivity of acenes.79, 81, 125 Moreover, 
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as an alternative approach, kinetically blocking the reactive site of acenes by annulation 

was reported.29, 32, 126  

2.2 Experimental design and synthesis of multi-acene structures 

Inspired by the increasing volume of reports concerning multi-acene structures, which 

have been driven in large part by their potential in singlet fission127-130 and thin film 

transistors131. We were interested in the singlet oxygen responsiveness of covalently-linked 

acenes. Figure 2.1a shows the first design of the original structure in which a conjugated 

carbon-carbon triple bond bridged an anthracene and a tetracene. However, the difficulty 

of unsymmetrical substitution of tetracene was very practically challenging.132 Thus, we 

simplified the synthesis to the current design (Figure 2.1b). This structure can significantly 

reduce the load on synthesis because i) the anthracenes are symmetrically installed on both 

Figure 2.1: Chemical structures of our original design (a), the new design (b), and other 

developed molecules in this work. Figure reproduced from Ref.1. 
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sides of tetracene as pendants, ii) and the complicated solubilizing trialkoxy-benzene group 

was substituted by a triisopropyl-siliane (TIPS). Through an analysis of spectroscopy and 

reactivity, we show that the anthracene-substituted tetracene is highly stable to direct 

irradiation. We designed a set of controlled compounds to study such abnormalities, as 

shown in Figure 2.1c. With the same diethynyl tetracene core structure, we switched the 

pendants to naphthalene or benzene to study the impact of side-chain length. Also, we made 

an anthradithiophene (ADT) control to investigate the effect of the core structure and the 

universality of the stabilization phenomenon. 

Scheme 2.1: Synthesis of developed acene-derivatives. Figure reproduced from Ref.1. 
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The pendant and the core structures were synthesized separately and then linked via 

Sonogashira Coupling. For the tetracenes, we followed a reported synthetic pathway to get 

diethynyl acene from acene quinone.132 In detail, trimethylsilyl acetylene (TMSA) was 

deprotonated by organolithium reagent, and the resulting ions attacked the quinones to 

form a diol intermedia. Tin chloride in diluted hydrochloride acid was then added as a 

reducer to assist the aromatization of acenes. On the other hand, the pendants were 

synthesized from unsymmetrical arene dihalides.133 We utilized the different reactivity of 

iodide and bromide towards Sonogashira Coupling to obtain the mono-ethynylated arene 

halide.  

2.3 Optical properties of developed acenes 

a  Measured at the maximum of the longest wavelength band, indicated with an 

asterisk. b  Disappearance of acene upon irradiation of MB, relative to rate measured for 

9,10-diphenylanthracene (DPA, krel = 1) under identical conditions. 

Name λonset, nm λmax, nm εa, M-1cm-1 

λmax(em), 

nm 

ФF τav, ns krel
b 

TET-1 665 567*, 363, 293 29,600 581 0.33 6.3 5.5 

TET-2 690 581*, 403, 295 37,700 600 0.34 3.6 s 4.1 

TET-3 700 590*, 459, 262 53,400 657 < 0.001 - 4.5 

ADT-3 730 612*, 466, 263 56,900 672 < 0.003 - 4.1 

Table 2.1: Photo-physical properties of developed acene derivatives. 
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All four final compounds were at least moderately soluble; ADT-3 resisted dissolution 

the most of the four, although it was sufficiently soluble in THF, toluene, and 

chlorobenzene to enable full spectroscopic characterization. To understand the impact of 

multiple conjugated chromophores on the optical transitions of these acenes, we measured 

the electronic absorbance spectrum of each in solution. Table 2.1 Photophysical properties 

of developed acene derivatives. 

Figure 2.2a shows the UV/vis spectra of these molecules in CH2Cl2 at low (10-5-10-6 

M) concentration, while Table 2.1 summarizes their key spectroscopic parameters. These 

spectra share some common features of diethynyl-acenes79, such as an intense and sharp 

transition in the UV and broad bands in the visible with some vibronic resolution. As the 

lengths of the acene pendants increase from benzene through anthracene, the onset of 

Figure 2.2: Absorbance spectra of developed molecules in (a) solution phase or in (b) solid 

phase. Figure reproduced from Ref.1. 
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absorbance and λmax of the lowest energy bands in the visible spectrum shifts to lower 

energy, with anthracene-conjugated TET-3 showing λmax of 590 and 620 nm.  

 In addition, TET-3 and ADT-3 show distinct, well-resolved bands from 360-480 nm, 

which isolated diethynyl-anthracene chromophores.79 As drop-cast thin films (Figure 

2.2b), TET-1 and TET-2 show spectral positions and features that, while broadened, are 

generally consistent with those in solution. In contrast, the solid-state absorbance of both 

TET-3 and ADT-3 stretch substantially to the red and in the case of TET-3, displays a new 

Figure 2.3: Photoluminescence spectra for developed acene derivatives. The inset displays 

spectra of TET-3 and ADT-3 measured with wider slit widths. Figure reproduced from 

Ref.1. 
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intense band at 720 nm. Preliminarily, we attribute this to a combination of increased 

planarization and intermolecular aggregation of the anthracene-containing “triacenes” as 

solids.  

Similar to the trend in UV/vis spectra, the maximum wavelength of fluorescence for 

these four compounds (Figure 2.3) shifts with increasing conjugation of the arene pendants, 

from 581 nm for TET-1, 600 nm for TET-2, and greater than 650 nm for both TET-3 and 

ADT-3. Notably, anthracene-containing TET-3 and ADT-3 are only very weakly 

fluorescent (ФF < 0.003). This observation is consistent with previously reported 

observations of weak fluorescence from ethynyl-bridged multi-acene structures with either 

two conjugated tetracenes134 or three conjugated anthracenes.135 

2.4 Singlet oxygen responsiveness of developed acenes 

We began our investigation of the photochemical oxidation of these acenes by using 

methylene blue (MB) as an external sensitizer, which is soluble in CH2Cl2 and absorbs 

~650 nm light. Irradiation of MB as an external photosensitizer allows us to compare the 

intrinsic reactivity of different acenes with 1O2 and mitigates other variables that can 

complicate such comparisons upon direct irradiation of the acenes, such as their intrinsic 

efficiency of 1O2 generation, the extinction coefficient of the acenes, and the flux of the 

light source used at different wavelengths. We use a 200W Hg/Xe lamp with a 630 nm 
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long-pass filter to irradiate MB in the presence of an acene in CH2Cl2 at a concentration 

between 2-4 mM. We measure the concentration of the acene as a function of irradiation 

Figure 2.4: Pseudo first-order kinetics analysis of disappearance of acenes upon irradiation 

of MB. The reaction was monitored by UV-vis spectroscopy and each spectrum was taken 

at different time spot during the reaction. The initial absorbance spectrum of MB has been 

subtracted from each of these spectra. Figure reproduced from Ref.1. 



 

39 

time using UV/vis spectrophotometry. With constant light flux and sensitizer absorbance, 

we assume a steady-state concentration of 1O2 while irradiating and therefore fit the 

resulting data to a pseudo first-order kinetic model. We also monitored the disappearance 

of 9,10-diphenylanthracene (DPA) in a separate experiment under identical conditions as 

an external standard, as it has a known bimolecular rate constant for endoperoxide 

formation with 1O2 (1-3x106 M-1s-1) and resembles the reactive anthracene unit in 1O2-

sensitive fluorophores DPAX82 and Aarhus Sensor Green96.  

Figure 2.5: Pseudo first-order kinetics curves of cycloaddition. Rate constants relative to 

DPA (krel) for the four acenes range between 4-6. Figure reproduced from Ref.1. 
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Figure 2.4 and Figure 2.5 summarize the results of these experiments and analyses, 

which show that the four acenes all have similar reactivities with 1O2. Relative to the rate 

constant of DPA, these acenes have relative rate constants (krel) of 4-6. This range is 

consistent with the reactivity of the previously reported compound from our group, DE-

TET, which reacts ~5 times faster than a similar 9,10-diaryl anthracene. Therefore, neither 

the extended arylene-ethynylene linkers nor the conjugated naphthalene or anthracene 

pendants noticeably impact the intrinsic reactivity of these diethynyl-acenes with 1O2. The 

evolution of the optical spectra of these four acenes as they react is consistent with 

oxidation of the long central acene moiety: i) all show a diminution of the longest 

wavelength band and the sharp band at approximately 300 nm; ii) the tetracenes retain of 

the fully conjugated arylene-ethynylene linker when the tetracene is oxidized across the 

unsubstituted 6 and 11 positions; iii) the structured absorbance of TET-3, ADT-3 after 

oxidation indicates the persistence of the diethynyl-anthracene side groups under the photo-

oxidation conditions. Broad absorbance between 400-500 nm, which we attribute to a 

combination of retention of the fully conjugated arylene-ethynylene linker when the 

tetracene is oxidized across the unsubstituted 6 and 11 positions (vide infra); iii) the 

structured absorbance of TET-3, ADT-3 after oxidation indicates the persistence of the 

diethynylanthracene side groups under the photo-oxidation conditions. 
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NMR spectroscopy (Figure 2.6) of TET-3 upon photo-oxidation at higher acene 

concentration (~ 1 mM) using MB as photosensitizer provides further support for 

endoperoxide formation. As shown in Figure 2.6, 1H resonances consistent with the two 

expected regioisomeric endoperoxides appear, along the disappearance of TET-3 

resonances. Based on the chemical shifts of the singlets associated with the hydrogens on 

the unsubstituted 6 and 11 positions of the tetracene core, we approximate a 2: 1 molar 

ratio of the 6,11-endoperoxide to the 5,12-endoperoxide; this preference for oxidation at 

the non-ethynylated position of tetracene agrees with previous work of our group.87    

Figure 2.6: NMR spectrum of product mixture of cycloaddition of singlet oxygen on TET-

3. Figure reproduced from Ref.1. 
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A key design feature of these acenes is the presence of a visible emitting chromophore 

upon oxidation of the tetracene or anthradithiophene. As shown in Figure 2.7,  TET-1 (582 

nm) and TET-2 (601 nm) show ratiometric responses: initial acene fluorescence decreases 

in intensity as the tetracene oxidizes, while fluorescence from the mixture of regioisomeric 

endoperoxides emerges. In contrast, the very weakly emissive TET-3 shows a “turn-on” of 

fluorescence. Comparing the fluorescence of the three mixtures of oxidized tetracenes, 

Figure 2.7: Fluorescent response of multi-chromophore acenes to 1O2 generated through 

irradiation of methylene blue in CH2Cl2. Figure reproduced from Ref.1. 
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longer pendant arenes yield bathochromic ally shifted final fluorescence: TET-1 (benzene) 

at 425 nm, TET-2 (naphthalene) at 452 nm, and TET-3 (anthracene) at 537 nm. We 

attribute these fluorescence spectra to the tetracenes oxidized across the 6 and 11 positions, 

which retain a conjugated chromophore along the entire molecule. In contrast, even though 

ADT-3 has anthracene pendants, endoperoxidation is more likely across the central 

anthradithiophene ring, interrupting conjugation along the arylene-ethynylene 

chromophore, yielding blue-shifted emission upon oxidation (478 nm). 

2.5 Direct irradiation reactivities of developed acenes 

For the development of sensor materials for 1O2, the inherent reactivity with 1O2 of 

acenes is critical to their function. For both 1O2 sensing materials and the more popular 

applications of acenes based in organic electronics, preventing photo-oxidation of acenes 

upon direct irradiation is crucial. For organic electronics, chromophore oxidation can 

inhibit performance, and is likely to arise from direct irradiation of the active materials that 

can sensitize 1O2 and other reactive oxygen species (ROS). Highly reactive acenes such as 

pentacene and rubrene suffer from this feature, while physical quenching of 1O2 bestows 

TIPS-pentacene with slow inherent reactivity. For fluorogenic sensing materials for 1O2, 

direct irradiation of the fluorophore is necessary to measure luminescent response; if the 

fluorophore itself generates 1O2 or other ROS, false positives can occur. This drawback is 

a reported characteristic of the commercially available Singlet Oxygen Sensor Green 
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(SOSG).95, 107 Therefore, approaches to preventing “self-sensitization” of ROS acenes 

while preserving their inherent reactivity are important for improving the performance of 

such responsive fluorophores. 

To assess the impact of chemical structure on self-sensitized photo-oxidation, we 

monitored the concentration of these four extended acenes in CHCl3, in the absence of any 

external sensitizer while irradiating them directly at 546 nm (12 mW/cm2); the initial 

absorbance of all samples was 0.45 at 546 nm. As Figure 2.8 shows, the highly fluorescent 

TET-1 and TET-2 degrade rapidly, with half-lives of 8-12 minutes. In contrast, highly 

Figure 2.8: Photochemical bleaching of acenes during direct irradiation of each acene at 

546 nm (12 mW/cm2) in aerated CHCl3. Figure reproduced from Ref.1. 
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quenched TET-3 and ADT-3 show no noticeable degradation, even after 20 minutes of 

irradiation. Our previous observation that the rates of reactions with 1O2 for these four 

acenes are nearly identical makes it unlikely that physical quenching of 1O2 by TET-3 or 

ADT-3 contributes to their persistence during direct irradiation, as is the case for TIPS-

pentacene. Instead, consistent with the rapid non-radiative relaxation of their excited states 

that we infer from ФF<0.003, we attribute the persistence of TET-3 and ADT-3 to poor 

efficiency of photosensitization of ROS. 

2.6 Determining key mechanisms of photostability  

Inspired by Linker group’s study on TIPS-pentacene, we tested the 1O2 quenching 

capabilities of TET-3 and ADT-3 to determine if the abnormal stability originated from 

physical quenching. We executed similar kinetics tests on DA-TET, a more reactive acene 

derivative reported by our group79, using MB as the photosensitizer. Three parallel 

experiments were carried out with i) just DA-TET, ii) DA-TET and TET-3, and iii) DA-

TET and ADT-3. As shown in Figure 2.9, the rate constants did not display noticeable 

differences, which indicated physical quenching should not be the dominant mechanism of 

the photostability.  

Next, we compared the photosensitization performance of TET-3 and our previously 

reported, highly fluorescent diethynyltetracene DE-TET in the oxidation of the more 
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highly reactive DA-TET. In detail, DA-TET was added to solutions of either TET-3 or 

DE-TET in chloroform. Then, the solutions were irradiated with a lamp equipped with a 

long pass at 530 nm beyond the absorbance range of DA-TET. Thus, the self-sensitizing 

process of TET-3 or DE-TET was the only resource of 1O2. As shown in Figure 2.10, 

irradiation of DE-TET completely oxidized DA-TET within three minutes by UV/vis 

spectrophotometry, while irradiation of TET-3 under otherwise identical conditions 

showed less than 50% oxidation of DA-TET after thirty minutes of irradiation. The poor 

performance of TET-3 as a photosensitizer, therefore, explains its persistence (and that of 

ADT-3) under direct irradiation 

2.7 Theoretical calculations 

Figure 2.9: Pseudo first-order kinetics curves of cycloaddition with or without stable 

acenes as potential singlet oxygen quencher. Figure reproduced from Ref.1. 
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Given the multi-chromophore nature of several of these compounds and the 

complexity of their UV/vis spectra, we calculated their molecular orbitals and optical 

transitions using density functional theory (DFT) and time-dependent DFT with the B3LYP 

functional and the 6-31G+(d,p) basis set, using a polarizable dielectric continuum model 

for CH2Cl2.
136 Geometry optimization at this level of theory shows a lack of coplanarity 

for the three acenes in TET-3 and ADT-3, with torsional angles of 32-35°. Previously, 

molecules with three anthracenes connected through ethynyl linkers have shown similarly 

twisted lowest-energy torsions.135 We attribute this twisting out of planarity to non-bonding 

steric interactions between the C-H bonds on acene rings adjacent to the ethynyl linkages—

TET-2 (20-24° torsional angles) and TET-1 (0° torsional angles) show improved planarity 

along the phenylene-ethynylene chain. Figure 2.11 shows the HOMO-2 through LUMO+2 

wavefunctions for TET-3, and the appendix at the end of this chapter contains images of 

Figure 2.10: Experiment on photo-sensitizing capabilities. From left to right, the 

photosensitizer used was DE-TET, TET-3 and ADT-3. Figure reproduced from Ref.1. 
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analogous orbitals for the other molecules. For all four molecules, the lowest energy 

transition with non-zero oscillator strength is HOMO-LUMO in nature, with the electronic 

density for each mostly on the central long acenes, with some occupancy along the entire 

π-conjugated system. The trends in calculated transition energies for these transition 

follows that observed experimentally, with longer acene pendants yielding lower energy 

transitions. Also in agreement with our experimental observation is the presence of a higher 

energy calculated transition at 425 nm, which is mainly localized on the anthracene 

pendants (HOMO-1 to LUMO+1).  

We have also run calculations on the potential cycloaddition products, the endo-

peroxides, of TET-3. The geometry optimization suggested that the cycloaddition bent the 

oxidized site to 109.5˚. When the singlet oxygen attacks 5,12 positions, the conjugation is 

entirely interrupted, resulting in the localization of electrons on anthracene pendants. On 

Figure 2.11: Frontier molecular orbitals of TET-3. Figure reproduced from Ref.1. 
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the other hand, when the reaction site is 6,11, the two anthracene pendants are still linked 

with a naphthalene-like conjugated linker. Time-dependent results indicated that the 6,11 

product had a red-shifted absorbance, consistent with the broad, structureless peak around 

490 nm in the experimentally obtained spectrum. Besides, the localization of electrons on 

the anthracene displayed in 5,12 endo-peroxide explained the anthracene-like vibronic 

features in the experimental results. An energetic analysis of the products showed that the 

5,12 have a higher energy than the 6,11, indicating that the 6,11 was a thermodynamically 

stable product. The minor energy difference between the 5,12 product and TET-3 gave a 

plausible explanation for the reversibility of this reaction, which has also been observed in 

other acenes reported by our group.87 

2.8 Attempts on applications of TET-3  

Due to its excellent photo-stability, our group believes TET-3 could be a good 

candidate material for organic optoelectronic devices. Thus, collaborating with Kymissis 

group at Columbia University, we fabricated organic field-effect transistors (OFETs) in a 

bottom-gate, bottom-contact geometry using TET-3 as a functional layer.137 However, the 

tendency of this molecule to form small needles, shown in Figure 2.12, upon deposition 

limited the charge mobile abilities and the device’s performance. Nonetheless, the material 

still displayed mobility around 10-4 cm2/Vs. We believe that with a proper processing 

technique, this material may still be applicable. 
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Figure 2.12: Microscope images of drop-cast device of TET-3. Reproduced from Ref.1. 
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2.9 Experimental section 

General Information. All synthetic manipulations were performed under standard 

air-free conditions under an atmosphere of argon gas with magnetic stirring unless 

otherwise mentioned. Flash chromatography was performed using silica gel (230−400 

mesh) as the stationary phase. NMR spectra were acquired on a 500 MHz spectrometer. 

Chemical shifts are reported relative to residual protonated solvent (7.26 ppm for CHCl3 

or 3.58 ppm for THF). High-resolution mass spectra (HRMS) were obtained using 

different ionization techniques and a peak-matching protocol to determine the mass and 

error range of the molecular ion.  

Electronic absorbance spectra were acquired with a spectrophotometer in double-

beam mode using a solvent-containing cuvette for background subtraction spectra. 

Fluorescence spectra were collected at a 90° angle from the incident irradiation (75W Xe 

lamp) and corrected for both fluctuations in the lamp intensity and the wavelength-

dependent sensitivity of the photomultiplier tube detector. Fluorescence quantum yields 

were determined relative to coumarin 6 in ethanol.138 Time-resolved fluorescence data were 

collected using a time-correlated single-photon counting instrument with a pulsed LED 

operating at 403 nm. Irradiation of methylene blue photosensitizer to generate 1O2 was 

performed with a 200 W Hg/Xe lamp equipped with a condensing lens, water filter, and 

manual shutter, with different long pass filters. Density functional theory calculations were 
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performed using the Gaussian 09 software package136, with optimized geometries and 

FMO energies determined at the B3LYP/6-31G (d,p) level of theory using a polarizable 

continuum solvent model for CH2Cl2. The time-dependent results of these optimized 

geometries were calculated with the same functional and basis set, using the 

Tamm−Dancoff approximation. 

For fabrication of transistors, highly p-doped silicon was used as the bottom-gate 

electrode, and 285 nm thermally grown SiO2 served as the gate dielectric. Cr/Au (5 

nm/40nm) source and drain electrodes were evaporated through a shadow mask at 0.5 Å/s 

and functionalized with the self-assembled monolayer (SAM) pentafluoro-benzenethiol 

(PFBT) by vapor deposition at 70 °C for 2 hours. This SAM serves to shift the electrode 

work function away from the vacuum level, enhancing charge injection in p-type organic 

semiconductors.139 To modify the surface energy and allow crystallites to form on the 

substrate, the silicon oxide layer was functionalized with trichloro(phenyl)silane by 

immersion in a 60 mM solution in chloroform for 1 hour, followed by immersion in fresh 

chloroform and a thorough rinse with 2-propanol. A 0.25 wt% solution of TET-3 in 

chlorobenzene was then prepared and devices were formed using solvent-assisted 

crystallization137, where the solution is drop-casted onto the patterned substrate in a 

covered petri dish with 100 µL chlorobenzene dispensed around the substrate. This 

technique creates a solvent-rich atmosphere such that the semiconductor solution 
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evaporates more slowly, allowing for the formation of larger crystallites. Electrical 

measurements were then taken using two Keithley 2400 source-measure units in dark at 

ambient atmosphere.  

Synthesis of developed acenes 

5,12-bis[2-(trimethylsilyl)ethynyl]tetracene. This reaction was executed following a 

reported procedure.132 In a flame-dried 2-neck round bottom flask, trimethylsilylacetylene 

(0.71 mL, 490 mg, 5.0 mmol) was dissolved in 20 mL of dry diethyl ether and cooled to 

0°C in an ice-water bath. n-Butyllithium (2.2 mL, 4.8 mmol, 2.2 M in hexanes) was added 

dropwise. The colorless solution was allowed to warm to room temperature and stirred for 

1 h, at which time napthacenequinone (520 mg, 2.0 mmol) was added as a solid. The 

suspension was stirred overnight and then neutralized with 1 M HCl (aq) and SnCl2•2H2O 

(1.0 g, 4.4 mmol) was added to the mixture. After stirring for 3 h, the mixture was extracted 

using CH2Cl2 (3 x 10 mL), and the combined organic layers were dried over MgSO4. The 

solvent was removed in vacuo, and the residue was purified through a plug of silica, eluted 

with hexanes to give 540 mg of the expected product ((65% yield) as a deep red powder . 

1H NMR (500 MHz CDCl3): δ 9.20(s, 2H) 8.57-8.59 (dd , 2H), 8.08-8.10 (dd, 2H), 

7.55-7.60 (dd, 2H),  7.47-7.49 (dd, 2 H), 0.54 (s, 18H). The chemical shifts are consistent 

with those reported in the literature.132 
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5,12-diethynyltetracene. 5,12-bis[2-(trimethylsilyl)ethynyl]tetracene (210 mg, 0.50 

mmol) was dissolved in 10 mL CH2Cl2/methanol (1:1, v/v). To the solution, potassium 

carbonate (210 mg, 1.5 mmol) was added. The suspension was stirred at room temperature 

for 4 h. The solvent was removed, and the residue was extracted with CH2Cl2 (3 x 10 mL). 

The combined organic phase was sequentially washed with water and brine, and dried over 

MgSO4. In syntheses of TET-1, TET-2, and TET-3, the crude product was used 

immediately after removing the solvent. 

1H NMR (500 MHz CDCl3): δ 9.22 (s, 2H), 8.60-8.62 (dd, 2H), 8.08-8.10 (dd, 2H), 

7.55-7.57 (dd, 2H), 7.48-7.50 (dd, 2H), 4.22 (s, 2H). 13C NMR (125 MHz CDCl3): δ 132.8, 

130.4, 130.2, 128.5,  127.2, 126.9, 126.2, 125.9, 90.7, 80.7. 

1-bromo-4-(2-triisopropyl)ethynyl-benzene. Triisopropylsilylacetylene (0.22 mL, 180 

mg, 1.0 mmol) of triisopropylsilyl acetylene was dissolved in 30 mL THF/triethylamine 

(2:1 v/v). The solution was deoxygenated with argon gas for 1 h. To another flame-dried 

two-neck round bottom flask, 1-iodo-4-bromobenzene (283 mg 1.0 mmol), 

bis(triphenylphosphine)palladium(II) dichloride (35 mg, 0.05 mmol), and copper (I) iodide 

(10 mg, 0.05 mmol) was added. Then, the degassed solution was transferred to the flask 

containing solids via cannula. The mixture was stirred overnight at room temperature. The 

solvent was removed in vacuo. The resultant solid was purified by flash column 
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chromatography (hexanes) to yield the desired product as a colorless oil (320 mg, 95% 

yield).  

1H NMR (500 MHz CDCl3): δ 7.42-7.44 (d, 2 H), 7.32-7.34 (d, 2 H), 1.09-1.12 (m, 

21 H), The resonances are consistent with those reported previously in the literature.140 

1-iodo-4-(2-triisopropyl)ethynyl-benzene. In a flame-dried two-neck round bottom 

flask, 1-bromo-4-(2-triisopropyl)ethynyl-benzene (870 mg, 2.6 mmol) was dissolved in 10 

mL of dry diethyl ether. n-butyllithium (1.14 mL, 2.8 mmol, 2.5 M in hexanes) was added 

dropwise after cooling the solution to -78 °C. The solution was stirred at -78 °C for 1 h. I2 

was added as a solid (857 mg, 3.4 mmol) and the mixture was allowed to warm up to 

ambient temperature. The reaction was then stirred for 8 h followed by quenching with 10 

mL saturated ammonium chloride solution. The mixture was then extracted with CH2Cl2 

and dried over MgSO4. The crude product (870 mg, 87% yield) was directly used after 

removing the solvent without any further purification. 

5,12-bis[((4-triisopropylethynyl)phenyl)ethynyl]tetracene (TET-1). In a round 

bottom flask, 1-iodo-4-(2-triisopropyl)ethynyl-benzene (670 mg, 1.7 mmol) was dissolved 

in 9 mL toluene/diisopropylamine (2:1 v/v). The solution was deoxygenaged by bubbling 

with argon for 1 h. To another flame dried two-neck round bottom flask equipped with a 

condenser, 5,12-diethynyltetracene (180 mg, 0.63 mmol), Cl2Pd(PPh3)2 (30 mg, 0.04 
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mmol), and CuI (10 mg, 0.05 mmol) was added. The degassed solution was then transferred 

to the flask via a syringe. The mixture was then stirred at 80 °C for 36 h. The solvent was 

removed in vacuo, and the residue was purified via flash column chromatography 

(CH2Cl2/hexanes 1:1 v/v). The crude product was recrystallized from CHCl3/MeOH to 

yield TET-1 (150 mg, 30% yield) as a purple solid. 

1H NMR (500 MHz CDCl3): δ 1.17-1.18 (m, 42 H), 7.49-7.51 (dd, 2 H), 7.58-7.59 

(m, 6 H), 7.60 (d, 4H), 8.11-8.12 (dd, 2H), 8.64-8.65 (dd, 2H), 9.25 (s, 2H).  

13C NMR (125 MHz CDCl3): δ 132.4, 132.2, 131.5, 129.9, 128.6, 127.4, 126.8, 126.2, 

126.1, 123.9, 123.3, 118.3, 106.7, 103.2, 93.4, 89.0, 18.7, 11.4.  

HRMS (TOF, EI): m/z calcd for C56H60Si2 (M
+) 788.4234, found 788.4212. 

1-bromo-4-(2-triisopropyl)ethynyl-naphthalene. A flame-dried round bottom flask 

was charged with 1-iodo-4-bromonaphthalene (1.2 g, 3.7 mmol) and 30 mL of degassed 

THF/NEt3 (2:1 v/v). Pd(PPh3)2Cl2 (100 mg, 0.14 mmol) and CuI (0.2 mmol, 40 mg) was 

added to the solution. With a syringe, triisopropylsilylacetylene (0.82 mL, 3.7 mmol) was 

added to the solution. The reaction was stirred overnight before purification by elution 

through a plug of silica with hexanes. After removing the solvent under vacuum, 1.25 g of 

the desired product was obtained as a pale-yellow oil. (88% yield). 
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1H NMR (500 MHz CDCl3): δ 8.40-8.41 (m, 1H), 8.24-8.26 (m, 1H), 7.72-7.73 (d, 

1H), 7.62-7.65 (m, 2 H), 7.54-7.56 (d, 1 H), 1.19-1.20 (m, 21 H),  

13C NMR (125 MHz CDCl3): δ 134.5, 132.8, 131.7, 130.9, 129.3, 127.7, 127.5, 126.8, 

123.6, 121.3, 104.1, 97.3, 18.8 11.4. 

1-iodo-4-(2-triisopropyl)ethynyl-naphthalene. In a flame dried round bottom flask, 1-

bromo-4-(2-triisopropyl)ethynyl-naphthalene (1.25 g, 3.3 mmol) was dissolved in 10 mL 

of dry THF. The solution was cooled to -78 °C using an acetone/dry ice bath. With a syringe, 

n-butylithium solution (2.0 mL, 5.0 mmol, 2.5 M in hexanes) was added dropwise. The 

solution was stirred at -78 °C for 1 h, and then I2 (1.5 g, 6 mmol) was added as a solid. The 

reaction was stirred overnight, and then quenched with aqueous NaS2O3. The mixture was 

extracted with CH2Cl2 three times, and the combined organic layers were dried over 

MgSO4. Then, the solvent was removed in vacuo to yield 1.38 g yellow oil. This crude 

product was directly used in the next step without further purification (96% yield). 

5,12-bis[((4-triisopropylethynyl)naphthyl)ethynyl]tetracene (TET-2). A round 

bottom flask was charged with a solution of 1-iodo-4-(2-triisopropyl)ethynyl-naphthalene 

(1.0 g, 2.3 mmol) dissolved in 14 mL of a toluene/diisopropylamine (4:3 v/v) mixture. The 

solution was then deoxygenated by bubbling with argon for 1 h. This solution was 

transferred by cannula into a flamed dried round bottom flask containing compound 8 (280 
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mg, 1.0 mmol), Pd(PPh3)2Cl2 (35 mg, 0.05 mmol), and CuI (10 mg, 0.05 mmol). The 

reaction was heated to 80 °C and stirred for 20 h. The mixture was first purified by flash 

column chromatography (gradient elution 1:4 CH2Cl2/hexane to 100% CH2Cl2). Finally, 

530 mg of pure TET-2 was isolated by recrystallization from chloroform/methanol as a 

purple solid (60% yield). 

1H NMR (500 MHz CDCl3): δ 9.39 (s, 2H), 8.76-8.80 (m, 4 H), 8.51-8.53 (m, 2 H), 

8.08-8.10 (dd, 2 H), 7.99-8.00 (d, 2H), 7.81-7.83 (d, 2H), 7.71-7.76 (m, 6H), 7.62-7.64 (dd, 

2 H), 7.49-7.51 (dd, 2 H), 1.24-1.28 (m, 42 H).  

13C NMR (125 MHz CDCl3): δ 133.0, 132.4, 132.3, 130.5, 130.1, 130.0, 128.6, 

127.53, 127.50, 126.9, 126.8, 126.2, 122.3, 121.8, 118.6, 104.8, 101.8, 98.5, 93.7, 18.8, 

11.5.  

HRMS (MALDI, matrix: DCTB): m/z calcd for C64H64Si2 (M
+) 888.4547, found 

888.4537. 

9-iodo-10-bromo-anthracene. In a flame-dried round bottom flask, 9,10-

dibromoanthracene (1.0 g, 3.0 mmol) was added to 30 mL of dry THF and cooled to -78 °C. 

To the suspension, n-butyllithium (1.3 mL, 3.3 mmol, 2.5 M in hexanes) was added 

dropwise. The resulting solution was allowed to warm to room temperature and stirred for 

another 3 hours. The flask was cooled to -78°C again followed by the addition of 1.0 g of 
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I2 (3.9 mmol). After stirring at room temperature for 20 h, the solution was concentrated in 

vacuo to approximately 10% of its original volume. Sodium thiosulfate aqueous solution 

(20 mL, 20% w/v) was mixed into the residue, and the resulting precipitate was collected 

by vacuum filtration to afford the desired product as needle-shaped yellow crystals (1.04 

g, 91% yield)   

1H NMR (500 MHz CDCl3): δ 8.56-8.58 (m, 4 H), 7.61-7.63 (m, 4H). The chemical 

shifts are consistent with those reported previously in the literature.133 

9-bromo-10-(2-triisopropyl)ethynyl-anthracene. A flame-dried round bottom flask 

was charged with a solution of 9-iodo-10-bromo-anthracene (1.04 g, 2.7 mmol) dissolved 

in 30 mL of a degassed THF/ NEt3 (2:1, v/v) mixture. Pd(PPh3)2Cl2 (98 mg, 0.14 mmol) 

and CuI (26 mg, 0.14 mmol) were added to the solution. With a syringe, triisopropylsilyl 

acetylene (0.61 mL, 2.7 mmol) was added to the solution. The mixture was stirred 

overnight at ambient temperature. The solvent was then removed in vacuo and the residue 

was purified by flash column chromatography (hexanes) to afford 1.10 g of the desired 

product as a pale yellow oil (93% yield). 

1H NMR (500 MHz CDCl3): δ 8.54-8.68 (m, 4H), 7.60-7.64 (m, 4H), 1.25-1.30 (m, 

21 H). The resonances are consistent with those reported previously.141 
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9-iodo-10-(2-triisopropyl)ethynyl-anthracene. In a flame-dried round bottom flask, 9-

bromo-10-(2-triisopropyl)ethynyl-anthracene (600 mg, 1.4 mmol) was dissolved in 10 mL 

of dry diethyl ether. The solution was then cooled to -78°C. n-butyllithium (1.1 mL, 2.1 

mmol, 2.2 M in hexanes) was added dropwise to the solution. The mixture was stirred for 

1 h at -78°C, after which solid I2 (630 mg, 2.5 mmol) was added to the mixture, and the 

reaction was allowed to warm to room temperature and stirred overnight. After quenching 

by adding sodium thiosulfate aqueous solution (20% w/v), the mixture was extracted with 

diethyl ether three times. The combined organic layers were dried over MgSO4 and the 

solvent was removed under vacuum to afford the desired product as a red oil, (626 mg, 93% 

yield) which was used for the next step without further purification. 

5,12-bis[((10-triisopropylethynyl)anthracenyl)ethynyl]tetracene (TET-3). A round 

bottom flask was charged with 9-iodo-10-(2-triisopropyl)ethynyl-anthracene (490 mg, 1.0 

mmol) dissolved in 5 mL of a toluene/diisopropylamine mixture (3:2 v/v). The solution 

was then deoxygenated by bubbling with argon for 1 h. To a flame-dried round bottom 

flask, compound 8 (130 mg, 0.5 mmol), Pd(PPh3)2Cl2 (14 mg, 0.02 mmol) and CuI (10 

mg, 0.05 mmol) were added as solids. The degassed solution was transferred into the flask 

containing solids using a cannula.. After stirring in the dark for 24 hours at 80 °C, the 

solvent was removed in vacuo. The residue was passed through a plug of silica with CH2Cl2 
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to remove highly polar impurities. The product was then recrystallized from acetone to 

yield 140 mg of TET-3 as a blue solid (28% yield). 

1H NMR (500 MHz THF-d8): δ 9.48 (s, 2H), 8.99-9.01 (dd, 4H), 8.84-8.86 (dd, 2H), 

8.70-8.72 (dd, 4H), 8.05-8.07 (dd, 2H), 7.66-7.71 (m, 10 H), 7.49-7.51 (dd, 2 H), 1.34-1.35 

(m, 42 H).  

13C NMR (125 MHz THF-d8): δ 11.6, 18.4, 100.4,100.8, 103.7, 105.0, 118.6, 118.8, 

126.1, 126.3, 127.0, 127.07, 127.10, 127.14, 127.3, 128.4, 129.8, 132.1, 132.3, 132.4, 132.5.  

HRMS (MALDI matrix: DCTB): m/z calcd for C72H68Si2 (M+) 988.4860, found 

988.4817. 

Anthradithiophene-5,11-dione. 1,4-cyclohexanedione (0.84 g, 7.5 mmol) was added 

to a solution of 2,3-thiophene dicarbaldehyde (2.1 g, 15 mmol) in 100 mL ethanol. 6 mL 

of 15% (w/v) KOH aqueous solution was then added dropwise. The reaction was stirred at 

ambient temperature for four hours. The resulting precipitate was collected by vacuum 

filtration and washed with ethanol to obtain the product as a yellow solid. (2.4 g, 99% 

yield), which was used directly without any purification. 

5,11-bis[2-(trimethylsilyl)ethynyl]-anthradithiophene. In a flame-dried round bottom 

flask, triisopropylsilylacetylene (1.1 mL, 5.0 mmol) was dissolved in 20 mL of dry diethyl 

ether and cooled to 0 °C. A solution of n-BuLi (5 mmol, 2.0 mL 2.5 M in hexanes) was 
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added dropwise. The mixture was stirred at 0 °C for 30 minutes and stirred at room 

temperature for another hour. Then, anthradithiophene-5,11-dione (640 mg, 2.0 mmol) was 

added as a solid. The reaction was stirred at room temperature overnight. The pH of the 

reaction was tuned to approximately 7 using a 0.1 M HCl aqueous solution, and then 1.0 g 

of SnCl2·2H2O was added to the mixture. This mixture was stirred in the dark for 3 hours. 

The mixture was extracted with diethyl ether 3 times and the combined organic phases 

were dried over MgSO4. The crude product was purified using column chromatography 

(hexanes) to obtain the desired product (850 mg, 60% yield). 

1H NMR (300 MHz, CDCl3): δ 9.20 (s, 2H), 9.16 (s, 2H), 7.55-7.56 (d, 2H), 7.43-

7.44 (d, 2H), 1.32-1.38 (m, 42H), These resonances are consistent with those reported in 

the literature.142 

5,11-diethynylanthradithiophene. In a round bottom flask, 5,11-bis[2-(trimethylsilyl)

ethynyl]-anthradithiophene (130 mg 0.20 mmol) was dissolved in 5 mL of THF and cooled 

to -78 °C. 2.0 mL of TBAF solution (1 M in THF) was added dropwise. In the dark, the 

reaction was stirred for 5 min at -78 °C and stirred for another hour at room temperature. 

After quenching the reaction with 10 mL of water, the precipitate was filtered and washed 

with water and cold methanol to afford the desired product as a red solid. (340 mg, 83% 

yield) 
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1H NMR (300 MHz CDCl3): δ = 9.19 (s, 2H), 9.12 (s, 2H), 7.56-7.58 (d, 2H), 7.48-

7.49 (d, 2H). 4.24-4.29 (m, 2H). The solubility of this compound is very low in solvents 

for NMR spectroscopy. Thus, the 13C NMR spectrum could not be obtained with high 

quality. 

5,11-Bis[((10-triisopropylethynyl)anthracenyl)ethynyl]anthradithiophene (ADT-3). 

In a round bottom flask, 9-iodo-10-(2-triisopropyl)ethynyl-anthracene (1.20 g, 2.5 mmol) 

was dissolved in 15 mL of THF/diisopropylamine (2:1 v/v). The solution was then 

deoxygenated by bubbling with argon gas for 1 h. In another flame-dried flask, of 5,11-

diethynylanthradithiophene (340 mg, 1.0 mmol), Pd(PPh3)2Cl2 (35 mg, 0.05 mmol), and 

CuI (10 mg, 0.05 mmol) were added as solids. The degassed solution was then added to 

the flask with solids using a cannula. The reaction was stirred at 80 °C for 24 hours. After 

removal of solvent in vacuo, the residue was passed through a plug of silica with CH2Cl2 

eluent. The product was recrystallized from acetone twice and then chloroform/methanol 

twice to yield ADT-3 as a dark green solid. (250 mg, 25% yield). 

1H NMR (500 MHz THF-d8): δ 9.00-9.07 (m, 4H), 8.73-8.74 (m, 4H), 8.58-8.60 (m, 

4H), 7.60 (m, 2H), 7.56 (m, 4H), 7.25 (m, 4 H), 6.92 (m, 2 H), 1.38-1.4 (m, 42 H). HRMS 

(MALDI matrix: DCTB): m/z calcd for C72H66S2Si2 (M
+) 1050.4144, found 1050.4104. 

The product is a mixture of slightly soluble trans-/cis- isomers, so the multiplicity of signals 
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cannot be distinguished. However, the structure can be confirmed by the HRMS and 2D-

NMR. The solubility of ADT-3 is very low in solvents for 13C NMR spectroscopy.  
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Chapter 2 Appendix 

Theoretical calculation results 

NMR spectra 
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Theoretical calculated electron orbitals of TET-1, TET-2, and ADT-3. 

TET-1 

TET-2 
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ADT-3 

 

Theoretical calculated electron orbitals of endo-peroxides generated from cyclo- addition 

of TET-3. 
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Cartesian Coordinates and Free Energies 

Cartesian Coordinates and Free Energies of All Optimized Structures Cartesian 

coordinates (in Angstroms) and free energies (in a.u.) of all optimized structures used in 

the HOMO and LUMO calculations. All DFT calculations were performed at PCM-

( CH2Cl2) with the Gaussian 09 software package, at the B3LYP/6-31G(d,p) level of 

theory.136 

TET-1 

Energy=-2277.35234483 A.U. 

Cartesian Coordinates: 

 

C                     24.9628  -26.58    -0.0371  

 C                     26.3392  -26.9448  -0.0431  

 C                     27.3094  -25.9786  -0.0307  

 C                     26.974   -24.5886  -0.0115  

 C                     25.5794  -24.219   -0.005  

 C                     24.5991  -25.2601  -0.0187  

 C                     27.9757  -23.5846   0.001  

 C                     27.6104  -22.1978   0.0224  

 C                     26.2115  -21.8271   0.0286  

 C                     25.207   -22.8506   0.0144  

 C                     28.5812  -21.1799   0.0378  
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 C                     28.2387  -19.8281   0.0586  

 C                     26.8403  -19.4576   0.0638  

 C                     25.8729  -20.4621   0.0487  

 C                     29.2255  -18.7893   0.0751  

 C                     28.8548  -17.4723   0.0951  

 C                     27.4725  -17.106    0.0999  

 C                     26.4979  -18.0664   0.0847  

 C                     23.8385  -22.4882   0.0206  

 C                     29.344   -23.9477  -0.0093  

 C                     22.6599  -22.1712   0.0266  

 C                     30.5244  -24.2575  -0.0207  

 C                     21.2874  -21.8064   0.0343  

 C                     31.8977  -24.6192  -0.0358  

 C                     20.9027  -20.4476   0.0527  

 C                     19.5622  -20.0926   0.0607  

 C                     18.5557  -21.0811   0.0509  

 C                     18.9391  -22.4387   0.0322  

 C                     20.2792  -22.7953   0.024  

 C                     32.2851  -25.977   -0.0608  

 C                     33.6264  -26.3292  -0.0769  

 C                     34.6308  -25.3386  -0.0687  

 C                     34.2447  -23.9819  -0.0431  

 C                     32.9039  -23.6282  -0.027  

 C                     17.1772  -20.7159   0.0607  

 C                     36.01    -25.7008  -0.0872  

 C                     15.9949  -20.4042   0.0701  

 C                     37.193   -26.0096  -0.1044  

 Si                    14.208   -19.936    0.0859  

 Si                    38.981   -26.473   -0.1325  

 C                     13.5549  -19.9987  -1.6847  

 C                     14.0537  -18.1885   0.7828  

 C                     13.2779  -21.1671   1.1736  

 C                     39.6461  -26.4083   1.6336  

 C                     39.9002  -25.2394  -1.2266  

 C                     39.1353  -28.2201  -0.8303  

 H                     24.2014  -27.3538  -0.0472  
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 H                     26.6173  -27.9941  -0.0574  

 H                     28.3581  -26.2537  -0.035  

 H                     23.5519  -24.9791  -0.014  

 H                     29.6296  -21.4595   0.0334  

 H                     24.8237  -20.1852   0.0528  

 H                     30.275   -19.0702   0.0714  

 H                     29.6107  -16.6929   0.1075  

 H                     27.2019  -16.0545   0.1158  

 H                     25.4471  -17.7902   0.0885  

 H                     21.6676  -19.6783   0.0606  

 H                     19.2784  -19.0457   0.0751  

 H                     18.1734  -23.2071   0.0245  

 H                     20.5617  -23.8426   0.0098  

 H                     31.5218  -26.7479  -0.068  

 H                     33.9122  -27.3755  -0.0965  

 H                     35.0089  -23.212   -0.0366  

 H                     32.6193  -22.5816  -0.0076  

 H                     14.0948  -19.3019  -2.3339  

 H                     12.4937  -19.7259  -1.7078  

 H                     13.6532  -21.0025  -2.1104  

 H                     14.6102  -17.4669   0.1761  

 H                     14.434   -18.1331   1.8078  

 H                     13.0033  -17.8766   0.7964  

 H                     13.3746  -22.1885   0.7916  

 H                     12.2109  -20.919    1.2025  

 H                     13.6535  -21.1538   2.2018  

 H                     39.5476  -25.4048   2.0599  

 H                     40.7083  -26.6777   1.6494  

 H                     39.1128  -27.1067   2.2864  

 H                     39.803   -24.2182  -0.8443  

 H                     39.5179  -25.2541  -2.2523  

 H                     40.9678  -25.4844  -1.2624  

 H                     38.5853  -28.9433  -0.2197  

 H                     40.1865  -28.5289  -0.8514  

 H                     38.748   -28.2767  -1.8527 

 



 

75 

TET-2 

Energy: -2584.64537077 A.U. 

Cartesian Coordinates: 

 
 

C                     8.9095   -16.0917   0.3484  

 C                     8.8593   -17.5144   0.361  

 C                     10.0167  -18.2457   0.3355  

 C                     11.2974  -17.6108   0.2969  

 C                     11.3484  -16.1689   0.3029  

 C                     10.1157  -15.4442   0.3212  

 C                     12.4978  -18.3649   0.2551  

 C                     13.7694  -17.701    0.2574  

 C                     13.8206  -16.255    0.2836  

 C                     12.6002  -15.502    0.2856  

 C                     14.9774  -18.4213   0.2338  

 C                     16.2199  -17.7878   0.2499  

 C                     16.2713  -16.3429   0.2947  

 C                     15.0769  -15.6228   0.3098  

 C                     17.4516  -18.5195   0.2292  

 C                     18.6537  -17.8663   0.2542  

 C                     18.7044  -16.4379   0.3022  

 C                     17.5517  -15.7007   0.3222  

 C                     12.6481  -14.0871   0.264  

 C                     12.4491  -19.7791   0.2058  

 C                     12.6833  -12.8667   0.2347  

 C                     12.425   -20.9989   0.1523  

 C                     12.6982  -11.4474   0.2233  

 C                     12.4241  -22.4177   0.1104  

 C                     13.847   -10.7199  -0.2557  

 C                     13.8363  -9.2888   -0.2212  

 C                     12.6733  -8.6021    0.2781  
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 C                     11.5776  -9.3417    0.716  

 C                     11.5896  -10.7425   0.6902  

 C                     14.991   -11.3819  -0.7714  

 C                     16.0819  -10.67    -1.2197  

 C                     16.0767  -9.2572   -1.1726  

 C                     14.9773  -8.5846   -0.6868  

 C                     11.2639  -23.1487  -0.3346  

 C                     11.2938  -24.58    -0.3358  

 C                     12.486   -25.2629   0.0951  

 C                     13.5904  -24.5196   0.5035  

 C                     13.5603  -23.119    0.5123  

 C                     10.0897  -22.49    -0.7817  

 C                     8.9886   -23.2056  -1.1981  

 C                     9.0137   -24.6189  -1.1872  

 C                     10.1422  -25.2882  -0.7679  

 C                     12.629   -7.1786    0.3261  

 C                     12.5501  -26.6864   0.105  

 C                     12.5778  -5.9573    0.3722  

 C                     12.6191  -27.9077   0.1172  

 Si                    12.4886  -4.1127    0.4451  

 Si                    12.7351  -29.752    0.1385  

 C                     12.9822  -3.4251   -1.2424  

 C                     13.6791  -3.5071    1.7795  

 C                     10.717   -3.6192    0.8697  

 C                     14.5089  -30.2426  -0.2809  

 C                     11.5383  -30.4381  -1.1503  

 C                     12.27    -30.3625   1.8636  

 H                     7.9863   -15.5208   0.3648  

 H                     7.8984   -18.0186   0.3934  

 H                     9.9805   -19.3288   0.3596  

 H                     10.1573  -14.3608   0.3169  

 H                     14.9378  -19.5053   0.2073  

 H                     15.1153  -14.5397   0.3569  

 H                     17.4102  -19.6046   0.194  

 H                     19.5814  -18.4302   0.2381  

 H                     19.6698  -15.9414   0.3224  

 H                     17.5877  -14.6154   0.3579  

 H                     10.7019  -8.8217    1.0887  

 H                     10.7251  -11.2908   1.0485  
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 H                     14.9863  -12.4653  -0.821  

 H                     16.9472  -11.1945  -1.6132  

 H                     16.9403  -8.7018   -1.5254  

 H                     14.965   -7.5003   -0.6549  

 H                     14.4879  -25.0368   0.8252  

 H                     14.4329  -22.568    0.8457  

 H                     10.0781  -21.4057  -0.8036  

 H                     8.0995   -22.6835  -1.5382  

 H                     8.1421   -25.1771  -1.5149  

 H                     10.1695  -26.3727  -0.7638  

 H                     12.3082  -3.7792   -2.029  

 H                     14.001   -3.7225   -1.5111  

 H                     12.9432  -2.3299   -1.2341  

 H                     14.7096  -3.8046    1.5605  

 H                     13.4128  -3.9094    2.7622  

 H                     13.6515  -2.4136    1.8451  

 H                     10.0101  -3.9812    0.1163  

 H                     10.6279  -2.528     0.9174  

 H                     10.4132  -4.0234    1.8407  

 H                     14.7946  -29.8873  -1.2762  

 H                     14.6137  -31.3334  -0.2702  

 H                     15.2193  -29.8299   0.4425  

 H                     11.7851  -30.0775  -2.1541  

 H                     10.5058  -30.1475  -0.9311  

 H                     11.5828  -31.5329  -1.1662  

 H                     12.9473  -29.9612   2.6243  

 H                     12.3248  -31.4561   1.9076  

 H                     11.2501  -30.0662   2.129 

 

 

TET-3 

Energy=-2891.92862728 A.U. 

Cartesian Coordinates： 

 



 

78 

 

C                       29.35    -16.8941   1.1821  

 C                     29.3633  -18.3173   1.1854  

 C                     30.5056  -18.9973   0.8555  

 C                     31.7037  -18.3074   0.4912  

 C                     31.6913  -16.865    0.4913  

 C                     30.4803  -16.1948   0.8511  

 C                     32.8892  -19.0091   0.1502  

 C                     34.0834  -18.2897  -0.1884  

 C                     34.0719  -16.8424  -0.1839  

 C                     32.8659  -16.1437   0.156  

 C                     35.2705  -18.9559  -0.5432  

 C                     36.4377  -18.2681  -0.8773  

 C                     36.4263  -16.8218  -0.8724  

 C                     35.2484  -16.1549  -0.5336  

 C                     37.6492  -18.945   -1.2329  

 C                     38.7749  -18.2386  -1.5592  

 C                     38.7635  -16.8087  -1.5548  

 C                     37.6267  -16.1229  -1.2238  

 C                     32.853   -14.728    0.1548  

 C                     32.8956  -20.4245   0.139  

 C                     32.8449  -13.5058   0.1514  

 C                     32.8984  -21.6468   0.1218  

 C                     32.8336  -12.0885   0.1453  

 C                     32.892   -23.0636   0.0974  

 C                     33.9998  -11.3679   0.5318  

 C                     33.9902  -9.9296    0.516  

 C                     32.8124  -9.2328    0.1283  

 C                     31.6448  -9.9512   -0.2509  

 C                     31.6565  -11.3896  -0.2496  

 C                     31.6965  -23.7616  -0.242  

 C                     31.6892  -25.1998  -0.2645  

 C                     32.8796  -25.9193   0.0349  

 C                     34.0745  -25.2238   0.3703  

 C                     34.0794  -23.7859   0.4108  

 C                     35.1892  -12.0365   0.9504  

 C                     36.3101  -11.334    1.3139  

 C                     36.3052  -9.9136    1.284  

 C                     35.1771  -9.2348    0.8999  
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 C                     30.4483  -9.2785   -0.6449  

 C                     29.3315  -9.9783   -1.0228  

 C                     29.3474  -11.399   -1.0346  

 C                     30.4773  -12.0805  -0.6611  

 C                     35.2828  -25.9196   0.6776  

 C                     36.427   -25.2424   1.0125  

 C                     36.4277  -23.8227   1.0678  

 C                     35.2865  -23.1193   0.7776  

 C                     30.4931  -23.07    -0.5731  

 C                     29.3434  -23.7504  -0.8844  

 C                     29.3318  -25.171   -0.8911  

 C                     30.4729  -25.8715  -0.595  

 C                     32.8025  -7.8098    0.1176  

 C                     32.8749  -27.3418  -0.0035  

 C                     32.7933  -6.5856    0.1067  

 C                     32.8695  -28.5654  -0.0405  

 Si                    32.7784  -4.737     0.0945  

 Si                    32.8628  -30.413   -0.1051  

 C                     33.2543  -4.144    -1.6339  

 C                     31.0388  -4.1547    0.5406  

 C                     34.027   -4.1245    1.3711  

 C                     31.6277  -30.957   -1.4248  

 C                     32.3544  -31.0719   1.5895  

 C                     34.6021  -30.9962  -0.5501  

 H                     28.4424  -16.3635   1.4533  

 H                     28.4664  -18.8633   1.4606  

 H                     30.5231  -20.0808   0.8803  

 H                     30.478   -15.111    0.8702  

 H                     35.2731  -20.0404  -0.5699  

 H                     35.234   -15.0702  -0.5522  

 H                     37.6548  -20.0315  -1.2365  

 H                     39.6886  -18.7612  -1.8253  

 H                     39.6686  -16.2695  -1.818  

 H                     37.6146  -15.0365  -1.2204  

 H                     35.187   -13.1201   0.9874  

 H                     37.2038  -11.8634   1.6303  

 H                     37.1973  -9.366     1.5721  

 H                     35.1661  -8.1506    0.883  

 H                     30.4433  -8.1942   -0.6407  
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 H                     28.4324  -9.4473   -1.3196  

 H                     28.4621  -11.945   -1.3446  

 H                     30.4948  -13.1643  -0.6835  

 H                     35.2747  -27.0034   0.6426  

 H                     37.3352  -25.7908   1.2426  

 H                     37.335   -23.2948   1.3449  

 H                     35.2813  -22.0366   0.836  

 H                     30.5068  -21.9861  -0.5843  

 H                     28.4387  -23.2032  -1.1307  

 H                     28.4163  -25.7012  -1.1367  

 H                     30.4717  -26.9557  -0.6071  

 H                     32.5493  -4.5075   -2.3884  

 H                     34.2551  -4.4899   -1.9115  

 H                     33.2541  -3.0486   -1.6727  

 H                     30.298   -4.5198   -0.1782  

 H                     30.9932  -3.0598    0.5431  

 H                     30.7461  -4.5055    1.5354  

 H                     35.0389  -4.4722    1.139  

 H                     33.7714  -4.4744    2.3765  

 H                     34.0449  -3.0289    1.3909  

 H                     30.6163  -30.6064  -1.1956  

 H                     31.5971  -32.0505  -1.4891  

 H                     31.9044  -30.5703  -2.4109  

 H                     31.3532  -30.7267   1.8664  

 H                     33.0515  -30.7478   2.3689  

 H                     32.3425  -32.1677   1.5831  

 H                     34.9134  -30.608   -1.5252  

 H                     34.6357  -32.0905  -0.5974  

 H                     35.3362  -30.6699   0.1937 
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ADT-3 

Energy=-3687.09397545 A.U. 

Cartesian Coordinates: 

 

C                     29.1697  -16.7584  -0.095  

 C                     29.1605  -18.196   -0.1262  

 C                     30.3219  -18.927   -0.1345  

 C                     31.5778  -18.2586  -0.1144  

 C                     31.6064  -16.813   -0.1134  

 C                     30.3824  -16.0963  -0.0899  

 C                     32.7996  -18.9924  -0.097  

 C                     34.0543  -18.311   -0.1022  

 C                     34.0828  -16.8659  -0.1376  

 C                     32.861   -16.1318  -0.1313  

 C                     35.2784  -19.0272  -0.0686  

 C                     36.4909  -18.3655  -0.0953  

 C                     36.4999  -16.9289  -0.16  

 C                     35.3385  -16.1982  -0.1796  

 C                     32.8913  -14.7164  -0.1396  

 C                     32.7686  -20.4075  -0.0697  

 C                     32.9184  -13.4944  -0.1423  

 C                     32.7379  -21.6291  -0.0404  

 C                     32.9479  -12.0774  -0.1412  

 C                     32.7005  -23.0453  -0.0001  

 C                     34.0209  -11.3901   0.4963  

 C                     34.0521  -9.952     0.4928  

 C                     33.0032  -9.222    -0.1318  

 C                     31.9278  -9.9068   -0.7626  
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 C                     31.9034  -11.345   -0.7756  

 C                     31.6312  -23.7078   0.6691  

 C                     31.5908  -25.1452   0.7056  

 C                     32.6271  -25.899    0.0881  

 C                     33.6988  -25.2388  -0.5743  

 C                     33.7323  -23.8017  -0.6268  

 C                     35.0738  -12.0919   1.1557  

 C                     36.1079  -11.4218   1.7583  

 C                     36.1467  -10.0017   1.7412  

 C                     35.1458  -9.2913    1.1298  

 C                     30.8612  -9.2001   -1.3962  

 C                     29.8346  -9.8673   -2.0137  

 C                     29.8187  -11.2877  -2.0404  

 C                     30.825   -12.0013  -1.4407  

 C                     34.7528  -25.9696  -1.2016  

 C                     35.7759  -25.3263  -1.8495  

 C                     35.8009  -23.9072  -1.9148  

 C                     34.8067  -23.1708  -1.3224  

 C                     30.5911  -22.9812   1.322  

 C                     29.5605  -23.6276   1.9557  

 C                     29.5126  -25.0473   1.9781  

 C                     30.5011  -25.781    1.3742  

 C                     33.0295  -7.7992   -0.1248  

 C                     32.5909  -27.3209   0.1344  

 C                     33.0522  -6.5752   -0.1178  

 C                     32.5575  -28.5439   0.1766  

 Si                    33.0859  -4.7269   -0.1049  

 Si                    32.496   -30.3902   0.2494  

 C                     34.8872  -4.1654   -0.1602  

 C                     32.153   -4.1055   -1.6237  

 C                     32.2523  -4.1233    1.478  

 C                     30.8701  -30.8923   1.0666  

 C                     32.5891  -31.0639  -1.5115  

 C                     33.9636  -30.9992   1.2691  

 C                     37.83    -18.9083  -0.0731  

 C                     38.7889  -17.9542  -0.1227  

 S                     38.1548  -16.3119  -0.1992  

 C                     27.8308  -16.2151  -0.0788  

 C                     26.8717  -17.1701  -0.1016  
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 S                     27.5055  -18.8137  -0.143  

 H                     30.3041  -20.01    -0.1649  

 H                     30.4084  -15.0129  -0.0599  

 H                     35.2525  -20.1097  -0.0137  

 H                     35.356   -15.1162  -0.2351  

 H                     35.035   -13.175    1.1827  

 H                     36.8984  -11.9767   2.2541  

 H                     36.9697  -9.4797    2.2194  

 H                     35.1667  -8.2072    1.1209  

 H                     30.8824  -8.1161   -1.3804  

 H                     29.0333  -9.3106   -2.4898  

 H                     29.0084  -11.8082  -2.5416  

 H                     30.8222  -13.0849  -1.4747  

 H                     34.7248  -27.0525  -1.1561  

 H                     36.5676  -25.901   -2.3203  

 H                     36.6083  -23.4061  -2.4397  

 H                     34.8163  -22.0884  -1.3851  

 H                     30.6372  -21.8982   1.319  

 H                     28.7799  -23.0541   2.4459  

 H                     28.6924  -25.5506   2.4808  

 H                     30.4731  -26.8647   1.3953  

 H                     35.3862  -4.5197   -1.0679  

 H                     35.449   -4.5384    0.7023  

 H                     34.945   -3.0711   -0.1504  

 H                     32.6193  -4.4598   -2.5487  

 H                     32.1498  -3.0099   -1.6472  

 H                     31.1117  -4.4437   -1.6187  

 H                     32.7735  -4.4913    2.3676  

 H                     31.2116  -4.4582    1.5331  

 H                     32.2557  -3.028     1.5151  

 H                     30.009   -30.5341   0.4934  

 H                     30.7936  -30.4877   2.081  

 H                     30.798   -31.9837   1.1343  

 H                     31.7536  -30.704   -2.1203  

 H                     32.5508  -32.159   -1.5007  

 H                     33.52    -30.7652  -2.0041  

 H                     33.9297  -30.6044   2.2896  

 H                     34.9152  -30.696    0.8208  

 H                     33.9547  -32.0933   1.3311  
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 H                     38.0424  -19.9699  -0.0236  

 H                     39.8614  -18.096   -0.1205  

 H                     27.6185  -15.1526  -0.053  

 H                     25.7992  -17.0282  -0.0975 
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NMR Spectra 



 

86 

 

 



 

87 

  



 

88 

 

  



 

89 

 

  



 

90 

 

  



 

91 

 

     

  



 

92 

 

  



 

93 

 

  



 

94 

  



 

95 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 3:  

Tuning the fluorescence and singlet oxygen 

responsiveness of ethynylated tetracenes by 

electron-donating or withdrawing effect 
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3.1 Introduction 

Acenes, or linearly fused benzenes, are commonly studied as a kind of building block 

of organic electronics because of their favored electronic properties.2, 7, 18 In recent years, 

the discovery of stable longer acene derivatives, especially TIPS-pentacene, considerably 

triggered research in this field19, 143. On the other hand, acenes can participate in various 

interesting chemical reactions, allowing them to be used in applications beyond organic 

electronics.4 Among these applications, singlet oxygen sensing is one of the prominent 

directions due to the significance of singlet oxygen in biosystems and material 

degradation78. 

Probes based on acenes have been developed, such as the commercially available 

singlet oxygen sensing green (SOSG)95, FRET-based conjugated polymers27, 84, and water-

dispersible nanoparticles83, 99, 104. Rapid cycloaddition reactions between acenes and singlet 

oxygen results in changes in energies of frontier molecular orbitals of the incorporated 

acenes, and then the signal is reported in absorbance or fluorescence. To further improve 

the performance of these probes or to develop new ones, it is vital to understand the 

property-structure relationship between the acenes and their photo-physical and chemical 

properties. 

An excellent candidate for a singlet oxygen probe should have: i) favorable reaction 

kinetics with singlet oxygen, ii) significant change in fluorescent properties, iii) high 
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fluorescent quantum yield (FLQY), and iv) reasonable photo-stability. For biological 

systems, v) red-shifted fluorescence is also required to avoid artifacts from 

autofluorescence and larger tissue penetration depth.144-147 Our group has carefully studied 

the impact of length of acenes79, 88, triple bond substitution following the work of Linker 

group3, and steric hindrance81. Recently, we have also found that the aromatic pendants 

spaced by ethynyl groups could still affect the spectroscopic properties of acenes and the 

photo-stabilities.28 Such a finding agrees with Anthony group's work on the impact of 

single atom switching in acetylene side-chains of acenes.89 

3.2 Experimental design:  

In this work, we studied the electronic effects, namely electron-donating and electron-

withdrawing effects, by introducing aromatic pendants on both sides of ethynylated 

tetracene and testing photo-physical properties and kinetics of singlet oxygen cycloaddition. 

As the backbone structure, ethynylated tetracene is reported to have a favorable reaction 

rate with singlet oxygen and a relatively high fluorescent quantum yield.3, 79, 87 The electron 

donating/withdrawing groups are selected because of their capability of red-shifting the 

absorbance and emission of organic fluorescent dyes by forming donor-acceptor (D-A) 

systems and narrowing the HOMO-LUMO gaps.145 Figure 3.1 displays the chemical 

structures of all the molecules developed in this work and 1D from our group's past work. 

We select thiophene (ED1), dimethyl aniline (ED2), and triphenylamine (ED3) as the 
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electron-donating groups; pyridine (EW2), pyrazine (EW2), and benzothiadiazole (EW3) 

as electron-withdrawing groups. We have also installed tetraphenyl ethylene (F1), a famous 

moiety that triggers aggregation-induced emission effect (AIE)148, because we reported the 

rapid rotation might increase the photo-stability of the acenes.28 As a reference , we include 

1D from our group's 2012 work87, which has two phenyl substitutions at the end of triple 

bonds. Interestingly, although many of the anthracene-based or pentacene-based analogs 

of these molecules have been studied,149-152 the studies about substituted tetracenes are very 

Figure 3.1: Molecular structure of the tetracene derivatives studied in this work. The 

molecule 1D is reported by our group in 2012. 
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limited153. Also, instead of focusing on electronic properties and device properties, this 

work focuses more on the fundamental physical organic chemistry of these acenes.  

3.3 Spectroscopic analysis of developed molecules 

Figure 3.2 shows the absorbance spectra of developed molecules. All the molecules 

exhibit a strong absorbance peak in the visible range and a sharp absorbance peak in the 

ultraviolet. Vibrational features are observed in most molecules, except ED2 and ED3, 

which contain amine substitutions. As we expected, the absorbance maxima are red-shifted 

with the introduction of either electron-donating or withdrawing functional groups, 

compared with the relatively electron-neutral benzene substitution. Among these molecules, 

Figure 3.2: Absorbance spectra of tetracene derivatives studied in this work.  
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EW3 shows the most red-shifted absorbance (68 nm from 1D) and the highest extinction 

coefficient due to the stronger electron-withdrawing ability and longer conjugation of the 

benzothiadiazole side chain. Besides, the other two molecules with larger conjugation 

systems, ED3 and F1, also exhibit higher extinction coefficients. The extinction 

coefficients of the rest molecules are all very similar, agreeing with their similarities in 

conjugation. The key parameters of photo-physical properties are summarized in Table 3.1. 

The electronic impacts are more significant on the photoluminescence properties, as 

shown in Figure 3.3. Again, EW3 displays the most bathochromic shift of 88 nm from 1D. 

Comparing EW1 and EW2, switching from pyridine to pyrazine substitution results in a 

Figure 3.3: Photoluminescence spectra of tetracene derivatives studied in this work.  
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bathochromic shift in fluorescence of 20 nm, which is consistent with our past work154. 

Notably, ED2 has a larger red shift in the spectrum than ED3, indicating a stronger 

electron-donating ability of dimethyl aniline than triphenylamine. All the molecules are 

sufficiently emissive. Even the least fluorescent compound, EW3 has a FLQY as high as 

26%. The ED3 and EW2 have FLQY higher than 80%, which is rare for red-emitting 

organic dyes.  

 Solvatochromism of these molecules is tested by dissolving in a set of solvents with 

different polarities, namely hexanes, toluene, dichloromethane, and ethanol. Figure 3.4 

shows the results of ED2 and F1. The spectra of ED2 display the largest positive 

solvatochromism, indicating the strong D-A feature of the molecule.155, 156 On the other 

hand, the non-D-A molecule F1 did not show significant solvatochromic features. For 

molecules except EW2 (impacted by hydrogen bonding in EtOH), the largest difference is 

observed between the DCM solution (red-shifted) and the solution of hexanes. The  

Figure 3.4: Solvatochromism effect of ED2 and F1 in emission spectra. 
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emission maximum shift is summarized in Table 3.1. We believe this value reflects the 

fraction of D-A features within the developed tetracene derivatives.   

We have also tested the AIEE effect of F1.148 No AIEE effect is observed for this 

molecule, unlike its analog without triple bonds.157 We attribute this to the additional 

distance created by triple bonds between the chromophore and AIE-gens. 

Name 
λabs,max 

(nm) 

Extinction 

coefficient 

(M-1 cm-1) 

λFL,max 

(nm) 
FLQY 

Solvatochromism 

(nm, cm-1) 

1D 552 23000 565 0.76 10, 320 

ED1 561 18000 575 0.70 12, 369 

ED2 580 20300 632 0.55 56, 1459 

ED3 578 34900 621 0.87 34, 929 

EW1 551 19700 565 0.77 12, 383 

EW2 564 18400 585 0.81 16, 485 

EW3 620 51700 653 0.26 24, 583 

F1 567 42600 581 0.68 10, 300 

Table 3.1: Key photophysical parameters of tetracene derivatives studied in this paper. 

The solvatochromism lists the emission maximum difference between solutions of 

DCM and Hexanes 
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3.4 Theoretical calculations and electrochemistry 

To better understand the photo-physical phenomena, we performed density functional 

theory (DFT) and time-dependent density functional theory (TD-DFT) calculations on 

these molecules.136 The geometries are optimized with the B3LYP functional and the 6-

31G+(d,p) basis set, using a polarizable dielectric continuum model for chloroform, and 

the frontier molecular orbitals (FMO) and excitation states are then calculated on optimized 

structure with the 6-311+(d,p) basis set using Tamm-Dancoff Approximation.  

In general, the molecule with electron-donating groups has elevated HOMO and 

LUMO energies, and the ones with electron-withdrawing groups have lower energies. 

However, introducing both kinds of substitutions result in narrowing the bandgap.158, 159        

From the TD-DFT calculation, we also find the major excited state of each molecule is the  

Figure 3.5: Calculated FMOs of ED3 and EW3. 
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transition between HOMO and LUMO. Thus, analyzing where the electrons are located 

could help us understand the red-shifting of spectra.  

Cyclic voltammetry (CV) is performed on all of the developed acenes to determine 

the oxidation potentials. Compared with an external ferrocene reference, the first oxidation 

potential, which equals the HOMO energy of a molecule, can be calculated from the onset 

of the first oxidation peak of each curve.18 The results are listed in Table 3.2, whose trend 

Name LUMO (eV) 
HOMODFT 

(eV) 

HOMOCV 

(eV) 
krel 

1D -3.01 -5.18 -5.19 1.00± 0.02 

ED1 -3.04 -5.12 -5.20 1.19± 0.04 

ED2 -2.74 -4.72 -4.89 4.44± 0.15 

ED3 -2.90 -4.90 -5.05 1.73± 0.23 

EW1 -3.14 -5.30 -5.29 0.87± 0.00 

EW2 -3.32 -5.43 -5.41 0.44± 0.02 

EW3 -3.48 -5.26 -5.17 0.69± 0.06 

F1 -2.98 -5.15 -5.17 1.31± 0.13 

Table 3.2: Calculated FMO energies, experimental HOMO energies by cyclic 

voltammetry, and experimental relative rate constants of singlet oxygen cycloaddition of 

developed tetracene derivatives in this work. 
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agrees with the theoretical calculation results. For instance, the ED2 also displays the 

highest HOMO energy, while the EW2 still displays the lowest HOMO energy. 

Figure 3.5 displays the FMOs of ED3 and EW3, the intramolecular electron transfer 

is clearly observed. For ED3, electron clouds are located all over the phenyl ring connected 

to the triple bonds in HOMO. But in LUMO, there are almost no electron clouds on the 

same ring. Such change indicates a push-and-pull effect upon the excitation of the 

molecules. On the other hand, EW3 displays a similar effect in opposite directions. 

Compared with those of ED3 and EW3, calculation results of ED2 also display a 

considerable charge transfer character, while the results of ED1 and EW2 only show minor 

charge transfer characters, and the results of EW1, F1, and 1D show almost no electron 

transfer effects. Such a trend aligns well with the gap between HOMOs and LUMOs 

calculated and is also consistent with the degree of red shift in spectra. 

3.5 Singlet oxygen responsiveness and kinetic analysis 

Given the capability of tuning photo-physical properties through the electron-

donating/ withdrawing effect, the next step is to determine the impact of these functional 

substitutions on the chemical properties of tetracenes, especially on the singlet oxygen 

responsiveness. We first evaluated the reaction rate between the developed tetracene 

derivatives and singlet oxygen by performing a kinetic experiment.27 In detail, we 
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selectively irradiate an external singlet oxygen photo-sensitizer, Methylene Blue (MB), in 

the solution of acenes. Under constant irradiation and constant concentration of MB, the 

concentration of singlet oxygen in the reaction system is constant, making this reaction a 

pseudo-first-order reaction. Thus, the relative rate constant of each molecule can be 

obtained by monitoring the reaction by absorbance and fitting the data to a first-order 

equation.  

Table 3.2 lists the rate constant relative to the rate constant of 1D (krel = 1.0). Each 

molecule has been subjected to the kinetic test three times, and a standard error of the mean 

is calculated. In general, introducing electron-donating groups accelerates the reaction rate, 

and the level of acceleration is dependent on the electron donation capability, which could 

be estimated by calculated HOMO energies and solvatochromic effects. For instance, ED2 

has a reaction rate about 4.4 times faster than 1D and higher than ED1 (krel = 1.2) and ED3 

(krel = 1.7). Meanwhile, the calculated HOMO energy of ED2, which is -4.72 eV, is elevated 

compared with the calculated HOMO energies of 1D (-5.18 eV), ED1(-5.12 eV) and ED3 

(-4.90 eV). A similar trend is observed in the set of electron-withdrawing functionalized 

tetracenes. With stronger electron-withdrawing capability (lower HOMO), the molecule 

reacts slower with singlet oxygen. This relationship between the HOMO level and the 

reaction kinetics of singlet oxygen cycloaddition is consistent with Linker group's 

statement3 and consistent with our group's past works. 87 
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Besides the change in absorbance, all the molecules show a significant change in 

fluorescence after reacting with singlet oxygen. Such changes give potentials of singlet 

oxygen sensing applications to the molecules. Among the molecules, ED3 and EW3 

display favorable ratiometric fluorescent signals, with emission peaks fully separated 

before and after the reaction and maintenance of their strong fluorescent intensity. Figure 

3.6 displays the fluorescent responsiveness of ED3 and EW3. 

3.6 Photo-stability 

Photo-stability is a critical challenge of organic small molecule dyes. Photo-beaching 

of fluorescence hindered the organic dyes from being used in many applications, such as 

Figure 3.6: Ratiometric fluorescent singlet oxygen responsiveness of ED3 (left) and EW3 

(right). The picture above is the photos under UV lamp. 
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organic electronics90 and bio-imaging.160 In the field of singlet oxygen sensing, low photo-

stability could also result in artifacts giving false positive signals upon irradiation.96, 107 

Common strategies include installing an electron-withdrawing group on the reactive sites 

to lower the oxidative potential161, 162, kinetically blocking the reactive site31, and 

suppressing the photosensitizing process.28 In this work, we study the impact of ethyne-

spaced electron-donating/withdrawing groups on the stability of tetracenes. 

Figure 3.7: Photo-stability test of developed tetracene derivatives. 
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Although it is difficult to control the number of photons absorbed due to the variation 

of absorbance of samples under testing, we limit the errors by using a 546 nm bandpass 

and controlling the optical density of the sample at 546 nm to be nearly identical (~0.4). 

Figure 3.7 shows the degradation of each molecule upon irradiation. Surprisingly, both 

electron-donating and electron-withdrawing groups stabilize the molecule. Compared with 

1D, all the molecules show a slower degradation rate. This is especially unexpected for 

ED1, ED2, and ED3, which have faster singlet oxygen responsiveness using external 

sensitizers. As reported by Anthony group, the photo-stability of acenes also relates to the 

enthalpy of oxidation reaction, the ability of photo-sensitizing, and other factors.90 Here, 

we hypothesize that the electron donating/withdrawing effect is lowering the ability of 

photo-sensitizing of developed tetracene derivatives.  

3.7 Fabricating acene-doped singlet oxygen sensing CPNs 

Given the favorable photo-physical can chemical properties of the developed 

tetracene derivatives, we explored the possibility of applying them in the singlet oxygen 

sensing platform based on conjugated polymer nanoparticles. EW3 is selected as the first 

acene to examine due to its red-shifted emission in the NIR-I window. 144 

Following a nano-precipitation method reported by McNeill group101, 163, 164 and our 

group83, we doped EW3 into a matrix of poly(9,9-dioctylfluorene-alt-benzothiadiazole) 
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(F8BT), with various weight percentages. Figure 3.8 shows the emission of the CPNs with 

different dopant levels. With 3% (w/w) of dopant, the original emission of F8BT is almost 

fully quenched by Fröster resonance energy transfer (FRET)165, and the majority of 

emission is from the dopant, peaking at 660 nm.  

Then, we directly irradiate the CPN to generate singlet oxygen by self-sensitizing. The 

process is monitored by fluorescence spectroscopy. Upon irradiation, a more than 120 nm 

hypochromic shift is observed. Although more experiments are still ongoing, these results 

validate the application potential of EW3 in ratiometric fluorescent singlet oxygen sensing.  

3.8 Conclusions 

In this work, we design and synthesize seven new tetracene derivatives comprised of 

electron-donating/ withdrawing functional groups and ethynylated tetracenes. Both photo-

Figure 3.8: Emission spectra of F8BT CPNs with different dopant percentage,(left) and 

emission shifting of 3% doped CPN under irradiation. 
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physical and chemical properties are tuned by electronic effects. We find the electron 

donating/ withdrawing groups can significantly red-shift the absorbance and emission of 

tetracene by forming donor-acceptor systems and extending the π-conjugation. Also, even 

spaced by triple bonds, these functional groups display considerable effects on the kinetics 

of singlet oxygen cycloaddition reactions. The observed relative constant can be tuned in a 

range between 4.5 times faster with electron donors and 2.5 times slower with electron 

acceptors relative to plain benzene substitution. Such phenomena can be explained by the 

modulation of HOMO levels with electronic effects. Also, we notice that the photo-

stabilities are enhanced by introducing these functional groups. Finally, we fabricated a 

CPN-based singlet sensing platform with EW3 and proved its candidacy as a novel singlet 

oxygen responsive material.  
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3.9 Experimental section 

Synthesis of tetracene derivatives 

Scheme 3.1: Synthesis of developed tetracene derivatives in this work. 
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All synthetic manipulations were performed under standard air-free conditions under 

an atmosphere of argon gas with magnetic stirring unless otherwise mentioned. Flash 

chromatography was performed using silica gel (230−400 mesh) as the stationary phase. 

NMR spectra were acquired on a 500 MHz spectrometer. Chemical shifts are reported 

relative to residual protonated solvent (7.28 ppm for CHCl3). 

4-Bromo-7-[2-[tris(1-methylethyl)silyl]ethynyl]-2,1,3-benzothiadiazole (1). Triiso-

propylsilylacetylene (1 mL, 800 mg, 4.4 mmol) was added to a mixture of 20 mL THF and 

10 mL of triethyl amine in a round-bottom flask. The solution was then degassed by 

bubbling argon for one hour. 4,7-dibromo-2,1,3- benzothiadiazole (1000 mg, 3.4 mmol), 

tetrakis(triphenylphosphinepalladium(0) (120 mg, 0.12 mmol), and copper(I) iodide (35 

mg, 0.17 mmol) were added to the flash as solids. The reaction was then stirred overnight 

under room temperature. Then, the solvent was removed by rotary evaporation. The residue 

was purified by column chromatography using DCM: Hexanes (1: 2, v: v) as eluent. 388 

mg of yellow oil (0.97 mmol 29% yield) was collected as desired product, and 548 mg 

white solid (1.1 mmol 32% yield) was identified as side product (1B) with substitution on 

both sides of benzothadiazole. 

1H NMR (1) (500 MHz CDCl3): δ 7.82-7.80 (d, 1H) 7.64-7.63 (d , 1H), 1.21-1.20 (m, 

21H).  



 

115 

 

1H NMR (1B) (500 MHz CDCl3): δ 7.69 (s, 2H) ), 1.21-1.20 (m, 21H).  

The chemical shifts are consistent with those reported in the literature. 166 

1-Iodo-4-(1,2,2-triphenylethenyl)benzene (2). In a flame-dried round bottom flask, 10 

ml of dry THF and 1-bromo-4-(1,2,2-triphenylethenyl)benzene (411 mg, 1 mmol) were 

added. The solution was then cooled down to -78°C via aceton/ dry ice bath. To the mixture, 

n-butyl lithium solution (0.6 mL, 1.5 mmol, 2.5M in Hexane) was added dropwise. The 

mixture was stirred for one hour under cold bath followed by quenching with solid iodine 

(500 mg, 2 mmol). The reaction was allowed to warm up to room temperature and further 

stirred for three hours. Then, the reaction was quenched by saturated aqueous sodium 

thiosulfate solution and extracted by DCM for three times. The combined organic layer 

was washed by diluted sodium thiosulfate solution, water, and brine before being dried by 

magnesium sulfate and filtration. 366 mg of brown solid (0.8 mmol, 80% yield) was 

collected after removing the solvent by rotavap. The product was directly added to the next 

step without further purification. 

5,12-bis[2-(trimethylsilyl)ethynyl]tetracene. In a flame-dried 2-neck round bottom 

flask, trimethylsilylacetylene (0.71 mL, 490 mg, 5.0 mmol) was dissolved in 20 mL of dry 

diethyl ether and cooled to 0°C in an ice-water bath. n-Butyllithium (2.2 mL, 4.8 mmol, 

2.2 M in hexanes) was added dropwise. The colorless solution was allowed to warm to 
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room temperature and stirred for one hour, at which time napthacenequinone (520 mg, 2.0 

mmol) was added as a solid. The suspension was stirred overnight and then neutralized 

with 1 M HCl (aq) and SnCl2•2H2O (1.0 g, 4.4 mmol) was added to the mixture. After 

stirring for 3 h, the mixture was extracted using CH2Cl2 (3 x 10 mL), and the combined 

organic layers were dried over MgSO4. The solvent was removed in vacuo, and the residue 

was purified through a plug of silica, eluted with hexanes to give 540 mg of the expected 

product (65% yield) as a deep red powder. 

1H NMR (500 MHz CDCl3): δ 9.20(s, 2H) 8.57-8.59 (dd , 2H), 8.08-8.10 (dd, 2H), 

7.55-7.60 (dd, 2H),  7.47-7.49 (dd, 2 H), 0.54 (s, 18H).  

The chemical shifts are consistent with those reported in the literature.22  

5,12-Diethynylnaphthacene (3). 5,12-bis[2-(trimethylsilyl)ethynyl]tetracene (420 mg, 

1 mmol) was dissolved in 10 mL of DCM/ MeOH mixture (1: 1, v: v). Potassium carbonate 

(270 mg, 2 mmol) was added to the solution. The suspension was stirred for 3 h at room 

temperature. Then, the mixture was washed by 1M HCl solution in an open flask and 

extracted by DCM 3 times.  The combined organic layer was washed by water and brine, 

dried over MgSO4, and filtered. 270 mg crude product (1 mmol, 99% yield) was collected 

after removing the solvent as a red solid. The product was directly added to the next step 

without further purification. 
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The synthesis of ED1, ED3, EW1, EW2, EW3, and F1 was carried out with a general 

procedure of Sonogashira coupling reaction. In general, the starting materials were 

dissolved in a toluene/ Et3N (2: 1, v: v) mixture and the solution was degassed via freeze-

pump-thaw method. Then, the catalysts, Pd(PPh3)4 and CuI, were added with 0.05 eq. as 

solids. The reaction was stirred overnight under 80°C before subjected to work-up and 

purifications. 

ED1. 2-iodothiophene (210 mg, 1 mmol) and 3 (110 mg, 0.4 mmol) were subjected 

to a general Sonogashira coupling reaction. The reaction was worked up by removing the 

solvent in vacuo. The residue was passed through a silica plug using DCM as eluent and 

recrystallized from chloroform / hexanes to afford 35 mg of purple solid (0.08 mmol, 19% 

yield). 

1H NMR (500 MHz CDCl3): δ 9.25(s, 2H) 8.63-8.65 (dd , 2H), 8.13-8.15 (dd, 2H), 

7.62 (d,2H),7.60-7.62 (dd, 2H), 7.52-7.53 (dd, 2 H), 7.51-7.52 (d, 2H), 7.18-7.20 (t, 2H), 

0.54 (s, 18H).  

13C [1H] NMR (125 MHz, CDCl3): δ 132.3, 132.3, 132.2, 129.8, 128.6, 128.1, 127.5, 

127.3, 126.8, 126.1, 1260, 123.5, 118.1, 96.5, 91.1. 

ED3. 1-diphenylmethy-4-iodo-benzene (560 mg, 1.5 mmol) and 3 (170 mg, 0.6 mmol) 

were added to a round bottom flask and then a general Sonogashira coupling reaction was 
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executed. The residue was purified via column chromatography using hexanes/ DCM (1: 

1, v: v) as eluent and recrystallized from chloroform/ MeOH to afford  280 mg of purple 

solid (0.36 mmol, 60% yield). 

1H NMR (500 MHz CDCl3): δ 9.31(s, 2H) 8.68-8.70 (dd , 2H), 8.10-8.12 (dd, 2H), 

7.70-7.72 (d, 4H), 7.30-7.37 (m, 8H), 7.56-7.58 (dd, 2H), 7.47-7.50 (dd, 2 H), 7.10-7.23 

(m, 16H). 

13C [1H] NMR (125 MHz, CDCl3): δ 148.4, 147.2, 132.7, 132.2, 130.0, 129.5, 129.4, 

128.6, 127.5, 126.4, 125.9, 125.2, 123.8, 122.4, 118.3, 116.3, 103.8, 86.7. 

EW1. 3-iodopyridine (204 mg, 1 mmol) and 3 (110 mg, 0.4 mmol) were subjected to 

a general Sonogashira coupling reaction. The reaction was worked up by removing the 

solvent in vacuo. The residue was passed through a silica plug using DCM as eluent and 

recrystallized from chloroform / hexanes to afford 28 mg of purple solid (0.06 mmol, 16% 

yield). 

1H NMR (500 MHz CDCl3): δ 9.28 (s, 2H), 9.15 (s, 2H), 8.66-8.68 (m , 4H), 8.14-

8.19 (m, 4H), 7.64-7.66 (dd, 2H),  7.50-7.56 (m, 4H). 

13C [1H] NMR (125 MHz, CDCl3): δ 151.8, 148.6, 138.9, 132.4, 132.1, 129.8, 128.5, 

127.2, 127.1, 126.5, 125.9, 123.5, 120.9, 118.1, 99.7, 90.5. 
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EW2. 2-iodopyrazine (205 mg, 1 mmol) and 3 (110 mg, 0.4 mmol) were subjected to 

a general Sonogashira coupling reaction. The reaction was worked up by removing the 

solvent in vacuo. The residue was passed through a silica plug using DCM as eluent and 

recrystallized from chloroform / hexanes to afford 33 mg of purple solid (0.08 mmol, 19% 

yield). 

1H NMR (500 MHz CDCl3): δ 9.37(s, 2H), 9.13 (s, 2H), 8.73-8.75 (m , 4H), 8.64 (s 

2H), 8.17-8.19 (dd, 2H), 7.67-7.69 (dd, 2H),  7.55-7.57 (dd, 2 H).  

13C [1H] NMR (125 MHz, CDCl3): δ 148.0, 144.8, 143.2, 140.5, 132.9, 132.6, 129.9, 

128.6, 127.6, 127.2, 126.6, 126.0, 117.9, 99.8, 90.6. 

EW3. 1 (380 mg, 0.95 mmol) and 3 (110 mg, 0.4 mmol) were subjected to a general 

Sonogashira coupling reaction. The reaction was worked up by removing the solvent in 

vacuo. The residue was passed through a silica plug using DCM as eluent and recrystallized 

from chloroform / MeOH to afford 180 mg of blue-black solid (0.2 mmol, 53% yield). 

1H NMR (500 MHz CDCl3): δ 9.67(s, 2H) 8.92-8.94 (dd , 2H), 8.23-8.25 (dd, 2H), 

8.01-8.03(d, 2H), 7.87-7.89 (d, 2H), 7.69-7.72 (dd, 2H),  7.56-7.58 (dd, 2 H), 1.21-1.31 (m, 

42H).  

13C [1H] NMR (125 MHz, CDCl3): δ 154.8, 154.7, 133.1, 132.5, 131.5, 130.0, 128.6, 

127.4, 127.1, 126.5, 126.1, 118.6, 117.5, 102.5, 100.9, 100.2, 95.9. 
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F1. 2 (366 mg, 0.8 mmol) and 3 (85 mg, 0.3 mmol) were subjected to a general 

Sonogashira coupling reaction. The reaction was worked up by removing the solvent in 

vacuo. The residue was passed through a silica plug using DCM as eluent and recrystallized 

from chloroform / MeOH to afford 190mg of purple solid (0.2 mmol, 70% yield).  

1H NMR (500 MHz CDCl3): δ 9.24(s, 2H) 8.63-8.65 (dd , 2H), 8.08-8.10 (dd, 2H), 

7.59-7.61(d, 4H), 7.54-7.56 (dd, 2H),  7.47-7.49 (dd, 2 H), 7.09-7.23 (m, 34H). 

13C [1H] NMR (125 MHz, CDCl3): δ 144.5, 143.5, 143.5, 143.4, 141.9, 140.3, 132.3, 

131.7, 131.6, 131.4, 131.4, 131.3, 131.2, 131.1, 129.9, 128.6, 127.8, 127.7, 127.4, 126.8, 

126.7, 126.6, 126.6, 126.1, 126.0, 121.4, 118.3, 103.8, 87.6. 

ED2. In a flame-dried 2-neck round bottom flask, 4-ethynyl-N,N-dimethylaniline 

(145 mg, 1 mmol) was dissolved in 20 mL of dry THF and cooled to 0°C in an ice-water 

bath. n-Butyllithium (0.4 mL, 1 mmol, 2.5 M in hexanes) was added dropwise. The solution 

was allowed to warm to room temperature and stirred for one hour, at which time 

napthacenequinone (100 mg, 0.4 mmol) was added as a solid. The suspension was stirred 

overnight and then neutralized with 1 M HCl (aq). SnCl2•2H2O (400 mg, 2 mmol) was 

added to the mixture. After stirring for 3 h, the mixture was extracted using CH2Cl2 (3 x 10 

mL), and the combined organic layers were dried over MgSO4. The solvent was removed 

in vacuo, and the residue was purified via column chromatography, eluted with DCM, and 



 

121 

 

recrystallized from chloroform/ hexanes to give 30 mg of black solid (0.06 mmol. 16% 

yield). 

1H NMR (500 MHz CDCl3): δ 9.33 (s, 2H) 8.72-8.73 (dd , 2H), 8.12-8.14 (dd, 2H), 

7.74-7.76 (d, 4H), 7.56-7.57 (dd, 2H),  7.47-7.49 (dd, 2 H), 6.83-6.85 (d, 4H), 3.10 (s, 12H).   

13C [1H] NMR (125 MHz, CDCl3): δ 132.9, 132.0, 130.0, 128.6, 127.6, 126.2, 126.1, 

125.6, 118.3, 112.1, 104.7, 85.8, 40.3. 

Instrumental analysis and theoretical calculations 

Electronic absorbance spectra were acquired with a spectrophotometer in double-

beam mode using a solvent-containing cuvette for background subtraction spectra. 

Fluorescence spectra were collected at a 90° angle from the incident irradiation (75W Xe 

lamp) and corrected for both fluctuations in the lamp intensity and the wavelength-

dependent sensitivity of the photomultiplier tube detector. Fluorescence quantum yields 

were determined relative to coumarin 6 in ethanol or crestyl violet in ethanol.138 Irradiation 

of methylene blue photosensitizer to generate 1O2 was performed with a 200 W Hg/Xe 

lamp equipped with a condensing lens, water filter, and manual shutter, with different filters. 

Density functional theory calculations were performed using the Gaussian 09 software 

package136, with optimized geometries and FMO energies determined at the B3LYP/6-31G 

(d,p) level of theory using a polarizable continuum solvent model for chloroform. The time-
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dependent results of these optimized geometries were calculated at the B3LYP/6-311+G 

(d,p) level of theory, using the Tamm−Dancoff approximation. Cyclic voltammograms 

were acquired using a three-electrode setup with platinum working and counter electrodes 

and a non-aqueous (DCM) Ag/AgCl reference electrode and were reported relative to the 

ferrocene/ferrocenium redox couple measured as an external standard under identical 

conditions.51 The concentrations of acenes and ferrocene standard were around 2 mg/mL 

in degassed DCM with 0.1 M tetrabutylammonium hexafluorophosphate as the electrolyte 

at room temperature.  

Fabrication of conjugated polymer nanoparticles (CPNs) 

The CPNs were fabricated using a reported method.101 First, the 20 ppm THF solution 

was prepared for both dopant and F8BT polymer. For a non-doping CPN, 2 ml of F8BT 

20 ppm solution was injected into 8 mL of DI water under sonication. The THF was then 

removed via rotavap. The size was determined by Dynamic light scattering (DLS) 

measurements with a Malvern Zetasizer Nano-ZS. The doped CPN was made by injecting 

a mixture with ration of desired to the water under same conditions, followed by rotavap. 
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4.1 Introduction 

As a frequently used building block in organic electronics, acenes, especially longer 

acenes, have favorable electronic properties.2, 7 Devices, such as organic thin-film 

transistors (OTFT),18 based on acene-based materials have displayed comparable 

performances to traditional devices using traditional materials, such as silicon or metal 

oxides.19 Besides, pure organic materials are advantaged in precision atomic modification, 

flexibility, and solution-processabilities.167, 168  

However, the rational design of suitable materials for applications in organic 

electronics is still challenging. One of the major issues is the gap between the commonly 

used solution-phase characterizations and simulations and the solid-phase nature of 

devices.169 The way molecules stack could dramatically change the overall properties and 

affect the performance of devices. Such stacking patterns are highly related to 

intermolecular and intramolecular interactions, including but not limited to hydrogen 

bonding, static electric interaction, steric hindrance, chalcogen bonding, halogen bonding, 

and π-π interactions.170-172 It has been reported that even a small modification, such as a 

switch with one single atom in the molecule, can result in significant consequences.173 

Understanding these interactions and carefully analyzing them is highly desired in 

developing novel materials. 
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Despite the difficulties caused by the numerous interactions, we could harness them 

by intentionally introducing an interaction into our molecular design to direct the solid-

state structure and tune the material’s properties.174, 175 Our group has practiced this idea 

and designed a method to direct the crystallization of conjugated materials through non-

covalent interactions, namely ArF-ArH interactions, as shown in Figure 4.1.176 The 

electronegative fluorine substitutions polarized the benzene ring’s π systems, generating a 

partial positive potential at the center and a partial negative potential at the edges.177, 178 

Thus, perfluorinated benzenes favor a co-facial, center-to-center stacking with regular 

benzenes through quadrupole interactions.  

Our group carefully studied this ArF-ArH interaction in a model of phenylene-

ethynylene trimers.176, 179, 180 As shown in Figure 4.1, the side chains of interest were 

installed either on the central phenyl ring as a “terephthalate ester” or on the peripheral 

Figure 4.1: ArF-ArH interaction (left), Terephthalate (middle) and Clipped (right) structure 

of designed molecule.  
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phenyl rings as a “clipped structure.” A methylene group was intentionally added to break 

the conjugation of the side chain, which can minimize the impact of different arenes on the 

electronic properties of the products. In both cases, we have observed shifts in the solid-

state spectra of the molecules when switching the ArF-ArH interaction on and off. Because 

the molecules displayed similar photophysical properties in solution-phase, we attribute 

such differences to altering inter- and intramolecular packing. Our hypothesis was further 

proved by the single-crystal X-ray diffraction (SCXRD) results, which showed the 

presence of ArF-ArH interactions and showed the twisting of the backbone of the trimer 

driven by such interactions.176 

Figure 4.2: Crystal structures and fluorescent photos of phenylene-ethynylene trimers with 

ArF-ArH on and off. Left: the twisting of backbones by ArF-ArH interaction; Middle: the 

columnar packing of alternated phenyl and fluorophenyl rings; Right: the fluorescent color 

of crystals under UV-light. Copyright 2014, Royal Society of Chemistry. 
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In the recent five years, our group has adapted this method to other aromatic systems, 

including various substituted benzenes, heteroatom arenes, metal complexes, and 

polycyclic arenes.154, 180, 181 In this work, we further adapted the “clipped structure” to 

acenes and studied the possibility of directing the crystallization of this kind of material. 

4.2 Experimental design and synthesis of clipped acenes 

This project is part of a collaborative project in which a large set of polycyclic 

aromatic systems with “clipped structures” was studied. However, in this dissertation, only 

six molecules are included indicating the author’s actual contribution to this project. 

Scheme 4.1: Molecular structures that is discussed in this section. The first part of the name 

indicates the core structure: cBDT for central benzodithiophene, ANT for anthracene, and 

TET for tetracene. The postfix, F5 and H5 is indicating if the side chains are fluorinated 

or not, respectively. 
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The molecular structures of developed clipped acenes are listed in Scheme 4.1. The 

side chains are installed at the central ring, perpendicular to the long axis of the acenes. 

The three sets of molecules were derivated from anthracene (ANT), tetracene (TET), and 

benzothiophene (cBDT), respectively. Besides, the feature of side chains was represented 

by either H5 (phenyl) or F5 (pentafluorophenyl). Following a reported procedure, we 

synthesized the side chains first with a single-step DCC coupling reaction to form esters. 

The iodinated side chain was then subjected to Sonogashira coupling reactions with either 

trimethylsilyl (TMS) acetylene to form an intermediate product or the ethylated acenes to 

form the final products. The TMS-protected side chains were then deprotected and added 

to another Sonogashira Coupling reaction with dibromoanthracenes to yield the final 

products. The synthesis is shown in Scheme 4.2. 

Scheme 4.2: Synthesis pathway of developed acene derivatives. 
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4.3 Solution phase properties and theoretical calculations 

Table 4.1: The photophysical properties of developed acene derivatives in this work. 

The asterisk(*) indicates at which wavelength the extinction coefficients (ε) are reported. 

Name λabs,max (nm) λFl,max (nm) ε FLQY (%) 

ANTF5 460*, 276 497 33350 67 

ANTH5 476*,277 493 37600 72 

cBDTF5 415*,297 457 33750 44 

cBDTH5 414*,295 453 57500 47 

TETF5 556*,295 584 35000 81 

TETH5 566*,296 581 40300 79 

Figure 4.3: Absorbance spectra (left) and the normalized emission spectra (right) of 

developed acene derivatives.  
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Figure 4.3 displays the results of solution-phase absorbance and fluorescent 

spectroscopies. As expected, fluorination does not significantly affect the electronic 

structures due to the methylene spacer. As for photoluminescence, all six molecules display 

strong emission with fluorescent quantum yield (FLQY) between 40%-80% (Table 4.1). A 

slight emission red-shift is observed on the fluorinated molecules, which can be attributed 

to the inductive effect.179  

Table 4.2: Theoretical calculation results of developed acene derivatives in this work. 

a  The excited states are selected by the highest oscillator strength within the first 20 possible 

excited transitions from the TD-DFT calculations.  

Name LUMO (eV) HOMO (eV) Gap (eV) Excited States (eV)a 

ANTF5 -2.614 -5.114 2.500 2.317 

ANTH5 -2.552 -5.066 2.514 2.337 

cBDTF5 -2.776 -5.609 2.833 2.543 

cBDTH5 -2.696 -5.554 2.858 2.574 

TETF5 -3.098 -5.173 2.075 1.940 

TETH5 -2.717 -4.807 2.090 1.991 



 

150 

 

 To better understand these photophysical properties, we performed theoretical 

calculations using Gaussian/g09.136 The solution state geometries of the molecules were 

determined by DFT calculation at the B3LYP/6-31G(d,p) level of theory using a 

polarizable continuum solvent model for chloroform. Then, we performed TD-DFT at the 

B3LYP/6-311+G(d,p) level of theory on the optimized geometries to calculate the 

excitation states and frontier molecular orbitals (FMOs).  

Figure 4.4 shows the results for ANT-H5 and ANT-F5. The results show that the 

predominant excitation is from HOMO to LUMO, and this transition results in the 

absorbance peak at the longest wavelength. Notably, for both HOMO and LUMO of these 

anthracenes, the electron clouds are localized within the conjugated system but not 

spreading to the H5 or F5 rings inside side chains. Such findings support our data from 

spectroscopy and explain why fluorination had only minimal impact on the solution phase 

Figure 4.4: FMOs and simulated absorbance of ANT-H5 and ANT-F5.    
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properties. The other two sets of molecules have similar results, and the key parameters 

were collected and summarized in Table 4.2. 

4.4 Spectroscopy on thin films 

Although fluorination does not impact the solution phase properties much, the 

difference between the solid-phase H5 and F5 versions is considerable, even with a single 

atomic substitution173 or switching the position of fluorination182. To characterize the solid-

state properties with spectroscopy, we fabricated thin films of the developed molecules 

either by spin-casting or drop-casting. Interestingly, spun-cast films give better 

reproductivity in terms of the color of emissions, which may result from more precise 

Figure 4.5: Fluorescent spectra of thin-films fabricated by developed acenes derivatives. 

The films of made by TET-F5 and TET-H5 are tested with larger band widths, and the 

results is not corrected due to the potential artifact in long-wavelength for less emissive 

samples. 
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control of film construction. The photophysical properties of fabricated films are collected 

in Table 4.3.  

Table 4.3: Photophysical properties of fabricated thin films. 

Figure 4.5 shows the emission spectra of spun-cast films. Generally, the F5 versions 

display a more than 40 nm hypochromic shift in emission compared to their H5 

counterparts. However, we did not observe similar results from drop-cast films, which 

indicates a different mechanism from the “twisting” of the backbone, as our group observed 

in the past. More details will be discussed in the section on crystal structures. (Vide infra) 

Films constructed by ANTs and cBDTs are sufficiently emissive, with FLQY higher than 

Name 

Drop-Cast Film Spun-Cast Film 

λabs,max (nm) 

λFl,max (nm), 

FLQY(%) 

λabs,max (nm) 

λFl,max (nm), 

FLQY(%) 

ANTF5 507 551, 2.3 499 554, 3.1 

ANTH5 515 556, 2.5 469 595, 4.5 

cBDTF5 417 564, 42 457 521, 18 

cBDTH5 466 537, 23 417 564, 11 

TETF5 589 602, 0.04 586 602, 0.04 

TETH5 609 661, 0.8 605 654, 0.04 
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2% for ANTs and 10% for cBDTs. However, the TETs suffer from an aggregation-induced-

quenching (ACQ) effect, and only poorly emitting with a FLQY lower than 1%, though the 

signals are still testable with larger slit-widths without mathematical correction.    

The absorbance spectra do not display significant shifting between fluorinated and 

non-fluorinated acenes. However, as shown in Figure 4.6, the spectra of TET-F5 and TET-

H5 exhibit a noticeable difference in shapes. The spectrum of TET-F5 features a 

vibrational structure, while TET-H5 does not. We attribute this phenomenon to the more 

rigid local environment within the TET-F5 thin film. 
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Figure 4.6: Absorbance spectra of spun-cast films of developed acene derivatives. The 

spectra were normalized by the peak at longest wavelength. 
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4.5 Crystal structures and simulated ESP maps 

To directly evaluate the impact of ArF-ArH interactions on the stacking, we performed 

single-crystal X-ray diffraction (SCXRD) test on the crystals of developed molecules. 

Unfortunately, TETs tend to form thin plates that are not testable by SCXRD experiments. 

On the other hand, the results of the ANTs and cBDTs are obtained in sufficient quality.  

 As shown in Figure 4.7, the ANT-F5 and ANT-H5 display very different crystal 

structures. For ANT-F5, the anthracenes are almost perpendicularly staggered with each 

Figure 4.7: Crystal structure of ANT-F5 and ANT-H5. The grey planes in packing displays 

are indicating the plane of anthracenes and the labeled distance are distance between 

planes. 
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other, and the dihedral angle was measured to be 85-96°. Also, the intramolecularly face-

to-face stacking between the ArF and aromatic structure, which usually appears in our past 

works,154, 179-181, 183 is absent in the crystal structure of ANT-F5, as well as the characteristic 

twisting between the side-chain and central arenes. Instead, the ANT-F5 appears to have a 

highly coplanar molecular backbone with a torsion angle smaller than 5°. In addition, the 

ArF ring is 80-100° bent from the plane of the diethynyl anthracene backbone. Although 

there is no intramolecular ArF-ArH interaction observed, we find an intermolecularly short 

C•••C distance of 3.33 Å between anthracene and pentafluoro-benzene. The interacting 

carbon in anthracene also displays interaction with carbon on benzoic ester, located in a 

Figure 4.8: ESP Maps of ANT-F5 and ANT-H5, with views perpendicular(top) or along 

(bottom) the plane of backbones. 
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third molecule, with a C•••C distance of 3.34 Å. We also find interactions between the ArF 

ring and the carbonyl oxygen, with the shortest C•••O distance of 3.05 Å. Notably, this 

interaction could be identified as electrostatic interaction by simulated Electrostatic 

Potential (ESP) Maps. Combining these impacts, the ArF rings are actively participating in 

the formation of crystals and spacing the chromophores through competitive ArF-ArH 

interactions. 

In the obtained crystal structure of ANT-H5, the benzene ring in the side chain shows 

no noticeable interactions or impacts on the stacking of anthracenes. The anthracenes 

display a herringbone stacking with a dihedral angle of 55-65°. Such stacking patterns are 

also observed in previous works of substituted anthracenes.184-186 Short contacts are found 

between the benzoic ester and the anthracenes with a C•••O distance of 3.20 Å and a C•••C 

distance of 3.35 Å, which results in a parallel displaced stacking of the molecules. We have 

also estimated a Pitch (P) and Roll (R) distance of the two molecules187. For ANT-F5, the 

P and R distances are estimated to be 9.4 Å and 2.3 Å, which are significantly larger than 

those, 7.4 Å and 1.3 Å for ANT-H5. These results indicate the tighter packing of 

chromophores in ANT-H5 crystals and explain why ANT-H5 has a red-shifted emission 

compared with ANT-F5. 

 The cBDT set shows very similar crystal structures to ANTs (in the appendix). Given 

the reassembled electronic properties and size of the molecules, it is reasonable to see 
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benzodithiophene exhibiting analogous results. Also, we hypothesize that it was because 

of the steric hindrance that blocked the rotation of ester bonds. In other words, the space is 

not enough for the bulky ArF-ring to point towards the inner direction of the molecule, 

towards the chromophore, due to the large size of ANT or BDT. 

To further understand the stacking of these molecules, electrostatic potential (ESP) 

maps of ANTs are calculated by Gaussian/g09. 136As shown in Figure 4.8, the flip of 

positive and negative potential by fluorination is clear. At the center of the benzene ring, 

the potential renders from negative (H5) to positive (F5). The most negative potential 

locates in carbonyl groups for both molecules, which results from the n-orbitals on the 

oxygen. These observations explain the strong electrostatic interaction between the ArF 

ring and the carbonyl oxygen of ANT-F5. At the same time, anthracene has a negative 

potential due to its electron-rich nature. Thus, the interactions are found between the 

anthracenes and ArF rings, too. However, there is no evidence to support the interaction 

between benzoic ester and anthracene as in ANT-H5 being static electronic interactions.  

4.6 Mechanochromism of ANTs  

Although the molecules are not displaying a twisted structure as we normally observe 

in our other “clipped” structures, mechanochromism is still found in the ANTs. Figure 4.9 

shows the emission spectra of ANTs’ drop-cast films before smearing, after smearing, and 
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after annealing on a hot plate at 80°C. Different from we opposite mechano-chromism 

effects we reported on other ArF-ArH molecules170, 182, both ANT-H5 and ANT-F5 exhibit 

positive mechanochromism, red-shifting upon mechanic force. We attribute this change to 

the aggregation of anthracenes triggered by compressing of the crystallin films. Such a 

phenomenon was first reported by Tian’s group and found in many anthracene-containing 

molecules.172, 184 

 4.7 Conclusion 

In this work, we have successfully altered the stacking of acenes by intentionally 

introducing a non-covalent interaction, namely, ArF-ArH interaction. Compared with the 

non-fluorinated molecules, the ArF version of the acenes has very similar photophysical 

properties to their counterparts in solutions. However, the solid state properties are very 

Figure 4.9: Mechanochromism of drop-cast films of ANT-F5(left) and ANT-H5(right), 

displayed by emission spectra.  
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different, such as a 40 nm blue-shifting in emission for ANT-F5 films. Also, the crystals of 

developed acenes are grown and characterized by XRD, which provides direct evidence of 

impact on ArF-ArH interactions. We believe this work could inspire further research for 

organic electronic materials, and the development of organic electronic devices based on 

materials in this work is still ongoing.  
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4.8 Experimental section 

General Information. All synthetic manipulations were performed under standard 

air-free conditions under an atmosphere of argon gas with magnetic stirring unless 

otherwise mentioned. Flash chromatography was performed using silica gel (230−400 

mesh) as the stationary phase. NMR spectra were acquired on a 500 MHz spectrometer. 

Chemical shifts are reported relative to residual protonated solvent (7.26 ppm for CHCl3 

or 3.58 ppm for THF.  

Electronic absorbance spectra were acquired with a spectrophotometer in double-

beam mode using a solvent-containing cuvette for background subtraction spectra. 

Fluorescence spectra were collected at a 90° angle from the incident irradiation (75W Xe 

lamp) and corrected for both fluctuations in the lamp intensity, and the wavelength-

dependent sensitivity of the photomultiplier tube detector Density functional theory 

calculations was performed using the Gaussian 09 software package53, with optimized 

geometries and FMO energies determined at the B3LYP/6-31G (d,p) level of theory using 

a polarizable continuum solvent model for CH2Cl2. The time-dependent results of these 

optimized geometries were calculated with the same functional and basis set using the 

Tamm−Dancoff approximation. 

Synthesis of acenes 



 

161 

 

 

Scheme 4.3: Synthesis of developed molecules in this work. 
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(2,3,4,5,6-Pentafluorophenyl)methyl 2-iodobenzoate (Y1-F5) 2-Iodobenzoic acid 

(1.25 g, 5 mmol), dimethylaminopyridine (DMAP, 122mg, 1 mmol), and 

dicyclohexylcarbodiimide (DCC, 1.1 g 5.5 mmol) were loaded into a flame dried round 

bottom flask. A solution of pentafluorobenzyl alcohol (1 g 5.25 mmol) in 50 mL DCM was 

then added. The mixture was stirred at room temperature overnight, followed by Celite-

assist filtration. The filtrate was washed with water and brine, dried over MgSO4, filtered, 

and concentrated under a vacuum. The crude product was then purified through flash 

column chromatography on silica, using pure DCM as the eluent, to yield 2.00 g white 

solid (4.68 mmol, 93% yield). 

1HNMR (500 MHz, CDCl3): δ 8.04-8.02 (d, 1H), 7.82-7.80 (d, 1H), 7.44-7.40 (t, 2H), 

7.21-7.18 (t, 1H), 5.48 (s, 2H).  

The peaks are consistent with those reported in the literature.180 

Phenylmethyl 2-iodobenzoate (Y1-H5) Instead of pentafluorobenzyl alcohol, the 

reaction was carried out with benzyl alcohol under the same conditions. Then, the reaction 

was worked up via the same procedure to afford 1.6 g of a colorless oil. (4.7 mmol 94% 

yield). 

1HNMR: (500 MHz, CDCl3): δ 8.02 (d, 1H), 8.01 (d, 1H), 7.50 (d ,2H), 7.44-7.40 (m, 

4H), 7.18-7.15 (t, 1H), 5.40 (s, 2H). 
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The peaks are consistent with those reported in the literature.180 

(2,3,4,5,6-Pentafluorophenyl)methyl 2-[2-(trimethylsilyl)ethynyl]benzoate (Y2-F5) 

Y1-F5 (850 mg, 2 mmol) was dissolved in 15 mL of THF/TEA mixture (2: 1,v: v). The solution 

was degassed by bubbling argon through for 30 minutes. Then, trimethylsilyl acetylene (300 mg, 3 

mmol), Bis(triphenylphosphine)palladium(II) dichloride (70 mg 0.1 mmol), and copper(I) iodide 

(19 mg, 0.1 mmol) were added into the flask. The reaction was then heated up to 80°C and stirred 

overnight. The solvent was removed by rotatory evaporation. The crude product was purified via 

column chromatography using dichloromethane as an eluent. 765 mg of brown oil was collected 

(1.9 mmol, 96%yield) 

1HNMR (500 MHz, CDCl3): δ 7.90-7.88 (d, 1H), 7.62-7.60 (d, 1H), 7.48-7.47 (t, 2H), 

7.39-7.37 (t, 1H), 5.47 (s, 2H), 0.28 (s, 9H). 

The peaks are consistent with those reported in the literature.180 

Phenylmethyl 2-[2-(trimethylsilyl)ethynyl]benzoate (Y2-H5) Y1-H5 (490 mg, 1.5 

mmol) was subjected to Sonogashira Coupling and followed the same procedure for Y1-

F5. 451 mg of black oil was collected (1.45 mol 97% yield) 

1HNMR (500 MHz, CDCl3): δ 7.92-7.90 (d, 1H), 7.60-7.57(d, 1H), 7.47-7.30 (m, 7H), 

5.38 (s, 2H), 0.22 (s, 9H).  

https://www.sigmaaldrich.com/US/en/substance/bistriphenylphosphinepalladiumiidichloride7019013965032
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The peaks are consistent with those reported in the literature.180 

(2,3,4,5,6-Pentafluorophenyl)methyl 2-ethynyl benzoate (Y3-F5) Y2-F5 (750 mg. 1.8 

mmol) was dissolved in 10 mL of THF and cooled to 0°C. Tetra-n-butylammonium fluoride 

was added as a 1.0 M THF solution (2 mL, 2 mmol). The mixture was then stirred for 10 

minutes under a cool bath. Then, the reaction was quenched by pouring into ice water. The 

product was extracted twice by diethyl ether, washed with brine, dried over MgSO4, and 

concentrated by rotavap. The crude was passed through a silica plug using 1: 1 

DCM/hexanes as eluent to afford 540 mg black oil as a product (1.65mmol 92%). 

1HNMR (500 MHz, CDCl3): δ 7.95-7.93 (d, 1H), 7.66-7.64 (d, 1H), 7.54-7.50 (t, 2H), 

7.45-7.41 (t, 1H), 5.48 (s, 2H), 3.38 (s, 1H). 

The peaks are consistent with those reported in the literature.180 

Phenylmethyl 2-ethynyl benzoate (Y3-H5) Y2-H5 (450 mg 1.4 mmol) was 

deprotected by TBAF following the same procedure. 200 mg of black oil was collected 

after purification (200 mg, 60% yield) 

1HNMR (500 MHz, CDCl3): δ 7.99 (d, 1H), 7.66-7.64(d, 1H), 7.52-7.36 (m, 7H), 

5.41 (s, 2H), 3.38(s, 1H). 

The peaks are consistent with those reported in the literature.180 
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ANT-F5.  9,10-dibromoanthracene (200 mg 0.6 mmol) and Y3-F5 (540 mg 1.6 mmol) 

were dissolved in a 2: 1 mixture of Toluene and diisopropylamine. The solution was then 

degassed by freeze-pump-thaw three times. Copper(I) iodide (10 mg, 0.05 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (30 mg, 0.03 mmol) were added. The flask was 

heated to 80°C and stirred overnight. The solvent was removed via rotavap, and the crude 

was recrystallized twice from a mixture of methanol/chloroform. 170 mg yellow powder 

was collected (0.2 mmol 33% yield). 

1HNMR (500 MHz, THF-d8): δ 8.89-8.87 (m, 4H), 8.12-8.10 (m, 2H), 8.01-7.99 (m, 

2H), 7.69-7.66 (m, 6H), 7.52-7.54 (m, 2H), 5.56 (s, 4H).  

Due to the low solubility of ANT-F5, the 13CNMR spectrum is not accessible.,  

ANT-H5.  9,10-dibromoanthracene (120 mg 0.35 mmol) and Y3-H5 (200 mg 0.8 

mmol) were dissolved in a 2: 1 mixture of Toluene and diisopropylamine. The solution was 

then degassed by freeze-pump-thaw three times. Copper(I) iodide (4 mg, 0.025 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (20 mg, 0.02 mmol) were added. The flask was 

heated to 80°C and stirred overnight. The solvent was removed via rotavap, and the crude 

was purified via column chromatography with a gradient elution system from 1: 1 

hexanes/DCM to pure DCM. After removing solvent via rotavap, the solid was 
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recrystallized from hexanes/chloroform to yield 95 mg of orange needles (0.15 mmol 42% 

yield) 

1HNMR (500 MHz, CDCl3): δ 8.88-8.86 (m, 4H), 8.16-8.14 (m, 2H), 7.98-7.96 (m, 

2H), 7.67-7.63 (m, 6H), 7.50-7.45 (m, 6H), 7.26-7.25 (m, 6H), 5.51 (s, 4H). 

13C [1H] NMR (125 MHz, CDCl3): δ 165.9, 135.9, 134.5, 132.5, 131.9, 131.4, 130.8, 

128.5, 128.2, 128.1, 127.4, 126.9, 124.2, 118.9, 101.1, 92.0, 67.1. 

5,12-Bis[(trimethylsilyl)ethynyl]tetracene. The synthesis of this molecule followed 

the procedures reported by our group.28 Trimethylsilyl acetylene (490 mg, 5 mmol) was 

dissolved in 10 mL of dry diethyl ether and the solution was cooled to 0°C via ice bath. N-

butyl lithium (2 ml, 5 mmol) was slowly added as a 2.5 M solution in hexane via a syringe. 

The mixture was stirred for an hour under 0°C. Then, naphthacenequinone (516 mg, 2 

mmol) was added as solids. The reaction was let warm to room temperature and stirred 

overnight, followed by quenching with 5% HCl solution. The mixture was extracted with 

ethyl acetate twice. To the combined organic layer, tin chloride dihydrate (1 g, 4.5mmol) 

was added, and the suspension was stirred for three hours until the color changed from 

yellow to deep red. The mixture was then washed with 5% HCl solution, water, and brine, 

dried over MgSO4, and concentrated in vacuo. The crude product was purified by column 

chromatography with hexanes as eluent to yield 610 mg red solid (1.45 mmol, 73% yield). 
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1HNMR (500 MHz, CDCl3):δ 9.20 (s, 2H) 8.60−8.58 (dd, 2H), 8.11−8.10 (dd, 2H), 

7.58−7.56 (dd, 2H), 7.51−7.49 (dd, 2 H), 0.50 (s, 18H). 

The peaks are consistent with those reported in the literature.28 

5,12-diethynyltetracene. 5,12-Bis[(trimethylsilyl)ethynyl]tetracene (210 mg, 0.5 

mmol) was dissolved in a 1: 1 mixture of methanol and dichloromethane. Potassium 

carbonate (170 mg, 1.25 mmol) was added to the flask as a solid. The reaction was stirred 

for three hours, followed by washing with 5% HCl, water, and brine successively, dried 

over MgSO4, and the solvent was removed by rotavap. 110 mg of red solid was collected. 

(0.4 mmol, 80% yield) The product was directly added to the next step due to the low 

stability. 

1HNMR (500 MHz, CDCl3): δ 9.26 (s, 2H) 8.64−8.62 (dd, 2H), 8.12−8.10 (dd, 2H), 

7.59−7.57 (dd, 2H), 7.52−7.49 (dd, 2H), 4.25 (s, 2H). 

The peaks are consistent with those reported in the literature.28 

TET-F5. 5,12-diethynyltetracene (110 mg, 0.4 mmol) and Y1-F5 (430 mg, 1 mmol) 

were dissolved in a 2: 1 mixture of Toluene and diisopropylamine. The solution was then 

degassed by freeze-pump-thaw three times. Copper(I) iodide (5 mg, 0.025 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (25 mg, 0.025 mmol) were added. The flask was 

heated to 80°C and stirred overnight. The solvent was removed by rotary evaporation and 
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the residue was passed through a column with DCM/hexanes (1: 1, v: v) as eluent. The 

crude product was then recrystallized from chloroform/hexanes and THF/hexanes to afford 

150 mg purple solid. (0.17 mmol, 43% yield) 

1HNMR (500 MHz, CDCl3): δ 9.50 (s, 2H) 8.78−8.76 (dd, 2H), 8.20−8.16 (m, 4H), 

8.04−8.02 (d, 2H), 7.72−7.69 (t, 2H), 7.64−7.62 (dd, 2H), 7.55−7.52 (m, 4H), 5.56 (s, 4H). 

Due to the low solubility of TET-F5, the 13CNMR spectrum is not accessible.,  

TET-H5. 5,12-diethynyltetracene (110 mg, 0.4 mmol) and Y1-H5 (337 mg, 1 mmol) 

were dissolved in a 2: 1 mixture of Toluene and diisopropylamine. The solution was then 

degassed by freeze-pump-thaw three times. Copper(I) iodide (5 mg, 0.025 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (25 mg, 0.025 mmol) were added. The flask was 

heated to 80°C and stirred overnight. The solvent was removed by rotary evaporation, and 

the residue was passed through a column with DCM/hexanes (1: 1, v: v) as eluent. The 

crude product was then recrystallized from chloroform/hexanes to afford 230 mg purple 

solid. (0.33 mmol, 82% yield) 

1HNMR (500 MHz, CDCl3): δ 9.61 (s, 2H) 8.84−8.82 (dd, 2H), 8.18−8.15 (m, 4H), 

8.02−8.00 (d, 2H), 7.66−7.59 (t, 2H), 7.59−7.57 (m, 2H), 7.50−7.44 (m, 8H), 7.23−7.21 

(m, 6H), 5.53 (s, 4H). 
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13C [1H] NMR (125 MHz, CDCl3): δ 165.9, 135.9, 134.5, 132.8, 132.5, 132.0, 131., 

130.9, 130.4, 128.8, 128.5, 128.3, 128.2, 128.2, 127.5, 126.7, 126.5, 125.9, 124.4, 118.9, 

102.1, 92.7, 67.1. 

4,8-Bis[2-(trimethylsilyl)ethynyl]benzo[1,2-b:4,5-b′]dithiophene. Trimethylsilyl 

acetylene (490 mg, 5 mmol) was dissolved in 20 mL of dry diethyl ether in a flame-dried 

round bottom flask. The solution was cooled by an ice-water bath. To the flask, n-butyl 

lithium was added as a 2.5 M hexane solution (2 mL, 5 mmol) dropwise. The mixture was 

stirred under a cold bath for one hour, followed by adding benzo[1,2-b:4,5-b′]dithiophene-

4,8-dione (440 mg, 2 mmol) as a solid. The mixture was then let to warm up to room 

temperature and stirred overnight. The reaction was quenched with 5% HCl aqueous 

solution. The product was extracted with ethyl acetate twice, washed with water and brine, 

and dried over magnesium sulfate. Tin chloride dihydride (1g, 4.5 mmol) was added to the 

organic solution. The suspension was stirred for three hours before being washed by diluted 

HCl solution, water, and brine, dried over MgSO4, and concentrated in vacuo. The residue 

was purified by a gradient column using 0% to 100% DCM in hexanes as the eluent system. 

620 mg of yellow powder was collected as the product (1.6 mmol 80% yield) 

1HNMR (500 MHz, CDCl3): δ 7.63-7.61(d, 2H), 7.58-7.56 (d, 2H), 0.38 (s, 18H). 

The peaks are consistent with those reported in the literature.188 
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4,8-Diethynylbenzo[1,2-b:4,5-b′]dithiophene4,8-Bis[2-(trimethylsilyl)ethynyl]-

benzo[1,2-b:4,5-b′]dithiophene (230 mg, 0.6 mmol) and potassium carbonate (200 mg, 1.5 

mmol) was added to a round bottom flask. 20 mL of 1: 1 mixture of dichloromethane and 

methanol was added to the flask, and the suspension was stirred for three hours at room 

temperature. The product was then extracted by DCM twice. The combined organic layer 

was washed with diluted HCl solution, dried over magnesium sulfate, and concentrated in 

vacuo to afford 140 mg of yellow powder. (0.6 mmol, 99% yield) The product was directly 

added to the next step without any further purification.  

1HNMR (500 MHz, CDCl3): δ 7.66-7.64(d, 2H), 7.61-7.60 (d, 2H), 3.87 (s, 2H). 

The peaks are consistent with those reported in the literature.189 

cBDT-F5. 4,8-Diethynylbenzo[1,2-b:4,5-b′]dithiophene (140 mg, 0.6 mmol) and Y1-

F5 (640 mg, 1.5 mmol) was dissolved in a 2: 1 mixture of Toluene and diisopropylamine. 

The solution was then degassed by bubbling argon for one hour. Copper(I) iodide (6 mg, 

0.03 mmol) and tetrakis(triphenylphosphine)palladium(0) (35 mg, 0.03 mmol) were added. 

The flask was heated to 80°C and stirred overnight. The solvent was removed by rotary 

evaporation and the residue recrystallized from chloroform/methanol and hexanes to afford 

427 mg yellow solid (0.5 mmol, 85% yield). 
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1HNMR (500 MHz, CDCl3): δ 8.10-8.08 (d, 2H), 7.89-7.87 (m, 4H), 7.87-7.85 (m, 

4H), 7.65-7.64 (t, 2H), 5.53 (s, 4H). 

Due to the low solubility of cBDT-F5, the 13CNMR spectrum is not accessible. 

cBDT-H5. 4,8-Diethynylbenzo[1,2-b:4,5-b′]dithiophene (140 mg, 0.6 mmol) and Y1-

H5 (507 mg, 1.5 mmol) was dissolved in a 2: 1 mixture of Toluene and diisopropylamine. 

The solution was then degassed by bubbling argon for one hour. Copper(I) iodide (6 mg, 

0.03 mmol) and tetrakis(triphenylphosphine)palladium(0) (35 mg, 0.03 mmol) were added. 

The reaction was refluxed for one hour and stirred overnight at room temperature. The 

solvent was removed by rotary evaporation and the residue recrystallized from 

chloroform/methanol and hexanes to afford 110 mg yellow solid (0.17 mmol, 28% yield). 

1HNMR: (500 MHz, CDCl3): δ 8.10-8.08 (d, 2H), 7.90-7.86 (m, 4H), 7.62-7.59 (m, 

4H), 7.49-7.45 (m, 6H), 7.29-7.26 (m, 6H), 5.49 (s, 4H). 

13C [1H] NMR (125 MHz, CDCl3): δ 165.7, 140.6, 138.9, 135.9, 134.5, 131.9, 130.7, 

128.5, 128.4, 128.3, 128.1, 123.6, 112.3, 98.0, 90.8, 67.1 
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5.1 Introduction 

Layer-by-layer (LbL) assembly is a versatile technique for depositing thin films with 

two or more components.191-194 The extensive substrate compatibility of LbL includes 

macroscopic planar substrates such as silicon wafers or glass slides, microparticles and 

nanoparticles, cells, and a variety of other possibilities.195 Moreover, LbL is applicable to 

a wide diversity of materials that can comprise the deposited thin film, including 

biopolymers such as DNA and proteins.196 LbL also allows control over the thickness of 

either free-standing thin films or coatings on the nanoscale. Chemical modification of 

simple, commercial materials can further enhance these advantages of LbL assembly to 

yield functional materials for applications that include stimuli-responsive materials,197-199 

self-healing,200, 201 biocompatibility,202 and drug delivery.203  

The chemical design of such materials usually involves designing structural elements 

of polymers or other materials that participate in specific interactions between alternately 

deposited layers.191 Although the most frequently used LbL systems rely on ion pairing 

between oppositely charged polyelectrolytes, other interactions such as hydrogen bonding 

are also broadly utilized.204-206 Compared to ion-pairing analogs, hydrogen bonding LbL 

assemblies offer several advantages. For example, hydrogen bonding expands the library 

of polymeric building blocks beyond polyelectrolytes, which enables materials with 

increasingly tunable mechanical, physicochemical, optical, and even stimuli-responsive 



 

186 

 

properties.206 Also, such films can be disassembled on demand under mild conditions.205, 

207 Moreover, because these films have only weak interactions with hydrophobic substrates, 

such LbL assemblies can be separated from their substrates to afford free-standing films.208 

5.2 Experimental Design 

The layer-by-layer films described in this work comprise structurally simple, 

commercially available polymers—poly(ethylene oxide) (PEO) and poly(acrylic acid) 

(PAA). Each of these polymers is biocompatible, water-soluble, and inexpensive. 

Combinations of these two polymers can form stable complexes through hydrogen bonding 

Figure 5.1: Cartoon illustration of the experimental design of this work. Reproduced from 

Ref.1. Copyright © 2022, American Chemical Society 
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that have found use in drug delivery209, energy storage210, and shape-memory materials.211 

Moreover, PEO substituents are frequently used as solubilizing functional groups for 

otherwise insoluble materials.212 Thus, this work provides a prototype of polymeric 

materials compromising ether and carboxylic acid functional groups. 

It has been reported that PAA/PEO LbL films are highly sensitive to environmental 

conditions, especially including elevated humidity, which can cause such materials to 

become too soft to handle.208, 213, 214 Water molecules can hydrogen bond with polymers 

and reduce the physical crosslinking between polymer chains. To address that problem, our 

group crosslink the PAA/PEO films by iron(III) coordination, which enhances their 

mechanical properties as free-standing thin films and enables their handling in high 

humidity conditions. Also, the mechanical properties of these crosslinked films respond 

reversibly to UV irradiation, likely due to photo-reduction of coordinated iron(III).215, 

216This method offers a simple, all aqueous, and synthesis free solution against the 

challenge in applying softened H-bonding films under high humidity.  

5.3 Fabrication of LbL films and crosslinking with iron(III) 

PAA/PEO films were assembled with a method adapted from Hammond and 

coworkers, which is driven by a combination of hydrophobic interactions and hydrogen 

bonding.208 As shown in Figure 5.2, films were produced by a simple procedure of 
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immersing rectangular pieces of polypropylene sheet alternately in aqueous solutions of 

PEO and PAA (0.2% w/v), with intermediate rinsing steps to remove weakly adsorbed 

polymer. The polymer and rinsing solutions were held at pH 2.5 to maintain a high degree 

of protonation of PAA necessary for hydrogen bonding.217 Peeling the film off the 

polypropylene substrates was routinely successful when the relative humidity (RH) was 

lower than 25%, yielding elastic free-standing films. These films are transparent to visible 

wavelengths of light and showed no obvious defects or pinholes under scanning electron 

microscopy (SEM), as shown in the Figure 5.3. The thickness of these 60-bilayer films, as 

determined by SEM imagine of their cross-sections, was 3-5 µm which is comparable with 

previously reported PAA/PEO films218, 219. Differential scanning calorimetry (DSC) 

revealed only one glass transition temperature (Tg) at 65 °C, indicating the polymers are 

fully miscible with each other, without crystalline PEO in the films.208 (Figure 5.4)  

Figure 5.2: Fabrication and iron-crosslinking of PAA/PEO layer-by-layer films in this 

work. Reproduced from Ref.1. Copyright © 2022, American Chemical Society 
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The mechanical properties of these PAA/PEO films depend strongly on the 

environmental humidity, in that they lose mechanical integrity at higher humidity. In 

contrast to the easily handled films prepared at low RH, films prepared at RH higher than 

40% were soft and easily deformable, making it difficult to peel them from the substrate. 

At even higher relative humidity (RH > 60%), the films resembled gelatinous, viscous 

Figure 5.3: SEM cross-sections of films exposed to FeCl3 solutions: (a) 0 mM (no iron), 

(b) 1 mM FeCl3, (c) 5 mM FeCl3, (d) 10 mM FeCl3, (e) 15 mM FeCl3, (f) 20 mM FeCl3. 

All micrographs were obtained at 15 kV and 5000× magnification. Scale bars represent 1 

micron. Film thicknesses are (a) 3.28±0.14, (b) 4.22±0.13, (c) 3.30±0.10, (d) 3.44±0.12, 

(e) 3.35±0.08, and (f) 3.43±0.12 microns. Reproduced from Ref.1. Copyright © 2022, 

American Chemical Society 
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liquids that fail to hold their own shape. To investigate this phenomenon quantitatively, we 

performed tensile testing on the free-standing films. The calculated Young’s Moduli of 

these films varied from approximately 1 kPa (RH > 40%) to approximately 200 kPa (RH 

< 25%). We note that the range of Young’s Moduli for similar films is known to be even 

broader: under more rigorously dried conditions the Young’s Modulus of PAA/PEO free-

standing films has been reported to be as high as 6.7 MPa.208 Therefore, although these 

films maintain mechanical integrity at low humidity, water swells the polymer network at 

higher humidity levels, rendering these materials unusably soft as free-standing films by 

Figure 5.4:  Differential scanning calorimetry results of uncrosslinked and crosslinked 

PAA/PEO films. Reproduced from Ref.1. Copyright © 2022, American Chemical Society 
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interrupting interchain hydrogen bonding. 

Given the deleterious impact of humidity on these films, we expected that presence of 

a secondary crosslinker could maintain the mechanical properties of such films at higher 

humidity. Crosslinking gels by simply soaking in a multivalent ion solution is a simple, 

effective, and low-cost method for improving film stability,220 and is well established for 

hydrogels such as those made from the polysaccharide alginate.215 We therefore tested the 

impact of seven multivalent ions by immersing the films into 5 mM solutions for 10 

minutes followed by 10-minute rinsing with pH 2.5 solutions. Among these metal cations 

investigated, iron(III) provided a significant enhancement of Young’s Moduli (~100×) 

Figure 5.5: Impact of other metal ions on the Young’s Modulus of develop films. 

Reproduced from Ref.1. Copyright © 2022, American Chemical Society 
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while the others—including aluminum(III) and iron(II)—did so by less than one order of 

magnitude as shown in Figure 5.5.  

Therefore, in the remainder of this work, we focused on iron(III) as a crosslinker. The 

coordination between iron(III) and ligands on the polymer chains (likely carboxylic acid 

groups) was achieved by simply immersing films in an aqueous solution of FeCl3 at 

concentrations of 1-20 mM for 10 minutes, followed by washing the films with pH 2.5 

water. After drying under ambient conditions overnight, the films were a pale-yellow color, 

which could be recognized by eye and quantitively measured with UV-vis spectroscopy, 

indicating the incorporation of iron(III) ions. (Figure 5.6) 

Figure 5.6: Left: The absorbance spectra of fabricated films in this work and the inset 

shows the relationship between iron concentration and film absorbance at 365 nm. Right: 

the photos of the films. Reproduced from Ref.1. Copyright © 2022, American Chemical 

Society 
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Analysis by SEM did not reveal any noticeable changes in the morphology of the films 

after crosslinking. The thickness of the films was not significantly impacted by exposure 

to iron solutions according to our observation under SEM. After exposure to iron(III) 

solutions, we could readily peel all films off the polypropylene substrates, even when RH > 

40%. The glass transition temperatures of the free-standing films determined by DSC 

(66 °C) were unchanged from before crosslinking. This observation both demonstrates the 

enhancement of the mechanical properties of the films through crosslinking and addresses 

the practical problem of forming free-standing films of hydrogen bonding LbL films at 

higher levels of humidity.  

Figure 5.7: Left: Comparation of the normalized, solution-phase UV-vis spectra of FeCl3 

solution (Red), mixture of FeCl3 solution and PAA solution (Blue), and solid-phase UV-

vis spectrum of Fe3+ crosslinked PAA/PEO film (Black). Right: the absorbance of PAA 

solution with different amount of iron(III) ions. Reproduced from Ref.1. Copyright © 2022, 

American Chemical Society 
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5.4 Spectroscopic analysis 

To better understand and optimize the crosslinking process, we varied the Fe3+ 

immersion times and concentrations. As Figure 5.6 (left) shows, the cross-linking of these 

films with iron increased the absorbance significantly in the range of 200-450 nm, 

consistent with previous observations during the crosslinking of alginate gels215 and 

Figure 5.8: Dependence of absorbance of the freestanding LbL films at 365 nm on the 

immersion time in 1.0 mM FeCl3 (aq) solution. Inset: Cracking of the dried films on 

polypropylene substrates when immersed in FeCl3 longer than 20 minutes. Reproduced 

from Ref.1. Copyright © 2022, American Chemical Society 
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PAA/PEO complexes.221 Importantly, absorbance at wavelengths longer than 250 nm is 

due only to the presence of iron(III) complexes, as confirmed by comparing the spectrum 

shape of free Fe3+ solution and Fe3+-PAA complex solution. Moreover, the absorbance 

value of such solutions correlates with the concentration of Fe3+ ions when excess PAA 

was used.(Figure 5.7) Therefore, we could estimate the relative amount of iron(III) 

incorporated in these films by their absorbance values at 365 nm. We varied the immersion 

Figure 5.9: Dependence of the EDS-detected iron (red square) and chlorine (green 

diamond) counts of the films on the solution concentration of FeCl3. Reproduced from 

Ref.1. Copyright © 2022, American Chemical Society 
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time by dipping PAA/PEO films in 1 mM FeCl3 solutions between 1 to 30 minutes (Figure 

5.8). As expected, films immersed in Fe3+ solutions for longer times showed larger 

absorbance values than those immersed for shorter times, increasing from 0.06 to about 

Figure 5.10: FT-IR spectra of uncrosslinked films and films crosslinked by immersion in 

5 mM, 10 mM, or 20 mM FeCl3 aqueous solutions. The vertical axis was scaled for better 

comparison. Dashed lines indicate the noticeable changes in the spectra. From left to right, 

the positions of the dashed line are 2920, 1590, 1140, 1050, and 790 cm-1. Reproduced 

from Ref.1. Copyright © 2022, American Chemical Society 
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0.23. With immersions longer than 20 minutes, however, the shape of the absorbance 

spectrum changed, and the films cracked after drying. To avoid this over-exposure, we 

selected 10 minutes for all subsequent experiments.  

With this crosslinking process, the absorbances of the films at 365 nm correlate 

positively with the concentration of Fe3+ in the immersion solutions, revealing the 

possibility of precise control over the extent of crosslinking through concentration. 

Moreover, Energy-dispersive X-ray spectroscopy (EDS) experiments are consistent with 

the trend we interpreted from the absorbance. Both iron and chlorine counts increased with 

the absorbance of the films, supporting the relationship between the absorbance and the 

amount of iron incorporated within the polymer films as shown in Figure 5.9. Finally, we 

estimate a 5 µm-thick film PAA/PEO film has on the order of 1 mmol of carboxylic acid 

groups in the entire film, which is more than the entirety of Fe3+ ions in the crosslinking 

solutions for even the highest concentration that we tested (30 mL of 15 mM Fe3+), 

indicating that only a small fraction of available carboxylates in the films ligate to iron ions 

upon exposure to the Fe3+ solution.  

In our crosslinked LbL films reported here, we observed only modest changes in the 

shapes of FT-IR spectra of these films with increasing Fe3+ incorporation, suggesting that 

even at the highest concentration of Fe3+, the vast majority of carboxylate functional groups 

remain uncrosslinked. Both our estimate of the sub-stoichiometric amount of available Fe3+ 
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ions in the entirety of the crosslinking solution, and the acidic pH (2.5) ensuring that >90% 

of carboxylate functional groups are protonated further support this conclusion. As shown 

in Figure 5.10 all the samples displayed characteristic peaks at 1700-1750 cm-1 and 1050-

1100 cm-1, corresponding to the stretching of carbonyl group (C=O) in PAA and the 

vibration of ether bonds (C-O-C) in PEO, respectively. 211 Moreover, with the 

concentration of incorporated iron increasing, small peaks or shoulders appeared at 1590, 

1160, 1030, and 790 cm-1, suggesting changes in the bonding nature within the polymeric 

films due to incorporation of Fe3+ ions.222-224 In particular, the small peak at 1590 cm-1 has 

been observed previously in Fe3+-crosslinked PAA-chitosan nanofibers, and has been 

ascribed to bidentate bridging complexes.225 A carboxylate-iron bond is also supported by 

Fe3+ perturbing the peak at 1160 cm-1, which has been ascribed previously to C-O stretching 

coupled to the O-H bend in PAA.226 

5.5 Mechanical analysis 

The free-standing nature of the films enabled characterization of their mechanical 

properties by standard tensile testing. The Young’s Moduli of the films were calculated 

from the linear regime (strain < 5%) using thicknesses of 3.5 µm for all films, based on our 

SEM analysis. Given the sensitivity of these films to ambient humidity, we performed each 

set of tensile testing on films with varying levels of Fe3+ incorporation all on the same day, 

with films from the same batch of fabrication processes. To understand the influence of 
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ambient humidity on the properties of these films, we also repeated this suite of 

experiments on films prepared using the same fabrication protocols on other days with 

different ambient relative humidity levels.  

Figure 5.11: Tensile testing curves of free-standing films exposed to varying 

concentrations of Fe3+ crosslinker. The experiment was performed at RH ~ 40%. Inset: 

Calculated Young’s moduli as a function of absorbance of films at 365 nm. The error bars 

represent the double standard error of the mean calculated from at least 3 successive tests 

on different films under the same conditions. Reproduced from Ref.1. Copyright © 2022, 

American Chemical Society 
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Figure 5.11 shows the stress-strain curves of films crosslinked with different amounts 

of Fe3+ at RH ~ 40%. In general, increasing the concentration of Fe3+ increased the stiffness 

and ultimate stress of crosslinked films, and decreased their strain at fracture. Young’s 

Figure 5.12: Dependence of Young’s Moduli of free-standing LbL films on relative 

humidity and their absorbance at 365 nm. The tensile tests were performed 3 times under 

high relative humidity (RH ~ 40%, triangle, green), intermediate relative humidity (RH ~ 

30%, diamond, pink), and low relative humidity (RH < 25%, round, brown). The error bars 

represent the standard error of the mean calculated from at least three successive tests under 

the same conditions. Reproduced from Ref.1. Copyright © 2022, American Chemical 

Society 
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moduli of these films were calculated from the slope in the elastic regime of the curves. 

The modulus of these films increased from 1-2 kPa for uncrosslinked films to 33 kPa for 

films treated with 1 mM FeCl3 solution, and further to 0.20 MPa when using 10 mM 

solution. However, the elongation at fracture decreased from 440% to only 50% with 

concentrations higher than 10 mM.  

We further probed the impact of moisture on the mechanical properties of crosslinked 

films, particularly stiffness, with additional sets of tensile tests performed under different 

relative humidities. The dependence of calculated Young’s Moduli on both relative 

humidity and incorporation of Fe3+ is shown in Figure 5.12. While increasing the density 

of crosslinking did stiffen these films regardless of humidity, these films also maintained 

sensitivity towards humidity after crosslinking, indicating the importance of hydrogen 

bonding in the structure of these films. As an example of these trends, the moduli of films 

with similar concentrations of Fe3+ (absorbance ~ 0.11) increased from 0.13 MPa at high 

RH (> 40%) to 1.7 MPa at intermediate RH (~33%), and was as high as 3.8 MPa at low 

RH (< 25%). In addition, when using an iron(III) solution with a concentration higher than 

20 mM, although the absorbance could still increase, the stiffness of the films reached a 

plateau or even decreased slightly. The same trend has been observed by others in similar 

systems, who attribute this phenomenon to the decreased stability constant of the 

coordination resulting from the increasing acidity of the environment.227-229 
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5.6 Photo-responsiveness of crosslinked films 

In this work, we also used UV light to control the stiffness of the iron-crosslinked 

PAA/PEO LbL films. As shown in Figure 5.13, irradiating (20 minutes, 2 mW/cm2) a film 

crosslinked with 5 mM Fe3+ decreased in stiffness by 30% (0.64 MPa to 0.45 MPa). 

Meanwhile, the absorbance at 365 nm decreased by 17% due to the reduction of Fe3+ to 

Figure 5.13: Left: Tensile curves of films before irradiation (Before, pink), after UV 

irradiation for 20 minutes (After, brown), and after storing in the dark for a day after 

irradiation (Dark, green). All the tests were performed on the same day using films from 

the same batch and the same crosslinking process. Right: The Young’s Moduli of iron-

crosslinked films without irradiation (Before UV, pink), irradiated for 20 minutes (After 

UV, brown), and kept in dark for one day after irradiation (After Dark, green). Reproduced 

from Ref.1. Copyright © 2022, American Chemical Society 
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Fe2+, which has reduced extinction efficiency in the UV.229 The iron in these films could be 

re-oxidized by storing the film in the dark under otherwise ambient conditions. The 

stiffness recovered past the original value by approximately 30%, and the strain at break 

fell from 15% to 8%. We suspect that rearrangements of the cross-linking occurred during 

the cycle of iron reduction and oxidation, in addition to chemical changes within the films 

due to the irreversible nature of the overall chemical reaction. The impact of irreversible 

changes was further evidenced by repeating the irradiation/oxidation cycle three times 

(Figure 5.13), in that there was some reversion of the absorbance with each step, but with 

noticeable fatigue. Furthermore, evidence for a cycle of photoreduction/air oxidation of the 

iron ions in these films arose from selective 1,10-phenanthroline complexation of Fe2+, as 

shown in Figure 5.14. The signature absorbance peak of Fe2+-phen complex (515 nm) 

appeared only after the film was irradiated.230 Subsequently, the absorbance due to this 

complex decreased when irradiated films were stored in the dark, consistent with re-

oxidation to Fe3+. 

Scheme 5.1: Proposed photo-reduction of iron complex. Reproduced from Ref.1. 

Copyright © 2022, American Chemical Society 
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Figure 5.14: Evidence of Fe2+ ion formation upon irradiation of crosslinked films by 

complexation with 1,10-phenathroline. The absorbance spectra of supernatants without 

phen are shown with dashed lines, showing that there is no peak between 400-600 nm either 

before or after the irradiation. In contrast, only films irradiated with UV light did the 

supernatant give a signature orange color and a peak at 515 nm in the spectrum, which 

indicates the formation of Fe(II)-phenanthroline complex. After recovering in the dark for 

two days, absorbance due to the Fe2+ complex was 80% lower, consistent with air oxidation 

of Fe2+. Reproduced from Ref.1. Copyright © 2022, American Chemical Society 
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5.7 Conclusion 

We have developed an operationally simple method to overcome the poor mechanical 

stability of hydrogen-bonded PAA/PEO LbL films under high humidity environments. 

These films contain inexpensive polymers and readily can be assembled to a thickness of 

microns. The ionic crosslinking method is synthesis-free, low-cost, and readily controlled 

through ion concentration. The crosslinked films are also reversibly photo-responsive, 

which allows the use of light to modulate their mechanical properties. Disadvantages of 

this approach include low photo-reduction efficiency, a limitation to acidic environments, 

and challenges in quantitatively precise control of light-induced modulation. We anticipate 

that our work could provide alternative approaches for improving and tuning the 

mechanical stability and stiffness of various LbL films, which has the potential for impact 

in controlling cell adhesion231 or drug delivery232. 

5.8 Experimental section 

Materials 

Poly(acrylic acid) (MW ca. 240,000, 25.8% solid in water) was purchased from 

Scientific Polymer Products. Poly(ethylene oxide) (MW ca. 600,000) was purchased from 

Polysciences. Ferric chloride hexahydrate was purchased from Fischer Scientific. All 

materials were used without any further purification. Deionized (DI) water was used for all 
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film fabrication and crosslinking.  

Fabrication of PAA/PEO Films  

PAA solutions and PEO solutions at concentrations of 0.2% (w/v) were prepared by 

dissolving the polymers separately in DI water followed by stirring overnight at ambient 

temperature. Then, the pH of the two solutions was adjusted to 2.5 with 1 M HCl and 1 M 

NaOH aqueous solutions. An acidic rinsing solution was also prepared by adding 1 M HCl 

into DI water until the pH reached 2.5. The solutions were then filtered to remove any 

insoluble residues. Each filtrate was transferred into separate containers of a Midas III 

Automated Slide Stainer, which enables simultaneous immersion of up to 20 substrates 

following a user-programmed sequence. Polypropylene (PP) sheets (1/16-inch thickness, 

McMaster-Carr) were used as substrates for film deposition. PP substrates were cut into 

~7.5 cm × 2.5 cm rectangles and washed by sequential sonication in ethanol and DI water. 

The slide stainer was programmed to first immerse the substrate in the PEO solution for 5 

minutes, followed by two rinsing steps (one of 4 minutes and a second of 1 minute) in 

separate pH 2.5 rinsing solutions. These substrates were then immersed into the PAA 

solution, rinsed for 5 minutes as described above, to then yield a polymer bilayer deposited 

on each PP substrate. After approximately 20 hours, 60-bilayer coatings were obtained. All 

films were air-dried overnight in the ambient environment.  
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Crosslinking of PAA/PEO Films with Fe3+ 

Air-dried PAA/PEO films on PP substrates were immersed into an aqueous solution 

of ferric chloride for 10 minutes. Different concentrations of Fe3+ afforded films with 

different degrees of crosslinking. The films were then rinsed by immersion in a pH 2.5 

rinsing solution for 10 minutes to remove weakly bound iron ions. After air-drying 

overnight, the crosslinked films could be peeled off their PP substrates with tweezers to 

afford free-standing films.  

Film Characterization.  

Characterization experiments were performed at least three times unless described 

otherwise. To avoid the effect of material aging, the mechanical properties of all films were 

tested within three days of their preparation. The absorbances of free-standing films were 

measured by a UV-vis spectrophotometer in double-beam mode using a quartz glass for 

background subtraction spectra. The free-standing films analyzed by spectrophotometry 

were placed onto a quartz glass substrate before acquiring spectra. 

Attenuated Total Reflection Fourier transform infrared (ATR-FTIR) spectroscopy was 

performed using a Jasco FTIR 6200 spectrometer equipped with PIKE Technologies Single 

Reflection MIRacle ATR accessory. Baseline-corrected spectra were collected in 

transmittance mode over a range of 600–4000 cm-1 at 4 cm-1 resolution and averaged over 
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32 scans to improve the signal-to-noise ratio. All the FT-IR tests were directly performed 

on the free-standing films over an  area of ca. 1 cm2 under ambient conditions. 

Tensile testing of thin films was performed on a TA Instruments RSA3 Dynamic 

Mechanical Analyzer (TA Instruments, New Castle, DE). Measurements were performed 

under ambient conditions, with relative humidity measured and noted. Prepared films were 

cut into rectangular shapes, typically 10 mm × 15 mm. All samples (except those that were 

photo-irradiated) were equilibrated in the dark for at least 30 minutes before testing. Strain-

controlled measurements were performed in transient mode, at a constant strain rate of 0.1 

mm per second.  

Differential scanning calorimetry was performed with a TA Discovery 250 DSC under 

constant nitrogen flow. Heat-cool-heat cycles were performed on the films with ramp rates 

for both heating and cooling of 10 ºC/min. The data were collected from the second heating 

process to avoid artifacts from the thermal history of samples. 

Microscopy 

Field-emission scanning electron microscopy (FE-SEM) was performed with an 

AMRAY 1845 FE-SEM with SEMView8000, refurbished by SEMTech Solutions (North 

Billerica, MA). Sample coupons ca. 0.5-2 cm2 were cut for SEM imaging with scissors. 

Cross-sections were obtained by gently scoring the film near one edge with a razor blade 
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and peeling back the film. Samples were then mounted on aluminum stubs using carbon 

adhesives. Samples were coated with 5-10 nm of sputtered gold, to limit charging during 

imaging, using a Polaron SC502 sputter coater.  

Energy-dispersive X-ray spectroscopy (EDS) was performed using the SEM beam 

and a Thermo Scientific Noran System 6 detector. The EDS detector is mounted normal to 

the imaging beam, so the sample stage was tilted 20° towards the detector during analysis. 

All samples were analyzed at 2000× magnification, 15 kV imaging voltage, and a working 

distance of 22 mm. Preliminary experiments showed that the number of iron counts 

observed at a single location was sensitive to the working distance, and maximized around 

22 mm. EDS maps were collected from at least four locations on all iron-containing films 

and averaged. For the uncrosslinked film, two locations were sampled and both showed no 

iron (0 counts in both locations).    

Photo-responsiveness 

Each film was irradiated with a 200 W Hg/Xe lamp equipped with a condensing lens, 

water filter, and manual shutter. Wavelengths of irradiation were selected with appropriate 

filters. The power density varied between 30-70 mW/cm2 when different filters were 

applied. Alternatively, films were irradiated with a hand-held UV lamp (235/365 nm, 2 

mW/cm2). To measure the variation in stiffness, films were left on the PP substrates for 
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irradiation and equilibration until subjected to tensile testing. A set of films were irradiated 

with the same light source a day before the tensile test and stored in the dark, which allows 

all the tensile tests to be performed on the same day, to minimize the impact of 

environmental conditions. Reversibility tests were carried out by peeling crosslinked films 

off the PP substrate and placing them on a piece of quartz glass, and then subjecting them 

to cycles of irradiating and storing in the dark. Changes in absorbance due to iron 

photoreduction, and subsequent air oxidation, were monitored by UV-vis 

spectrophotometry. 
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