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Abstract 

To understand the relationship of structure and chromogenic properties of zwitterionic 

chromophores, dicyanomethane-based (FDCN and MPCT) and tricyanoquinodimethane-

based (PpQDM) chromophores were studied. These chromophores are selected based on the 

design to have different conjugation lengths and thus have the three primary colors: yellow 

(FDCN), magenta (MPCT) and cyan (PpQDM). All of the three chromophores exhibited 

intense absorption in the UV-Vis region with relatively high molar extinction coefficients (ε) 

attributed to strong charge transfer (CT) from the negatively charge dicyanomethanide to the 

positively charged nitrogen in pyridinium. 

In this regard, the chromogenic (i.e., color-changing) properties, including 

solvatochromism, halochromism, and thermo-halochromism of the three chromophores were 

studied in solution, polymer gel and solid polymer. Distinctive chromogenic features of 

these zwitterionic chromophores were governed by structural factors, including the strength 

of the donor and acceptor moieties in addition to the nature of the bridging unit.	  Thermo-

halochromic behavior of the chromophores was based on the protonation of the 

chromophore by acid and consequently deprotonation by heating. Moreover, the color-

changing process could be reversible and irreversible, depending on the nature of a medium. 

Using malononitrile and a polymer gel as a medium, thermo-halochromic process was 

irreversible, whereas in a suitable polymer host (i.e., PS, PMMA and PS-co-PMMA), these 

chromophores showed reversible thermo-halochromic behavior.  

Strong charge transfer (CT) of the zwitterionic chromophores in UV-Vis range in 

addition to their easily CT turned on-off properties eventually led to perform an evaluation 

based on their potential application as indirect thermo-indicators. FDCN (as the studied 

chromophore) demonstrated to be capable of reversibly switching on and off the fluorescence 

of the commercial fluorescent dyes under external stimuli of heat and pH changes. 
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1  Chapter I   Introduction  
 

Chapter 1 Introduction 

This chapter provides background information on zwitterionic chromophores and their 

properties. Moreover, it gives an overview of various thermochromic polymers. 

1.1 Zwitterionic Chromophores 

A zwitterion refers to a molecule with a positive and negative electrical charge. 

Zwitterionic chromophores are classified as one of the important types of the intramolecular 

charge transfer (CT) molecules that bear donor and acceptor moieties at opposite ends of their 

π-conjugated systems (Dδ+-π-Aδ-; D, donor; A, acceptor; δ, degree of CT) (Scheme 1.1). 

Accordingly, push-pull zwitterionic chromophores can exhibit a highly zwitterionic ground 

state and a quinoidal excited state. 

 

Scheme 1.1. Schematic representation of zwitterionic chromophores. 

Zwitterionic chromophores have been investigated for potential applications as 

thermochromic and halochromic materials. They also show a high hyperpolarizability and 

therefore are investigated for nonlinear optical (NLO) applications.1-3 Moreover Zwitterionic 

chromophores have been used as solvent polarity indicators due to their large negative 

solvatochromic effect observed in solvents of increasing polarity. The wide range shifting of 

the longest wavelength CT absorption band from the ultraviolet-visible (UV-Vis) to near 

infrared (NIR) region have made them be a subject of curiosity-driven research in the 
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biological, clinical and environmental analyte sensing fields in the recent years. However, 

despite the significant effort made in this field, a few number of zwitterionic chromophores 

with small band gap have been explores as NIR molecular fluorescent probes.4 To achieve a 

successful design and development of new dipolar zwitterionic chromophore as potential 

smart materials and fluorescent probes, understanding the relations between the structure and 

the corresponding properties are obviously essential. 

Distinctive features of zwitterionic chromophores mainly depend on the mutual 

influence of several factors, such as the strength of the end groups and the connectivity of the 

π-electron bridge. In fact, in these molecules, the position of the charge transfer (CT) 

absorption band depends on the electron affinity of the acceptor moiety and the ionization 

energy of the donor part. In this regard, a bathochromic (red) shift of the CT absorption band 

would occur via introduction of electron-withdrawing substituents in the acceptor part, 

leading to an increase of its electron affinity.5 

The combination of the two states (i.e., the neutral and the zwitterionic forms) of the 

zwitterion molecules can be estimated through the use of structural parameters among which, 

bond length alternation (BLA),6 defined as the difference between the average carbon-carbon 

single and double bond lengths in the polymethine backbone would be dominant. Based on 

the BLA models, the molecular first hyperpolarizabilities (β) values can be increased by 

decreasing of HOMO-LUMO transition energies or having reduction in the BLA of the entire 

conjugated systems and employing suitable electron donor and acceptor groups. In fact, the 

mentioned features would facilitate electron delocalization, which in turn results in small 

optical gaps in zwitterionic chromophores. 
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Furthermore, the nonlinear optical (NLO) properties of zwitterionic chromophores in 

addition to their applications in different fields of interest have been widely investigated. 

Accordingly, organic second-order NLO materials have attracted much attention in the past 

two decades pertaining to their potential applications in telecommunication, optical data 

storages, optical switches and photonic nano-micro devices.7,8 In this regard, the molecular 

first hyperpolarizabilities (β) of zwitterionic chromophores, characterized as the microscopic 

NLO efficiencies, are attributing to their electronic CT excitation occurring between the 

ground and the excited states of these molecules. 

Based on different types of zwitterionic chromophore, some structures are presented 

in Table 1.1 to Table 1.3. Betaines (1) and merocyanines (2) are known as zwitterionic 

chromophores which both show significantly large negative solvatochromism (Table 

1.1).5,9,10 As an example, based on the table, the longest wavelength CT absorption band is 

hypsochromically shifted (i.e., blue shifted) by 357 nm upon changing the solvent from 

diphenyl ether (λmax = 810 nm) to water (λmax = 453 nm).5 

Merocyanines have been considerably attracted as an important family of zwitterionic 

chromophores both in industry and academia, during the past years.11,12 Based on the 

represented forms for the two "Neutral" (N) and "Zwitterionic" (ZW) states of zwitterionic 

chromophores, merocyanines can be also depicted schematically as follows (Scheme 1.2). In 

fact, the intermediate situation corresponding to the ideal polymethine state, called the 

"Cyanine Limit" (CL) has been shown here, as well. 
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Table 1.1. Representative structures of betaine and merocyanine zwitterionic chromophores. 

Name Structure Properties Ref 

 
 
 

1 
 
 
 

 

 
 

 
Δλmax = -357 nm 

(λwater - λether)  

 
 
 
5 

 
 
 

2 
 
 
 

  
 
 

Δλmax = -128 nm 
(λMeOH - λCHCl3)  

 
 
 

10 

 

 

 

 

Scheme 1.2. Canonical forms of merocyanines.  

The contribution of each of these canonical structures depends either on the nature of 

the subunits and also the surrounding medium (which can be exemplified by their 

solvatochromism),13 allowing their final optical and photophysical properties to be tuned 

based on the interplay between the above factors. Phenylpolyene end-capped with aromatic 

donor and the strong tricyanofuran-based (TCF) acceptor groups (3, 4) are another class of 

zwitterionic chromophores (Table 1.2).14 

D A D A D A

N CL ZW
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O
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CN
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N OH
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CN
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Table 1.2. Zwitterionic chromophore structures containing polyphenylenes bridge with TCF 

acceptor. 

Name Structure Properties Ref 

 
 

3 
 
 
  

 
 

λ!"#(!"#) = 570 nm 
 

 
 

14 

 
 
 
 

4 
 
 
 

 

 
 

λ!"#(!"#) = 605 nm 
 

 
 

14 

 

Another class of zwitterionic chromophores are molecules containing heteroaromatics 

(e.g. thiophene) in the π-bridge. The schematic representation of the two ground and excited 

states of an example of these chromophores has been shown in Scheme 1.3.15 

 

Scheme 1.3. Zwitterionic chromophore containing heteroaromatics (e.g. thiophene) in the π-

bridge. 
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Moreover, D+-π-A- tertiary amine/tricyanoquinodimthane-based (3CNQ) 

chromophores (Table 1.3) can be mentioned as another zwitterionic family, which have been 

extensively studies due to their optical properties.3,5,16 

Table 1.3. Representative of D+-π-A- tertiary amine/tricyanoquinodimthane-based (3CNQ) 

zwitterionic chromophores. 

Name Structure Properties Ref 

 
 
 

DEMI 
 
 
  

 
 

λ!"#(!"#) = 693 nm 
 

 
 
3 

 
 
 

PQDM 
 
 
 

 

 
 
 

λ!"#(!"#) = 694 nm 
 

 
 
 
3 

 
 
 

QQDM 
 
 
 

 

 
 
 

λ!"#(!"#$) = 712 nm 
 

 
 
 

16 

 

In fact, 3CNQ is one of the best acceptors known to date, which is based on the 

electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) and firstly reported in 1960.17 

TCNQ has been shown to react readily with tertiary amines such as triethyl amine to form 

stable zwitterionic molecules such as DEMI compound.3,5 
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1.2 Properties of Zwitterionic Chromophores 

The term "chromic" is defined as materials that can change color with the presence of 

a factor. Specific compounds and materials can change their visible optical properties in 

response to an external stimulus. In terms of the applied stimulus, they can be classified as 

thermochromic (temperature), solvatochromic (polarity), halochromic (acidity), 

photochromic (light), electrochromic (electric field), piezochromic (pressure), ionochromic 

(ion concentration) or biochromic (biochemical reaction).18 

1.2.1 Solvatochromism 

The "solvatochromism" term is used to describe the change of position, intensity, and 

the shape of the UV-Vis absorption spectrum of the chromophore in the solvent of different 

polarity.19 Positive solvatochromism refers to the absorption of the chromophore, which has a 

neutral ground state show a bathochromic (red) shift with increasing solvent polarity. On the 

other hand, when the chromophore has a charge-separated ground state, it leads to negative 

solvatochromism refers to a hypsochromic (blue) shift of their absorption with increasing 

solvent polarity. According to the zwitterionic nature of the chromophore, a strong negative 

solvatochromism effect can be observed as a function of the medium polarity.4 Moreover, in 

the case of negative solvatochromism, increasing the solvent polarity would stabilize the 

ground state of the zwitterionic chromophores. 

1.2.2 Thermochromism 

Thermochromic (TC) materials, particularly dyes and pigments that are capable of 

having color changes by varying the temperature, have been a subject of considerable 

interests in academic research for decades pertaining to their potential applications in a 

number of industries such as inks, plastics, paints and textiles. TC materials, due to their 
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temperature-sensitive features are widely explored as "smart materials" to be practically used 

in devices such as tuneable light filters, thermal indicators, chemo/biosensors, smart 

windows, imaging devices and optical switching.18,21 

1.2.3 Halochromism 

Term of "halochromism" means the color change which occurs via adding acid (or 

base, or a salt) to a compound.18 In other words, halochromic materials are materials that 

change color when pH changes take place (i.e., the external stimulus is pH). 

The color changes of halochromic substances occur based on the bindings between 

the chemical and the existing hydrogen and hydroxide ions in solution. The resulting bonds 

make changes in the conjugate systems of the molecule, or the range of electron flow. This 

affects the amount of light absorbed, which in turn results in a visible change of color.20 

1.2.4 Thermo-halochromism 

Thermo-halochromism is defined as the halochromism effect, which can be 

influenced by temperature variation. In fact, a rise in temperature may increase or decrease 

the halochromic shifts, resulting in a positive or negative thermo-halochromism. In an 

analogous way, when halochromic response is varying with temperature changes, this can be 

termed as thermo-halochromism.22 

As previously mentioned, pyridinium-N-phenolate betaine dyes are known as an 

interesting family of zwitterionic compounds, whose UV-Vis spectra are rather sensitive to 

its environment. These compounds are capable of sensing the changes of the solvent nature or 

composition (solvatochromism), the temperature (thermochromism), the nature or 

concentration of added electrolytes (halochromism) and the medium pressure 

(piezochromism).23,24 
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In this regard, a negative and a positive halochromic behavior of these dyes in 

solution and in the presence of organic and inorganic salts has been described.25-28 In one 

study,22 variations of the position of the CT band of a pyridinium-N-phenolate betaine; i.e., 

Reichardt’s Dye (Scheme 1.4) were investigated in a number of solvents including methanol, 

1-propanol, 1-butanol, acetonitrile (MeCN) and N,N-dimethylformamide (DMF), in the 

presence of increasing concentration of NaI salt, at 15 °C and 55 °C. In all cases, increasing 

the cation concentration resulted in a hypsochromic shift (blue shift) of the CT band. 

 

Scheme 1.4. Molecular structure of the pyridinium-N-phenolate betaine dye 

(Reichardt’s Dye). 

The thermo-halochromism of the mentioned dye is in fact the result of the interplay of 

three interactions occurs in the solution: a dye-cation, a dye-solvent and a cation-solvent 

interaction, and of how temperature affects these interactions. A simplified picture of this 

three-component system can rationalize the observed trend, based on the two following 

dissociation processes, in which PhO- (solv) stands for the solvated pyridinium-N-phenolate 

betaine dye and the solvated Na+ is actually regarded as the cation component. 

 



10  Chapter I   Introduction  
 

NaI (solv)               Na+ (solv) + I- (solv)    (1) 

PhONa (solv)          PhO- (solv) + Na+ (solv)   (2) 

Any factor that favors the NaI dissociation (1) will result in the higher concentration 

of free Na+ (solv) and shift the equilibrium (2) to the left and therefore, increasing the dye-

cation association. 

Moreover, further studies showed that in less polar solvents, the NaI molecules would 

require higher temperature as the solvating power of the Na+ and I- ions decrease in such 

cases. Regarding the solvent polarity as a measurement of the strength for salt dissociation, 

the betaine molecule exhibited a negative thermo-halochromism in polar solvents like 

methanol or DMF, whilst in less polar solvents like 1-propanol, 1-butanol and MeCN it 

showed a positive thermo-halochromism. 

The above analysis is in fact based on the systems in which the solvent and the salt are 

different chemical species. Study of the thermo-halochromism of dyes in ionic liquids (IL) 

has recently received increasing attention, since ionic liquids can act both as solvent and 

electrolyte, so that such studies can be considered an ultimate description of the thermo-

halochromism behavior of a dye.22 

1.3 Thermochromic Polymers 

In attempting to design all organic/polymeric materials as active components to 

incorporate zwitterionic chromophores, a number of criteria need to be addressed and certain 

parameters have to be traded.14 Thermochromism can appear in different classes of polymers, 

including thermoplastics, gels, inks, paints and coatings.20 As one particular case of 

thermoplastic polymers, fiber materials should be mentioned. Thermochromic cellulose 
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fibers, which were fabricated by incorporating the commercial thermochromic pigments, 

have been reported.29 To fabricate the thermochromic cellulose fibers, firstly the 

thermochromic pigments have been dispersed into a cellulose spinning solution and then 

followed by spinning fibers from the modified solution. The obtained fibers are reported to 

exhibit a thermochromic color intensity change from magenta to colorless at a temperature of 

32.7 to 32.9 °C, switching range of 0.2 °C. 

Thermochromic effects can be caused by the polymer itself or via an embedded 

thermochromic additive. A list of different types of thermochromic polymer materials is 

displayed in Table 1.4.20 

Table 1.4. Different types of thermochromic polymer materials. 

Polymers Thermochromic themselves 
Polymer Materials Doped with 

Thermochromic Additives 

Liquid Crystalline Polymers Leuco Dye-developer Solvent Systems 
Conjugated Polymers Dyes embedded in Polymeric Hosts 

Swollen Gel Network of Conjugated 
Polymers 

Conjugated Polymers / Polymer Blends 

1.3.1 Liquid Crystalline Thermochromic Polymers 

The potential application of liquid crystals with helical superstructures (known as 

cholestric liquid crystals) for optical data recording in the realm of information technology is 

one of the main driving forces for their further development.30 
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The cholestric liquid crystals are a type of liquid crystals with a helical structure in 

which the crystals are organized in layers with a director axis that varies with layers (Figure 

1.2). 20 

 
Figure 1.2. Schematic of cholestric liquid crystals structure. 

In this regard, two methods are used to fix the helical superstructures: freezing in the 

molecular structure by cooling into a glassy state or carrying out a crosslinking reaction 

whereby a polymer network structure is formed.31,32 Depending on temperature, different 

colors can be appeared which on fast cooling into glassy state, they can be fixed. However 

with these materials it would be rather difficult to create patterns with different colors since 

several hours will be required to gain an equilibrium state in the helical structure since after 

the temperature changes occur within the cholestric phase.20 

1.3.2 Leuco Dye-Developer-Solvent Systems 

Leuco dye-developer-solvent systems can be mentioned as materials in which the 

polymer is doped with thermochromic additives. These systems include an electron-donating 

chromogenic compound (leuco dye), an electron acceptor (developer) and a matrix 

component (solvent).20 Phenylmethane and fluoran derivatives bearing a lactone ring moiety 

are known as the most electron-donating chromogenic compounds. In fact, in the lactone 
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ring-closed state, these so-called leuco dyes or color formers are either colorless or light 

yellow color. Therefore, formation of a zwitterionic structure occurs via a ring-opening 

reaction of the lactone ring resulting by the presence of an electron-accepting developer. As a 

result of this reaction, the conjugated π-electron system of the dye will be extended and the 

longest wavelength absorption peak will shift from the UV to the visible range and thus, the 

dye will become colored. The presence of an appropriate solvent component enabled the 

color-forming reaction to be reversible with temperature. In the solid state, the leuco dye-

developer-solvent systems are colored, whereas they transform into a colorless liquid on 

heating above their melting temperature. The solvent function as an inhibitor of the color-

forming reaction, whilst it obviously does not interfere with the formation of the color in the 

solid state.20 

Despite knowing the color-forming reaction of leuco dyes for more than 50 years, the 

detailed molecular mechanism is still unclear to some extent. A proton-triggered ring 

opening/ring-closing mechanism was initially revealed as the only model discussed in the 

literature, until about 15 years ago. Based on this model, the effectiveness of the developer is 

measured according to its acidity in order to drive the ring-opening/ring-closing equilibrium 

of leuco dyes towards their ring-open color state. However, this simple model was not able to 

explain the experimental results, in many cases.33 

In general, reversible thermochromic systems consist of at least three components: a 

leuco dye, a developer and a solvent. The additional third component actually makes the 

system even more complex. In most of the solvent components reported in literatures, long 

hydrocarbon chain bearing a polar end-group on one side of the chain is present. The 

presence of the hydrocarbon chain and the polar end group allow disperse–disperse 
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interaction and a polar–polar interaction, respectively.  In leuco-dye developer systems, the 

latter interaction especially occurs between the solvent and the developer. The reversible 

thermochromic effect of these systems has been explained based on a competition between 

dye–developer and solvent–developer interactions.34,35 

In the solid state the dye–developer interactions dominate and colored dye–developer 

complexes are formed. On the other hand, the solvent–developer interactions prevail on 

heating from the solid into the molten state. Therefore, decolorization of the system occurs 

once the dye–developer complexes are destroyed. Corresponding melting compounds 

composed of two developer molecules and one solvent molecule are observed in the binary 

phase diagrams between different developers and solvents.34,36 

On the other hand, although there is a number of examples for reversible 

thermochromic leuco dye-developer-solvent systems, a few examples of two-component 

systems have been reported, in which one component has the both function of solvent & 

developer.37,38 Comparing to the three-component leuco dye-developer-solvent systems, the 

reversible thermochromic two-component systems are colorless in the solid state and colored 

in the molten state. One example of these systems is a mixture of fluoran leuco dye with 

octadecylphosphine acid in which on heating the mixture (above 100 °C), it completely melts 

and becomes colored, whereas cooling at low rates results in a crystallization of the mixture 

at about 70 °C following by decolorization. Other experiments in the realm of leuco dye-

developer-solvent systems have confirmed the possibility of a combination mechanism of the 

ring-opening/ring-closing of the leuco dyes including the proton-transfer complexes.20 
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1.4 Host Polymers 

1.4.1 Polymer Gel 

Based on the weight, gels are mostly liquid, whilst they behave like solids due to their 

three-dimensional cross-linked networks within the liquid phase. In other words, polymeric 

gel networks are solvent-filled matrices, formed by cross-linking reactions in which weak 

physical interactions or strong chemical interactions can be present. Polymeric gel networks 

have been reported to be utilized in different fields of interest, such as drug delivery systems, 

coatings, food and cosmetics, or as matrix structures in tissue engineering and smart 

materials.39,40 

Accordingly, Sol-gel process is also widely known as one particular strategy, which 

involves the transition of a solution system from a liquid "sol" into a solid "gel" phase. By 

employing the sol-gel process, it would be possible to fabricate advanced materials, including 

ceramics and organic-inorganic hybrids.41 

Polymer gels provide a useful platform for studying the thermochromic properties, 

including different strategies such as introducing indicator dyes into the polymeric gel 

media.42 In this study, pyridinium N-phenolate betaine dye (Reichart’s Dye), which has been 

introduced as a well-known compound due to its strong solvatochromism exhibited 

significant thermochromic properties via embedded in an aqueous polyvinyl gel network. In 

this case, the color changes occurred reversibly from colorless to a deep violet via heating. 

The observed thermochromic behavior can be explained by a temperature-induced shift of the 

proton-transfer equilibrium between the phenolate and the phenol forms of the dye molecules 

in the microenvironment of the employed polymeric gel network. Thermochromic properties 

of this dye have been widely studied according to its highly zwitterionic ground state.  
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In this regard, a hydrogel (i.e., a network of polymer chains that are hydrophilic) can 

act as a medium in thermochromic materials for incorporated dye molecules.43 Successive 

studies have been carried out by Seeboth et al. based on embedding dyes with thermochromic 

properties in hydrogel networks.42-45 First example of reversible thermochromic of phenol-

substituted dyes embedded in transparent hydrogels has been reported in 1998,44 in which the 

same proton-transfer equilibrium was dominant in the system. 

Thermochromic phenomenon in polymeric gel media can be expected to have 

different applications including thermal sensors, smart windows, etc. In some cases, this color 

change is permanent (i.e., irreversible). Based on irreversible behavior, engineered 

thermochromic systems have been designed to be utilized in different areas such as 

monitoring labels (i.e., temperature sensing stickers) utilized to ensure food safety during 

storage and transportation.46 

The incorporation of zwitterionic chromophores into an appropriate matrix is quite a 

challenging task. During the past years, polymeric gel materials have become an interesting 

field of research, mainly as a host component for NLO applications of zwitterionic guest 

compounds, based on the very specific requirements of the zwitterionic nature of the 

chromophores upon incorporation in a solid matrix. The high versatility of preparing gel 

networks from polymer solutions offers a wide range of possibilities to design materials in 

terms of various structures and functionalities.14,20 

1.4.2 Guest-Host Polymer Systems 

Investigations have shown that thermochromic chromophores can be successfully 

introduced into polymer matrices and the reversible thermochromic effects can be retained. 



17  Chapter I   Introduction  
 

Accordingly, combinations of chromophores and solvents in polymeric media such as 

polyethylene (PE) and polypropylene (PP) have been developed.47 

Guest-host polymeric systems are known as the simplest approach in which the 

chromophores, as the guest, are physically incorporated into a polymer host. In this regard, 

structural features of the zwitterionic molecules, synthetic expediency, and transparency of 

the polymeric host component and its compatibility with the doped guest chromophore 

molecules in addition to thermal properties and photostability of the components should be 

mentioned.48 Combination of different polymer matrices and chromophores can be facilitated 

via this approach, however it suffers from a number of drawbacks including low 

concentration of chromophores that can be doped in the polymer without aggregation.48,49 

In one example, guest-host polymeric thermochromic materials have been prepared 

via incorporation of cyano-substituted dyes into a polyamide medium.50 Dyes with reversible 

thermochromic behavior have been also identified in which emulsion polymerization has 

been utilized to encapsulate the dye molecules. In this regard, thermochromic coatings used 

as the paints for buildings have been designed through blending the prepared 

microencapsulated thermochromic dyes with ordinary white paints. The colors of these 

systems can be reversibly changed from warm tones to cool tones upon increasing 

temperatures.51 

Thermochromic displays can be mentioned as one candidate for chromatic 

applications. In the past recent years, novel polymer-based display types have been fabricated 

from thermochromic compounds.52,53 In addition, polymer-based thermochromic systems 

have been also reported with a potential application as smart windows.20 
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In some cases of incorporating a thermochromic material into a polymer matrix, both 

components build separate phase and their phase structures would not be influenced by the 

other component. In this regard, microencapsulated leuco dye-developer-solvent systems, 

inorganic pigments and conjugated polymers are suitable candidates for this purpose, among 

which leuco dye-developer complexes are the most important systems to achieve 

thermochromic properties for different polymer materials by introducing a separate phase of 

the thermochromic system in a non-thermochromic polymer matrix. Due to their importance 

for the development of thermochromic materials, the properties are of these systems (i.e., the 

leuco dye-developer complexes) have been discussed in much more details in the 

literatures.20 

1.5 Dicyanomethane-based Zwitterionic Chromophores 

The current research has been focused on the study of the properties of two novel 

dipolar zwitterionic chromophores; a dicyanomethane-based one (i.e., FDCN with a trivial 

name of N-alkylpyridinium fluorophenyl dicyanomethane), and a pyridinium 

tricynoquinodimethane-based one (i.e., PpQDM with a trivial name of methylpyridine N-

methylpyridinium tricynoquinodimethane), previously synthesized in our group.54 In 

addition, a dicyanomethane-thiophene-based zwitterionic chromophore, (i.e., MPCT with a 

trivial name of N-methylpyridinium dicyanomethane thiophene) with a conjugation length 

between FDCN and PpQDM has been synthesized in this research via a facile and clean 

synthesis route based on a work carried out by Abbotto et al. in 1997.55 The major goal of this 

research was the characterization of the three mentioned zwitterionic chromophores (Scheme 

1.5) with respect to their intrinsic halochromic properties depending on pH alternation and 

solvatochromic properties depending on solvent polarity changes (Chapter 2). 
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Moreover, the thermo-halochromic properties of the mentioned chromophores 

depending on both pH and temperature changes were investigated in solution phase as well as 

by primarily incorporating them into some appropriate polymeric and gel media in addition to 

a final study as the thermo-indicator carried on their CT on-off properties displayed by an 

indirect photoluminescence (PL) off-on of the commercial dyes (Chapter 3). 

 

 

Scheme 1.5. Chemical structures of FDCN, MPCT and PpQDM chromophores. 

Accordingly, the zwitterionic chromophores with tunable conjugation lengths have 

been resulted in providing the three primary colors; i.e., yellow (FDCN), Magenta (MPCT), 

and cyan (PpQDM). In this regard, the potential designing of a full-spectrum color indication 

based on the chromophores combination can be investigated in future, pertaining to the 

subtractive color theory. On the other hand, strong charge transfer (CT) of the mentioned 

zwitterionic chromophores in UV-Vis range in addition to their easily CT turned on-off 

NC
H

N
N

CH3

CH3

CNNC

H

N

CNNC

C6H13

F N
S

CN

CN

Me

PpQDM

MPCT

FDCN



20  Chapter I   Introduction  
 

properties resulting in reversible thermo-halochromism behaviors leading to potential 

application as indirect thermo-indicators. 

 

1. 6 Rationale and Objectives 

As previously mentioned, dipolar zwitterionic chromophores have distinguished 

features mainly depend on the mutual influence of the strength of the donor and the acceptor 

extremities of the molecules in addition to the connectivity of the π-electron bridge. 

Pertaining to introduction of electron-withdrawing substituents in the acceptor part, a 

bathochromic (red) shift of the CT absorption band would occur resulting in an increase of its 

electron affinity. 

This research is particularly interested in development and study of dipolar 

zwitterionic chromophores with the potential of thermo-halochromic applications with 

emphasis on their strong absorption and chromic properties. In order to gain a comprehensive 

knowledge of zwitterionic chromophores for potential applications, it is essential to better 

understand the structure-property relationship, in particular the strength of the donor and 

acceptor moieties and the conjugation length. Therefore, the main objectives of this research 

are: 

1) To synthesize three zwitterionic chromophores, i.e., FDCN (yellow), MPCT (magenta) 

and PpQDM (cyan), having different conjugated lengths (labelled as short, medium, and 

long), colors, and solvatochromic and halochromic properties. 

2) To investigate the halochromism and thermo-halochromism of these chromophores as a 

guest in three different media: solution, polymer and gel network. 



21  Chapter I   Introduction  
 

3) To demonstrate the use of FDCN as a trigger to switch on and off the fluorescence of 

commercial fluorescent dyes under external stimuli of heat and pH changes.  
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Chapter 2 Synthesis and Characterization of Zwitterionic Chromophores 

2.1 Introduction 

Development of thiophene-derived zwitterionic chromophores with enhanced thermal 

stability was triggered about two decades ago.1,2 Within these compounds, particularly large 

molecular hyperpolarizabilities were found once dicyanovinyl and tricyanovinyl acceptors 

are present in the chromophore structure. In fact, this class of chromophores have attracted 

attention during the past years, due to their zwitterionic nature, which leads to high ground-

state dipole moments and large negative solvatochromism.3,4 With respect to this connection, 

it has been shown5 that the pyridine moiety is among the highest ranked electron-donor 

groups and can efficiently promote charge transfer to the acceptor moiety.6,7 In this regard, a 

zwitterionic chromophore with a trivial name of N-methylpyridinium dicyanomethane 

thiophene (MPCT) was synthesized in this thesis research via a facile synthetic route based 

on a work carried out by Abbotto et al. in 1997.8 This compound is known as a push-pull 

system, in which there is an N-alkylpyridine moiety as the donor and a dicyanomethane as 

the acceptor group. The terminal polar functions are spaced by a thiophene-based moiety. 

Chemical structure of MPCT is depicted in Scheme 2.1. 

 

Scheme 2.1. Chemical structure of MPCT chromophore. 

Moreover, to understand the structure-property relationship of zwitterionic 

chromophores and realize the full potential of these chromophores, this chapter describes the 
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syntheses of two series of zwitterionic chromophores, i.e., FDCN and PpQDM chromophores 

(Scheme 2.2) designed and prepared in our group in 2011.9-11 The synthetic details in addition 

to characterizations of the two chromophores including the X-ray crystallographic analysis, 

thermal stability, negative solvatochromic and microscopic NLO properties have been also 

reported previously.11 

 

 

 

	  

	  

FDCN	   	   	   	   	  	  	  	  	  	   	  PpQDM	  

Scheme 2.2. Chemical structures of the two synthesized zwitterionic chromophores. 

In addition to study the solvatochromic behavior of the three mentioned zwitterionic 

chromophores, these chromophores have been also characterized for their potential 

halochromic properties (depending on pH) in order to understand the structure-property 

relationship of zwitterionic chromophores with different conjugation lengths; i.e., FDCN 

(yellow color with 6 carbon-carbon double bonds in conjugation), MPCT (magenta color 

with 8 carbon-carbon double bonds in conjugation, and PpQDM (cyan color with 10 carbon-

carbon double bonds in conjugation), considering a potential application as full-spectrum 

thermo indicators in future. 
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2.2 Results and Discussion 

2.2.1 Synthesis and Characterization of MPCT Chromophores 

MPCT was synthesized in this thesis research as a zwitterionic chromophore based 

on a work reported in 1997.8 This compound in fact consists of an N-alkylpyridine ring (the 

donor) bonded to a negatively charged dicyanomethane (the acceptor) through a π-conjugated 

thiophene spacer. The synthetic route to MPCT and the resonance structure of MPCT 

zwitterionic chromophore are depicted in Schemes 2.3 and 2.4, respectively. 

MPCT is readily soluble in polar solvents, such as MeCN, DMF, DMSO, methanol 

and acetone and essentially not soluble in less polar solvents such as chloroform and THF. 

The 1H NMR spectrum of the MPCT chromophore with the assigned peaks is shown 

in Figure 2.1. The observed proton resonances (ppm) at 8.26 (2H, d, J = 7.0 Hz), 7.92 (1H, d, 

J = 4.4 Hz), 7.62 (2H, d, J = 7.0 Hz), 6.41 (1H, d, J = 4.4 Hz), and 3.96 (s, 3H) are consistent 

with the structure of MPCT. 

Figure 2.2 displays the IR spectrum of MPCT. The peaks at 2178 and 2160 cm-1 are 

characteristic of the cyano groups connected to an electron-rich group with a negative charge. 

Moreover, the melting point of the synthesized chromophore was measured (mp > 240 °C), 

being consistent with the literature value.8 
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Scheme 2.3. Synthesis of MPCT zwitterionic chromophore. 

 

Scheme 2.4. Resonance structures of MPCT chromophore. 
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2.2.2 Synthesis and Characterization of FDCN and PpQDM Chromophores 

FDCN is a zwitterionic chromophore with the negative charge on the 

dicyanomethanide group and the positive charge on the pyridinium’s N atom and was 

formerly synthesized in our group using 4-fluorophenylacetonitrile and 4-pyridine-

carboxaldehyde as starting materials (Scheme 2.5). The equilibrium between the zwitterion 

and quinoid states is shown in Scheme 2.6. In addition to the synthetic details of FDCN, 

characterizations by 1H NMR, 13C NMR, IR and mass spectrometry have been all mentioned 

in our previous work.9,11 

PpQDM is another zwitterionic chromophore with the negative charge on the 

dicyanomethanide group and the positive charge on the pyridinium’s N atom and was 

synthesized in our group previously by reaction of the mono-N-alkylated dipyridylium iodide 

with the lithium salt of TCNQ in the presence of a base (Scheme 2.7) and fully 

characterized.10,11 
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Scheme 2.5. Synthesis of FDCN zwitterionic chromophore. 

 

Scheme 2.6. Resonance structures of FDCN chromophore. 
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Scheme 2.7. Synthesis of PpQDM zwitterionic chromophore. 

FDCN and PpQDM are both solvatochromic in organic solvents, giving rise to a 

hypsochromic (or blue) shift in their absorption spectra by increasing the solvent polarity. In 

fact, this negative solvatochromism confirms that the zwitterionic form is favourable in 

zwitterion-quinoid equilibrium for the ground state (Scheme 2.8).10 

 

Scheme 2.8. Resonance structures of PpQDM chromophore. 
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2.2.4  Solvatochromic Properties of Zwitterionic Chromophores  

To investigate the solvatochromism of these zwitterionic chromophores, the 

maximal absorption peak positions were measured in various solvents. Table 2.2 collects 

absorption date relative to the solvatochromic behavior in the selected solvents. 

     Table 2.2. Optical absorption (λmax, nm) data for FDCN, MPCT and PpQDM. 

Compound   λmax (nm)    

FDCN 495 487 480 486 484 

MPCT 586 556 537 545 546 

PpQDM 810 713 647 680 670 

     a Solvent Dielectric Constant (ε) (Lide D. R. Handbook of Chemistry and Physics 76th 
edition, P8-64, 1995-1996). 

In this experiment, UV-Vis absorptions of the studied zwitterionic chromophores in 

these solvents showed a blue shift with increasing solvent polarity, in order of THF < 

Acetone < Methanol < DMF < MeCN (i.e., negative solvatochromism). For instance, the CT 

band of PpQDM is blue shifted from 810 nm in the less polar THF to 647 nm in the polar 

methanol, representing a shift of ~163 nm. 

Consequently, greater stabilization of the zwitterionic form of the chromophore 

occurs in high polarity solvents rather than in low polarity ones, leading to higher energy 

absorption maximum in high polarity solvents. The same trend was observed in the case of 

THF	  

7.6a	  
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32.7	  
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MeCN	  

37.5	  



35      Chapter II   Synthesis and Characterization of Zwitterionic Chromophores  
	  

	  

FDCN chromophore, i.e., showing a blue shift in its absorption maxima in going from non-

polar to polar solvents. 

Based on the solvatochromic study carried out on MPCT chromophore, strong CT 

band was observed in the visible region of the spectrum. It can be seen that by increasing the 

solvent polarity, the maximal absorption peak shifts form 586 nm in THF to 537 nm in 

MeOH, or 49 nm shift towards the shorter wavelength. 

As an example, Figure 2.4 shows the absorption spectra of MPCT in three different 

solvents. From the date and spectra recorded in different solvents of different polarity, it was 

determined that MPCT shows a strong negative solvatochromism with respect to its CT 

absorption band, namely, the position of the maximal absorption blue shifts with an increase 

of the solvent polarity. 
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Figure 2.4. UV-Vis spectra of MPCT in acetonitrile, acetone and chloroform. 

Furthermore, the magnitude of the highest solvatochromic shift for PpQDM (~163 

nm) is significantly larger than the solvatochromic shift for FDCN (~15 nm). This difference 
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can be interpreted on the basis of the magnitude of the gain in resonance stabilization energy 

upon aromatization of the two donor and acceptor units. In other words, the gain in 

aromaticity for FDCN chromophore is expected to be less than in the case of PpQDM, 

attributing to the combination of a weaker acceptor and shorter conjugated bridge. Based on 

the solvatochromic shift for MPCT (~49 nm), in spite of its larger degree of aromaticity 

comparing to FDCN due to the presence of thiophene in the conjugation system, the acceptor 

strength would be less than the one in the case of PpQDM chromophore leading to smaller 

solvatochromic shift than PpQDM.   

2.2.5 Halochromic Properties of Zwitterionic Chromophores in Solution  

PpQDM has a stronger CT band at 680 nm in DMF and gives a bright cyan color. In 

a previous test-tube experiment,11 upon addition of acid (HCl) to PpQDM in DMF the cyan 

colored solution immediately turned to colorless and subsequent addition of DMF could bring 

the cyan color back. This experiment indicates halochromic behavior for PpQDM.   

In fact, this reversible color-changing process is believed to be due to the 

protonation of the chromophore by acid and deprotonation by base (e.g., DMF) at the 

acceptor moiety. The mechanism for this reversible halochromism was proposed (Scheme 

2.9).11 The protonated PpQDM was also prepared and characterized by IR in comparison 

with PpQDM. The spectral analyses indicated that the position and intensity of 𝜈!≡! at the 

acceptor moiety of PpQDM changed noticeably after protonation. Two lower frequency 

peaks of 𝜈!≡! shifted to a higher frequency, which is typical for the C≡N group connected to 

the neutral saturated carbon atom. These results suggest that the negative charged part of the 

studied zwitterionic chromophores can function as a binding site to proton pertaining to the 

presence of the negative charge. 
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Scheme 2.9. Protonation and deprotonation of PpQDM. 

Accordingly, the similar study was carried out for FDCN in this research work. The 

absorption of this chromophore in DMF is at 486 nm but shifts to a shorter wavelength at 476 

nm (Δλmax = -10 nm) when the water was added to a volume ratio of 1:5 (DMF/H2O). Thus, 

by adding an excess amount of HCl to the yellow DMF solution, the solution turned colorless 

immediately and the visible absorption band disappeared. In this case, subsequent addition of 

DMF to the acid-containing solution also brought back the original yellow color (Figure 2.5). 
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Figure 2.5. UV-Vis spectra of FDCN in DMF, DMF/H2O and HCl. 

The study on MPCT revealed the same reversible protonation-deprotonation 

behavior with a negative halochromism (Δλmax = -32 nm), which is between the values 

observed for FDCN and PpQDM (Figure 2.6).  
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Figure 2.6. UV-Vis spectra of MPCT in DMF, DMF/H2O and HCl. 
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The halochromic properties of the three zwitterionic chromophores were also 

investigated by monitoring the changes of absorption spectra in acetonitrile upon titration 

with a number of acids with different pKa values (Table 2.3). 

  Table 2.3. Halochromic properties of the zwitterionic chromophores in different acids. 

Acid  pKa Value  Bleaching Results  
Phenol  9.99  No Bleaching  
Boric Acid  9.24  No Bleaching  
AlCl3 (Aluminium Chloride) 4.96  No Bleaching  
AcOH (Acetic Acid) 4.76  No Bleaching  
6-Bromohexanoic Acid  2.9  Moderate Bleaching 
CSA (Camphorsulfonic Acid)  1.2  Complete Bleaching  
TSA (p-Toluenesulfonic Acid)  -2.8  Complete Bleaching  
HCl -7.0  Complete Bleaching  
H2SO4 -10  Complete Bleaching  

 

Based on the above results, it can be concluded that the halochromic behavior of the 

studied chromophores is greatly influenced by the acid strength. If the acid is too weak, the 

protonation does not proceed and the chromophore cannot be bleached. In fact, the 

dependency of the halochromic behavior of the zwitterionic chromophores on the 

dissociation constant values of the acids can also confirm the presence of charge transfer 

mechanism occurs as the result of the halochromic character of the chromophores. 

Accordingly, it is found that the pKa equal or less than 1.2 is a critical value for an acid to be 

capable of bleaching the solutions of these zwitterionic chromophores.  

Moreover, all the bleached chromophores solutions could resume their original 

colors upon heating, only in the case of the use of relatively weak organic acids (i.e., CSA 

and TSA). No color was back in the solutions bleached by strong mineral protic acids (i.e., 
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HCl and H2SO4). Therefore, CSA and TSA were chosen for further halochromic and thermo-

halochromic investigations (see Chapter 3). 

2.3 Conclusion 

Zwitterionic chromophore MPCT was synthesized and characterized by 1H NMR 

and IR. All the three zwitterionic chromophores exhibited intense absorption at the maximum 

wavelength (λmax) of 484, 546, and 670 nm in MeCN with the relatively high molar extinction 

coefficients, being attributed to the charge transfer from the negatively charge 

dicyanomethanide group to the positively charged nitrogen in pyridine. The negative 

solvatochromism with respect to the CT band depends on the conjugation length between the 

two charges of these chromophores, as indicated by the largest shift in absorption in order of 

FDCN (-15 nm) < MPCT (-49 nm) < PpQDM (-163 nm).  

The three zwitterionic chromophores are halochromic and the halochromism can 

proceed via the acid-base reaction, resulting in a significant color-to-colorless change or 

spectral shift in order of FDCN (Δλmax = -10 nm) < MPCT (Δλmax = -32 nm) < PpQDM 

(Δλmax = -100 nm). The halochromic behavior of the three zwitterionic chromophores 

depends on the dissociation constants of the employed acids. Therefore, the use of relatively 

weak acid allowed the thermally induced deprotonation or thermochromism of the protonated 

zwitterionic chromophores (Chapter 3).  

2.4 Experimental Section 

Materials. 4-Bromopyridine was obtained from the commercially available hydrochloride 

salt (TCI America) according to the literature procedure.21 Acetone was dried and distilled 

over MgSO4 under an atmosphere of dry nitrogen. 2-Bromothiophene, bromine, 

malononitrile, sodium hydride, methyl triflate, tetrakis(triphenylphosphine)palladium(0), 
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magnesium, PdCl2, and solvents including anhydrous diethyl ether, methylene chloride, 1,2-

dimethoxyethane and toluene were all purchased from Aldrich Chemicals Canada and used as 

received. 

General Methods. 1H NMR spectra were recorded on a Varian 300 MHz or a Bruker AMX 

400 MHz spectrometer using tetramethylsilane (TMS; δ = 0 ppm) as an internal standard. 

The Fourier transform infrared (FTIR) spectra were recorded on a Perklin-Elmer1600 or a 

Bomen Michelson 120 FTIR spectrometer in the regions of 3600-600 cm-1. The melting 

points were determined using a Fisher-Johns melting point apparatus. The UV-Vis-NIR 

spectra were recorded on a Perklin-Elmer Lambda 900 UV-Vis-NIR spectrometer at room 

temperature. The solvatochromism study was conducted using chlorobenzene, THF, Acetone, 

Methanol, DMF, and MeCN. The absorption spectra of all samples were taken in a quartz 

cuvette with a path length of 10.0 mm. 

Synthesis of MPCT Chromophore 

4-(2-Thienyl)pyridine (1) 

 

2-Thienylmagnesium bromide was prepared by adding a solution of 2-

bromothiophene (4.93 g, 30.26 mmol) in anhydrous diethyl ether (35 mL) to a suspension of 

magnesium (0.91 g, 37.41mmol) in the same solvent (10 mL). Keeping this Grignard solution 

under dry nitrogen atmosphere, it was added dropwise to a stirred suspension of 4-

bromopyridine (4.26 g, 26.96) and PdCl2 (dppf) (0.17 g, 0.23 mmol) in the same solvent (15 

mL) maintaining temperature between -30 and -20 °C. The immediately gained white 

N

S
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precipitate was being stirred for 2 h at 0-5 °C. Thereafter, the reaction mixture was poured 

into a saturated aqueous ammonium chloride solution (60 mL) to extract the aqueous layer 

with diethyl ether (3 × 20 mL). Eventually, the practically pure compound (1) was collected 

as a light yellow solid after drying the combined organic layers and evaporating the solvent 

(3.04 g, 18.84 mmol, 70%): mp: 88-91 °C (lit.28 93-94 °C); 1H NMR (300 MHz, CDCl3) δ 

8.59 (d, 2 H, J = 4.8 Hz), 7.51 (d, 1 H, J = 3.8 Hz), 7.49 (d, 2 H, J = 4.8 Hz), 7.41 (d, 1 H, J 

=5.0 Hz), 7.13 (d, 1 H, J = 5.0, 3.8 Hz) represented in Figure S2.1. 

 

4-(5-Bromothien-2-yl)pyridine (2) 

 

Bromine (5.99 g, 37.64 mmol) was added to a solution of 4-(2-thienyl)pyridine (1) 

(3.04 g, 18.83 mmol) in methylene chloride (130 mL). After being stirred for 15 min at room 

temperature, the reaction mixture was poured onto 10% aqueous K2CO3 (130 mL), and 

methylene chloride was employed to extract the aqueous layer (3 × 100 mL). Then, the 

combined organic layers were dried and the solvent was evaporated to give a brown solid 

(2.04 g, 8.50 mmol, 67%): mp 140-145 °C (lit.21 152-153°C); 1H NMR (300 MHz, CDCl3) δ 

8.57 (d, 2 H, J = 6.1 Hz), 7.36 (d, 2 H, J = 6 Hz), 7.24 (d, 1 H, J = 4.0 Hz), 7.08 (d, 1 H, J = 4 

Hz) represented in Figure S2.2.  
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4-[5-(Dicyanomethanido)thien-2-yl]pyridine Sodium Salt (3) 
 

 

A mixture of malononitrile (1.36 g, 20.72 mmol), which has been added in portions to 

an ice-cooled suspension of sodium hydride (1.66 g, 60% in oil, 41.42 mmol) in 1,2-

dimethoxyethane (70 mL), was stirred at room temperature for 20 min under nitrogen. 4-(5-

Bromothien-2-yl)pyridine (2) (2.04 g, 8.49 mmol) and tetrakis(triphenylphosphine)-

palladium(0) (0.99 g, 0.86 mmol) were added to the above solution, and consequently the 

mixture was heated under reflux for 2 h. The resulting precipitate was collected by filtration, 

and to eliminate the catalyst it was washed with toluene (10 mL), and then recrystallized from 

H2O to give the product as a yellow solid (0.82 g, 2.97 mmol, 40%): mp > 240 °C; 1H NMR 

(300 MHz, DMSO-d6) δ 8.31 (d, 2 H, J = 6.3 Hz), 7.43 (d, 1 H, J = 3.1 Hz), 7.27 (d, 2 H, J = 

6.3 Hz), 6.11 (d, 1 H, J = 3 Hz) represented in Figure S2.3.  

 

2-(4-N-Methylpyridinium)-5-(dicyanomethanido)-thiophene (MPCT) (4) 

 

A suspension of 4-[5-(dicyanomethanido)thien-2-yl]pyridine sodium salt (3) (0.82 g, 

3.32 mmol) was prepared in dry acetone (50 mL) and methyl triflate (0.81 g, 0.54 mL, 4.97 

mmol) was added dropwise. The color of the mixture immediately changed from yellow to 
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violet. The precipitate was collected after it was being stirred overnight at room temperature. 

Thereafter, the precipitate was washed with water and then with EtOH to give the analytically 

pure product (0.61 g, 2.55 mmol, 74%) as a violet solid: mp > 240 °C; 1H NMR (300 MHz, 

DMSO-d6) δ 8.26 (d, 2 H, J = 7.0 Hz), 7.92 (d, 1 H, J = 4.4 Hz), 7.62 (d, 2 H, J = 7.0 Hz), 

6.41 (d, 1 H, J = 4.4 Hz), 3.96 (s, 3H Hz) represented in Figure 2.1. 
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Chapter 3 Thermo-halochromic Properties of Zwitterionic Chromophores 

3.1 Introduction 

Thermochromic (TC) materials, due to their temperature-sensitive features, are 

widely explored as "smart materials" for use in devices such as tuneable light filters, thermal 

indicators, chemo/biosensors, smart windows, imaging devices and optical switching. In this 

regard, organic thermochromic compounds have become increasingly important in recent 

years, both in academic studies and industrial applications such as textile and smart 

coatings.1-4 Particularly, organic materials consisting of a leuco dye (electron donor), a weak 

acid (electron acceptor; known as the developer) and a solvent were initially investigated.5-

10 In the past two decades, many of TC materials based on Crystal Violet Lactone (CVL) 

have been reported as the three-component thermochromic materials.11,12 Furthermore, 

halochromic substances that are suitable to be used in environments where pH changes 

occur frequently, or places where alternations in pH are extreme, can behave as indicators to 

determine the pH of solutions by observing the color changes once the indicator is mixed 

with the unknown solutions.13-15 

Thermochromic polymers based on leuco dye-developer-solvent systems have been 

described in literatures.15 Polyethylene was initially tried as a polymer matrix. In this regard, 

adding the both developer and the leuco dye would lead to a blue color in the solid state and 

colorless in the molten state. The same behavior has been observed substituting 

polyethylene with polypropylene. It was observed that thermochromic switching mechanism 

in such thermochromic polymer materials is the same as in leuco dye-developer-solvent 

systems. Moreover, investigations on the concentration dependence of the thermochromic 

composites (leuco dye, developer and solvent) of thermoplastic polyolefins revealed a direct 
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proportionality between the composite concentration and resulting color intensity according 

to the Beer's Law.16 

In general, the thermochromic material composition can comprise plastics, films, 

papers, fibers, and solvents, coatings, and ink materials. Accordingly, the research and 

development of organic thermochromic systems are focused on the following concepts: 1) 

improvements of thermal stability of thermochromic chromophores for doping in polymer 

matrices, 2) expansion of the switching temperature range of thermochromic chromophores, 

3) significant increase of the UV-visible-near infrared light stability of leuco dye-developer-

solvent systems, 4) inverse thermochromic switching from a colorless to a colored state by 

heating, and 5) comprehension of thermochromic materials in displays, devices, modulus or 

electro-optical equipments of any kind. The reported examples with such thermochromic 

switching behavior have been of academic interests since two decades ago,17-19 For instance, 

the use of thermochromic materials for multiple temperature-indicating sensors comprising 

reversible and irriversible thermochromic switching chromophores or thermochromic hybrid 

organic-inorganic structures have been documented.15  

In this regard, one of research tasks as described in this chapter involves the 

investigation of the thermo-halochromic properties of FDCN, MPCT and PpQDM 

chromophores as a guest in three different media: solution, gel network and polymer. 

Given that these chromophores are thermo-halochromic or can change their 

absorption profile with changes in temperatures and pH, it would be possible to use them as a 

switch to trigger the change of another fluorescent dye. By doing so, one can formulate a 

range of halofluorescent and thermofluorescent dyes from some simple fluorescent dyes and 
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these zwitteronic chromophores. Fluorescent dyes are often used as a probe or tag for sensing 

and visualizing the analytes in biological and environmental applications.20-23 

In order to achieve an efficient energy transfer, the fluorescent dyes should be 

selected to have the emission wavelengths matching well with the absorption wavelength of 

these chromophores in either zwitterionic form or protonated form. Among the numerous 

classes of fluorescent dyes, perylene dyes are unique due to their considerable photophysical 

properties in addition to their high thermal and photophysical stabilities. Perylene, as the 

fundamental compound of perylene family, emits strongly around 450 nm.24,25 

Rhodamine dyes, which are based on xanthene scaffolds, are known as one of the 

highly efficient fluorescent dyes. Rhodamines have been considerably attracted interest from 

chemists pertaining to their excellent photophysical properties. Accordingly, Rhodamine 

dyes have been widely used as platforms to design fluorescent probes due to their desirable 

photophysical properties including high molar extinction coefficients and high quantum 

yields. Rhodamine 6G is known as one of the highly fluorescent dyes in the Rhodamine 

family with strong emission around 550 nm used as a tracer dye to determine the rate and 

direct of the water flow and transport.26 

Accordingly, another task as described in this chapter is to study a reversible 

fluorescence turn-on/off behavior in a system including perylene and Rhodamine 6G with 

FDCN. Herein, FDCN is selected as fluorescent quencher, owing to its suitable absorption 

profile (λmax = 507 nm in PhCl) and thermo-halochromic property. 
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3.2 Results and Discussion 

3.2.1 Thermo-halochromic Properties of Zwitterionic Chromophores in Solution 

To evaluate the thermo-halochromic properties of the three zwitterionic 

chromophores in solution, firstly the changes of absorption spectra of the chromophores were 

recorded by titration with the two appropriate acids mentioned in the previous chapter (i.e., 

TSA and CSA). The results show that the pKa values of the employed acids affect the 

bleaching ratios (Figure 3.1); TSA (pKa= -2.8) can bleach each of the chromophores faster 

than CSA (pKa= 1.2). Of course, pertaining to a further test carried out on the bleached 

samples, color of the solutions was observed to be back easier, faster and more significant in 

the case of using CSA relative to TSA. Therefore, CSA was eventually a candidate as the 

most appropriate acid to efficiently provide the both bleaching and reversible thermo-

halochromic switching of the zwitterionic chromophores. 

By comparing the results of acid titration of the three zwitterionic chromophores, it is 

clear that the proton affinity increases in the conjugated system with an increase of the π-

conjugation length from FDCN to PpQDM, leading to the use of a smaller amount of acid for 

bleaching the same concentration of the chromophore. The conjugation length of these 

zwitterionic chromophores strongly affects the charge transfer (CT), which also causes an 

overall bathochromic shift (i.e., changing color from yellow to cyan via switching from a 6 

carbon-carbon double bond conjugation system in the case of FDCN to a 10 carbon-carbon 

one in the case of PpQDM).27   
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Figure 3.1. Changes in absorption spectra of FDCN, MPCT, and PpQDM in acetonitrile 

(~10-5 M) with CSA (a, b, and c) and TSA (d, e, and f). 
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In particular, the different titration rates observed for the three chromophores imply 

that the negatively charged C(CN)2 moiety has a higher affinity to the acid proton in the case 

of PpQDM comparing to the other two chromophores. Based on the previous discussion on 

the structure-property relationship of the three chromophores, this can be attributed to greater 

magnitude of the aromaticity and the resonance stabilization energy regarding the 

combination of a stronger acceptor moiety and longer conjugated bridge. In the case of 

MPCT, in spite of its larger degree of aromaticity than FDCN due to the presence of 

thiophene in the conjugation system, the acceptor strength would be less than the one in the 

case of PpQDM chromophore.   

The mixture of FDCN and PpQDM was further employed in acetonitrile with two 

different concentration ratios of the two chromophores (i.e., 1:1 and 1:3), using CSA and 

TSA to perform the acid titration. As shown in Figure 3.2, in both ratios PpQDM is 

competitively bleached faster than FDCN and the bleaching occurs faster with TSA. In other 

words, protonation of zwitterionic chromophore can be tuned by changing the strength of the 

acceptor due to the mutual influence of the degree of aromaticity and conjugation. 
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Figure 3.2. Changes in absorption spectra of FDCN in acetonitrile (~10-5 M) as a mixture 
with (a, b) 3 equiv. of PpQDM (~10-5 M) and (c, d) 1 equiv. of PpQDM (~10-5 M) with a 

different amount of CSA and TSA. 
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Thermochromic behavior was then evaluated by heating the FDCN-H+ and PpQDM-

H+ solutions in acetonitrile at 40, 60 and 80 °C. Each of the trials was repeated for three 

cycles, in which all the samples showed reversible thermo-halochromic behavior (Figures 

3.3 and 3.4). The higher the heating temperature is, the more the color of the bleached 

solution could return. In other words, the deprotonation of FDCN-H+ and PpQDM-H+ is 

accelerated at elevated temperatures. Upon cooling to the ambient temperature, the 

absorption intensity at the maximum wavelength of each chromophore decreased, 

representing a reversible thermo-halochromic behavior. It can be deduced that a 

temperature-dependent equilibrium exists between the primary bleached state and the 

colored one, which is believed to be due to the protonation of the chromophore at the –

C(CN)2 moiety by acid and consequently deprotonation as a result of heating (Scheme 3.1). 

The experimental observations showed noticeable color return in the case of FDCN. In 

comparison, a greater proton affinity in PpQDM with a stronger acceptor group requires a 

higher energy to dissociate the hydrogen bond, in order to return it to its colored 

zwitterionic state. 
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Figure 3.3. Changes in absorption spectra of FDCN-H+ in acetonitrile (~10-5 M) upon 
heating from room temperature to (a) 40 °C, (b) 60 °C, (c) 80 °C (three successive cycles). 
Inset: Photographs of the corresponding FDCN solution in acetonitrile at different 
temperatures. 
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Figure 3.4. Changes in absorption spectra of PpQDM-H+ in acetonitrile (~10-5 M) upon 
heating from room temperature to (a) 40 °C, (b) 60 °C, (c) 80 °C (three successive cycles). 
Inset: Photographs of the corresponding PpQDM solution in acetonitrile at different 
temperatures. 
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Scheme 3.1. Schematic presentation of protonation-deprotonation process of FDCN. 

3.2.2 Thermo-halochromic Properties of Zwitterionic Chromophores in 

Malononitrile 

Malononitrile (dicyanomethane), known as a cyanocarbon compound, has been 

widely used as a reactant in a number of organic syntheses in the realm of medical, 

industrial and agricultural chemistry for more than 50 years.28 In this research, it was 

employed as a solvent to study the thermo-halochromic behavior of the three zwitterionic 

chromophores. The results are presented in Figure 3.5 to Figure 3.7.   

Based on the results and observations, the same tendency was found in the bleaching 

rate of the three zwitterionic chromophores. PpQDM with the strongest acceptor moiety and 

the highest proton affinity was bleached faster than MPCT and FDCN. However, in all three 

cases, the results showed a higher demand for acid relative to those done in acetonitrile as 

the solvent. The nucleophilic character of the dicyanomethine moiety of malononitrile can 

act as a source of attracting proton, which may explain why this system needs more acid to 

be used.28 
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Figure 3.5. Irreversible thermo-halochromic behavior of FDCN in malononitrile. Inset: 

Photographs of the corresponding FDCN solution in malononitrile at three different sates, 
i.e., liquid state of the bleached (at 35 °C) and color return (at 100 °C) samples, and solid 

state of the color return sample (at R.T.). 

	  

Figure 3.6. Irreversible thermo-halochromic behavior of MPCT in malononitrile. Inset: 
Photographs of the corresponding MPCT solution in malononitrile at three different sates, 
i.e., liquid state of the bleached (at 35 °C) and color return (at 100 °C) samples, and solid 

state of the color return sample (at R.T.). 
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Figure 3.7. Irreversible thermo-halochromic behavior of PpQDM in malononitrile. Inset: 
Photographs of the corresponding PpQDM solution in malononitrile at three different sates, 

i.e., liquid state of the bleached (at 35 °C) and color return (at 100 °C) samples, and solid 
state of the color return sample (at R.T.). 

Table 3.1. Amounts of FDCN, MPCT, and PpQDM in malononitrile with employed acid. 

Zwitterionic 
Chromophore 

Concentration 
(M-1) 

Acid 
(in Acetonitrile) 

Concentration 
(M-1) 

FDCN 5.700 × 10-4 CSA 5.750 × 10-2 

MPCT 5.700 × 10-4 CSA 5.750 × 10-2 

PpQDM 5.700 × 10-4 CSA 5.750 × 10-2 

MalCN / FDCN/ CSA = 100:  1.5 × 10-2: 2.1 × 10-2 (w/w/w); MalCN / MPCT/ CSA = 100:            
1.0 × 10-2: 1.3× 10-2 (w/w/w); MalCN / PpQDM/ CSA = 100:  1.6× 10-2: 1.0× 10-2  (w/w/w). 

 

Malononitrile is a solid at room temperature with a melting point of 30-31 °C.28 

Therefore, during the sample preparation, the chromophores were dissolved in molten 

malononitrile at ~35 °C (~10-4 M). After bleaching the colored solution by adding the 

Bleached	  	  	  	  	  	  	  	  	  Color	  Return	  	  	  	  	  	  Color	  Return	  	  
	  	  (at	  35°C)	  	  	  	  	  	  	  	  	  	  	  	  	  	  (at	  100	  °C)	  	  	  	  	  	  	  	  	  	  	  	  (at	  R.T.)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  (Liquid	  States)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Solid	  State)	  
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solution of CSA in acetonitrile (~10-2M), the solution was heated up to ~100 °C at which the 

solutions were returned to the color state. Consequently, by cooling down to the ambient 

temperature, malononitrile was back to the solid form, which made the chromophores be 

partially remained in their colored state, resulting in an irreversible thermo-halochromic 

behavior. The irreversible thermo-halochromic behavior might be of interest and utilized for 

designing new thermal sensors with a permanent change from colorless to colored state.29 

3.2.3 Thermo-halochromic Properties of Zwitterionic Chromophores in a Gel Host 

PEMAGM [poly(ethylene-co-methyl acrylate-co-glycidyl methacrylate)] (Scheme 

3.2) was employed as a gel host for the three zwitterionic chromophores. PEMAGM 

solution was prepared in 1,2-dichlorobenzene. FDCN, MPCT and PpQDM were dissolved 

in nitrobenzene individually. BF3 (boron trifluoride) solution was also diluted in 

nitrobenzene for use as an acid catalyst for epoxide ring-opening and color quencher in the 

system.30,31 

 

Scheme 3.2. Chemical structure of PEMAGM [poly(ethylene-co-methyl acrylate-co-

glycidyl methacrylate)]. 

Heating the bleached (colorless) mixture of polymer, chromophore and BF3 in 

solution up to ~100 °C resulted in the formation of a crosslinked gel via acid-catalyzed 
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epoxide ring-opening polymerization.31 At the same time, the color returned upon heating. 

The irreversible thermo-halochromic behavior for these gel materials was also observed 

(Figure 3.8). Going from a solution to a gel state is expected to result in restriction of the 

molecule motions, leading to irreversible thermo-halochromic properties.32 As previously 

mentioned in the case of employing malononitrile as a medium, the gel network can also be 

regarded as a useful medium for potential applications that require a temperature-dependent 

permanent color change. 

 

	  	  	  	  	  	  	  	  (FDCN)	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  (MPCT)	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (PpQDM)	  

 
 

 

 

  

Figure 3.8. Irreversible thermo-halochromic behavior of zwitterionic chromophores in a gel 

host. 

3.2.4 Thermo-halochromic Properties of Zwitterionic Chromophores in Polymer 

Hosts  

Regarding the increasingly attention to the polymer-based devices, polystyrene (PS) 

and poly(methyl methacrylate) (PMMA) (Scheme 3.3) are widely used for low cost and 

easy fabrication in many potential applications.33 In this regard, PS was examined as the 

first polymeric host for our zwitterionic chromophores.  
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The chromophore solutions were added to the polymer and the prepared samples 

were consequently bleached via adding CSA solution. Thereafter, the bleached samples 

were heated. The color differences between the two states are shown in Figure 3.9. The 

color of all chromophore-polymer solutions reversibly changed (i.e., colorless  ↔ colored) 

by heating up to ~80 °C and cooling down to the ambient temperature.   

 

 

Scheme 3.3. Chemical structures of PS and PMMA. 

 

        (FDCN)	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  (MPCT)	  	   	   	   	  	  	  	  	  	  	  	  	  	  	  (PpQDM)	  

 

 

 
 

	  	  	  	  	  	  (Bleached)	  	  	  	  	  	  	  	  	  (Color	  Return)	  	  	  	  	  	  	  	  	  	  	  	  	  (Bleached)	  	  	  	  	  	  	  	  (Color	  Return)	  	  	  	  	  	  	  	  	  	  	  	  	  (Bleached)	  	  	  	  	  	  	  (Color	  Return)	  

Figure 3.9. Reversible thermo-halochromic behavior of three zwitterionic chromophores in 

polystyrene. 

Furthermore, quantitative studies were carried out on chromophore-doped 

polystyrene samples (Tables 3.2). The results indicate the same trend as was previously 

observed in the case of the chromophores alone in solvent. PpQDM with the strongest 
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proton affinity on its acceptor moiety was bleached faster by adding smaller amounts of 

acid, whereas the colorless state returned more readily to the color state in FDCN-doped 

sample via heating.  

Table 3.2. Amounts of zwitterionic chromophores in polystyrene. 

PS / FDCN/ CSA = 100:  5.2 × 10-2: 10.3 × 10-2 (w/w/w); PS / MPCT/ CSA = 100: 3.6 × 10-2:  
6.2 × 10-2  (w/w/w); PS / PpQDM/ CSA = 100:  5.6 × 10-2:  4.3 × 10-2  (w/w/w). 

	  

For comparison, thermo-halochromic behavior of FDCN was studied in PS and 

PMMA. The optimal ratios of the polymer, chromophore and acid required for bleaching 

were investigated (Figure 3.10 and Table 3.3). The FDCN/CSA ratio was found to be 1:1 

and 1:8 in PS and PMMA, respectively. It was significantly harder to bleach the sample in 

PMMA comparing to PS, which can be attributed to the proton interaction associated with 

the ester group of PMMA. In other words, PS does not have a hydrogen-bonding site. 

Therefore, PMMA and PS are two distinct hydrogen-bonding and non-hydrogen-bonding 

hosts, respectively.34 In addition, it was found that the chromophore could be mixed more 

uniformly in PS than in PMMA. The presence of these π-π interactions between the guest 

and the host components can enhance the chromophore doping efficiency.35 Such 

Zwitterionic Chromophore Polyester (PS) CSA 
 

Concentration 
  (M-1) 

Concentration 
(M-1) 

Concentration 
(M-1) 

FDCN 7.750 × 10-4 0.500 × 101 5.750 × 10-2 

MPCT 7.750 × 10-4 0.500 × 101 5.750× 10-2 

PpQDM 7.750 × 10-4 0.500 × 101 5.750× 10-2 
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interactions have been previously reported by Hunter et al.,36 Jorgensen et al.,37 and Tsuzuki 

et al.38 

PS	   	   	   	   	   	   PMMA	  

 

 

 

 

 
 

Figure 3.10. Thermo-halochromic behavior of FDCN in PS and PMMA. 

Table 3.3. FDCN and CSA in polystyrene and poly(methyl methacrylate). 

PS / FDCN/ CSA = 100:  5.2 × 10-2: 10.3 × 10-2 (w/w/w); PMMA / FDCN/ CSA = 100: 5.2 × 
10-2: 82.4 × 10-2 (w/w/w).  

Therefore, the different chromophore/CSA ratios can be attributed to the different 

polarity of the two polymer hosts.39 In the presence of acid, PMMA with a higher proton 

affinity could form the hydrogen bonding or even be protonated.40 Accordingly, without 

hydrogen bonding or interaction between the acid and PS, bleaching of chromophores in PS 

is easier and faster. 

Polymer 
(in Chlorobenzene) 

FDCN 
(in Chlorobenzene) 

CSA 
(in Acetonitrile) 

Concentration 
(M-1) 

Volume 
(mL) 

Concentration 
(M-1) 

Volume 
(mL) 

Concentration 
(M-1) 

Volume 

(µL) 

PS 0.500 × 101 0.25 7.750 × 10-4 0.25 5.750 × 10-2 10 

PMMA 0.500 × 101 0.25 7.750 × 10-4 0.25  5.750 × 10-2 80 

(Quenched	  Status)	  	  	  	  	  (Color	  Return)	  
at	  R.T.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  at	  100°C 

(Quenched	  Status)	  	  (Color	  Return) 
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PS-co-PMMA (Scheme 3.4) was further examined as a host for chromophores, as 

this copolymer may provide the characteristics that are different from the individual 

polymers.39 FDCN was dissolved in chlorobenzene and PpQDM, MPCT and CSA were all 

dissolved in MeCN. Under the same conditions for bleaching, heating and cooling as 

previously done for polystyrene, the reversible thermo-halochromic behavior was also 

observed for each of the zwitterionic chromophores doped in PS-co-PMMA (Figure 3.11). 

 

Scheme 3.4. Chemical structure of poly(styrene–methyl methacrylate). 

     MPCT, PpQDM, FDCN          MPCT, PpQDM, FDCN            MPCT, PpQDM, FDCN 
 

 

 

 

	  	  	  	  	  (First	  Bleached	  Status	  at	  R.T.)	  	   	  	  	  	  	  	  (Color	  Return-‐Heating	  at	  80	  °C)	  	  	  	  	  	  	  	  	  	  (Back	  to	  Bleached	  Status	  at	  R.T.)	  

Figure 3.11. Reversible thermo-halochromic behavior of the three zwitterionic 

chromophores in PS-co-PMMA. 

In comparison with PS and PMMA, it is more readily to mix the chromophores in 

PS-co-PMMA. However, more acid and longer time were required for color bleaching in 

n

O O

n

PS PMMA

n
CH3

H
O OCH3

m

PS-co-PMMA



66      Chapter III   Thermo-halochromic Properties of Zwitterionic Chromophores  
	  

comparison with PS. Using PMMA as a host, the color returned with the slowest rate due to 

the presence of a large amount of acid used in the system. Using PS and PS-co-PMMA as a 

host, the thermo-halochromic process readily proceeds. PS is regarded as the most suitable 

host among all the polymers tested in this work. 

3.2.5 Application of Zwitterionic Chromophores as Thermo-halochromic Molecular 

Trigger for Reversible Fluorescence Turn-On/Off 

The potential application of FDCN-H+ complex as a molecular trigger for a reversible 

fluorescence turn-on/off system was initially evaluated by examining some appropriate 

commercial fluorescent dyes (Table 3.4).  

Table 3.4. List of commercial fluorescent dyes. 

In addition to the dyes listed in the table, some other commercial fluorescent dyes 

were also tested, including Eosin Y, Azure (A, B, C), Acridine Orange, Indigo and 

Fluorescein. These dyes showed very low solubility in chlorobenzene. Eventually, perylene 

and Rhodamine 6G were selected for the study as their corresponding wavelengths of 

Fluorescent dyes Absorption in PhCl 
(λmax) 

Excitation in PhCl 

(λex) 

Emission in PhCl 

(λem) 

Perylene Peak1 = 413 nm  
Peak2 = 440 nm 

410 nm Peak1 = 448 nm  
Peak2 = 476 nm 

Rhodamine 6G 530 nm 490 nm 548 nm 

Rhodamine-B 554 nm 520 nm 575 nm 

Rose Bengal 557 nm 525 nm 576 nm 

Crystal Violet 596 nm 350 nm 414 nm 
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maximum absorption overlap better with the absorption profile of FDCN (i.e., λmax of FDCN 

in chlorobenzene = 507 nm).  

 
3.2.5.1 Fluorescence Turn-On/Off Behavior of Perylene/FDCN System 

A chlorobenzene solution of perylene (3 × 10−6 M) was made and both fluorescence 

and absorption spectra were measured (Figures 3.12 and 3.13). The mixture was prepared by 

mixing the perylene solution with FDCN solution (1.15 × 10−5 M). Consequently, the 

fluorescence spectra were recorded for the perylene/FDCN and perylene/FDCN-H+ mixtures 

(Figure 3.13).  
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Figure 3.12. Absorption and fluorescence spectra of perylene in chlorobenzene (for emission 

measurement; λex= 410 nm). 
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Figure 3.13. Changes in fluorescence spectra of perylene in chlorobenzene (~10-6 M) via 

adding FDCN (~10-4 M) in chlorobenzene and CSA (~10-2 M) in acetonitrile. 

Based on the observation, the fluorescence intensity of perylene decreased in the 

presence of FDCN with a 74% and 98% quenching for the emission peaks at 448 nm and 476 

nm, respectively. Consequently, the further experiments were carried out using the second 

peak (i.e., 476 nm) as a reference (Figure 3.13). The fluorescence quenching yield is 

expressed as [I0-I/I0 (%)], where I0 is the maximal fluorescence intensity of perylene and I is 

the intensity of the mixture of perylene and FDCN. 

Thereafter, an acetonitrile solution of CSA (5.75 × 10−2 M) was prepared and FDCN-

acid pair (i.e., FDCN-H+) was made via adding CSA to the perylene/FDCN mixture. 

Fluorescence and absorption spectra of the mixture were then measured. The results showed 

63% of recovery of the initial fluorescence intensity (I0) by adding 30 µL of CSA solution to 

the perylene/FDCN solution. At the same time, a colorimetric change was observed from 

λem	  =	  448	  nm 
Fl	  Quenching	  Yield = 74% 

λem	  =	  476	  nm 
Fl	  Quenching	  Yield = 98% 
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Figure 3.16. Absorption and fluorescence spectra of Rhodamine 6G in chlorobenzene (for 

emission measurement; λex= 490 nm). 
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Figure 3.17. Changes in fluorescence spectra of Rhodamine 6G in chlorobenzene (~10-6 M) 

via adding FDCN (~10-4 M) in chlorobenzene and CSA (~10-2 M) in acetonitrile. 

λem	  =	  548	  nm 
Fl	  Quenching	  Yield = 97% 
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Moreover, it has to be also mentioned that the halochromic properties of the both 

commercial fluorescent dyes were initially tested by adding acid to their chlorobenzene 

solutions. Results showed no change of their fluorescence emissions upon adding acid, i.e. 

the investigated halochromic/thermo-halochromic effects were intrinsically demonstrated due 

to the presence of the zwitterionic chromophores. 

Thereafter, the fluorescent dye/FDCN mixture could in principle work as a pH 

fluorescent sensor as well. The sensing mechanism involves the removal of the fluorescence 

quencher of FDCN by protonation or decrease of the pH in medium and subsequent 

fluorescence turn-on of the dye. When the pH value increases, FDCN is released and 

quenches the fluorescence of the dye. Furthermore, this same fluorescent dye/FDCN system 

could be utilized as an optical and colorimetric sensor to monitor the change in temperature.   

3.3 Conclusion 

The three zwitterionic chromophores are halochromic and can be made to become 

thermochromic. The thermochromic or reversible color-changing process is based on the 

protonation of the chromophore by acid and consequently deprotonation by heating. The 

color-changing process can be reversible and irreversible, depending on the nature of a 

medium. Using malononitrile and a polymer gel as a medium, thermo-halochromic process is 

irreversible, whereas in a suitable polymer host (i.e., PS, PMMA and PS-co-PMMA), these 

chromophores exhibit the reversible thermo-halochromic behavior. Furthermore, the use of 

FDCN (as one of the studied zwitterionic chromophore) was demonstrated as a trigger to 

switch on and off the fluorescence of some commercial fluorescent dyes under external 

stimuli of heat and pH changes, regarding as potential application to design new indirect 

thermo-indicators in future.  
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3.4 Experimental Section 

Materials. All the solvents were of spectroscopy grade (from Aldrich Chemicals) and used 

without further purifications. Malononitrile, PS (polystyrene), PMMA [poly(methyl 

methacrylate)], Poly(styrene–methyl methacrylate), PEMAGM [poly(ethylene-co-methyl 

acrylate-co-glycidyl methacrylate)], perylene, Rhodamine 6G tetrafluoroborate, and other 

examined commercial fluorescent dyes were all purchased from Aldrich Chemicals and 

used as received. 

Methods. The UV-Vis absorption spectra were recorded on a Perklin-Elmer Lambda 900 

UV-Vis-NIR spectrometer at room temperature. Fluorescence spectra were measured on a 

Shimadzu RF-1501 spectrofluorophotometer. The absorption and fluorescence spectra of all 

the samples were taken in a quartz cuvette with a path length of 10.0 mm. 

Thermo-halochromic Properties of Zwitterionic Chromophores in Malononitrile. 

Malononitrile was melt first and employed to dissolve the chromophores (~10-4 M). After 

bleaching the colored solution by adding the solution of CSA in MeCN (~10-2 M), the 

solution was heated up to ~100 °C to recover the color. 

Thermo-halochromic Properties of Zwitterionic Chromophores in a Gel Host. The 

PEMAGM solution was prepared in 1,2-dichlorobenzene (0.8 g/10 mL). FDCN, MPCT and 

PpQDM were dissolved in nitrobenzene (~10-4 M) individually. BF3 (boron trifluoride) acid 

solution was also diluted in nitrobenzene (0.1 mL/10 mL) to be employed in the system as a 

catalyst for crosslinking and as a color quencher. 

Thermo-halochromic Properties of Zwitterionic Chromophores in Polymer Hosts. 

FDCN and polystyrene were dissolved in chlorobenzene. PpQDM, MPCT and CSA were all 

dissolved in MeCN. The chromophore solutions were prepared individually and thereafter 
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added to the polymer. Furthermore, the prepared samples were all bleached via adding CSA 

(~10-2 M, i.e., 2-6 µL). 

Fluorescence Turn-On/Off Behavior of Perylene/FDCN System. A chlorobenzene 

solution of perylene was made (3 × 10−6 M). Thereafter, the perylene/FDCN mixture was 

prepared by mixing 2 mL of the perylene solution with 1 mL of FDCN solution (1.15 × 10−5 

M) which was previously prepared in the same solvent. Moreover, an acetonitrile solution of 

CSA (5.75 × 10−2 M) was prepared and the titration of the perylene/FDCN mixture solution 

was carried out by sequentially adding 2 µL of aliquots of CSA to 3 mL of the 

perylene/FDCN solution. The resulting mixture was stirred for 30 seconds at room 

temperature and then placed in a quartz cuvette.  

Fluorescence Turn-On/Off Behavior of Rhodamine 6G/FDCN System. A chlorobenzene 

solution of Rhodamine 6G (4 × 10−6 M) was prepared. The Rhodamine 6G /FDCN mixture 

was then prepared by mixing 2 mL of Rhodamine 6G solution with 1.5 mL of FDCN in 

chlorobenzene (1.15 × 10−5 M). Thereafter, the previously prepared CSA solution (5.75 × 

10−2 M) was added to 3.3 mL of Rhodamine 6G/FDCN mixture. The resulting mixture was 

stirred for 30 seconds at room temperature and then placed in a quartz cuvette. 
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Future Work 

In future studies, methods can be designed to fabricate polymeric devices with 

thermo-halochromic properties (as coatings, films, fibers, etc.) via adjusting the optimal 

combination between the polymer component and the organic zwitterionic chromophores. 

This can in fact include progress in providing novel practical applications based on the 

investigations carried out in this research on the structure properties of the studied 

zwitterionic chromophores. 

Considering a practical application of the thermo-halochromic behavior of the studied 

zwitterionic chromophores, we reported the rational design of a fluorescence turn-on/off 

molecular probe based on the initial investigations carried out on one of the zwitterionic 

chromophores in the solution phase which presented a reversible thermo-halochromism 

occurred based on the protonation-deprotonation process. In this regard, FDCN was 

candidate as the blocking agent. The intense absorption band of the synthesized zwitterionic 

chromophore in its UV-visible spectra and its noticeable CT were resulted in presenting 

competitive photophysical features making the synthesized chromophore capable of blocking 

the fluorescence of some commercial dyes which are considerably known for possessing high 

fluorescence quantum yields. In other words, the strong absorption and CT on-off character 

of the synthesized zwitterionic chromophores in addition to their relatively high molar 

extinction coefficient can make them work as a compound to block the photoluminescence of 

the examined commercial fluorescent dye. Accordingly, the investigated halochromism and 

thermo-halochromism properties of the synthesized zwitterionic chromophores in addition to 

their mentioned photophysical features can be all regarded as the initial steps toward the 

design and preparation of newly generated thermo-halochromic fluorescence turn-on/off 

chemical probe. 
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Figure S2.1. 1H NMR spectrum (300 MHz) of 4-(2-thienyl)pyridine (1) in CDCl3. 

 
 

Figure S2.2. 1H NMR spectrum (300 MHz) of 4-(5-bromothien-2-yl)pyridine (2) in CDCl3. 
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Figure S2.3. 1H NMR spectrum (300 MHz) of 4-[5-(dicyanomethanido)thien-2-yl]pyridine 
Sodium Salt (3) in DMSO-d6. 
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