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Abstract 

This thesis presents a series of scientific examples that provide further insight into the 

connection of light and chemical reactivity for applications in catalysis, targeted drug 

delivery, and detection. Small organic molecules based on 1,2-dithienylethenes (DTEs) 

and noble metal-based nano-assemblies were incorporated into the system to impart 

control over their physical and chemical properties, and activity. The light was used as an 

external stimulus to initiate chemical reactions by causing either a structural, electronic, or 

chemical change in the chromophore or energy transformation (such as heat) in the 

system.  

In the first example (Chapter 2), light is employed to generate the variation in the activity 

of Karstedt’s catalyst by introducing a DTE-based inhibitor. It is demonstrated that the 

electronic changes that occur during the light-assisted isomerization of dithienylethene 

lead to changes in the binding strength of the inhibitor to the catalyst’s metal centre. This, 

in turn, leads to changes in the reaction progression of simple hydrosilylation reactions. 

In the second example (Chapter 3), a novel dual-mode (colourimetric and fluorescent) 

optical probe based on photoresponsive dithienylethene is developed for fast and user-

friendly detection and consumption of hydrazine in the vapour and solution phase. The 

molecule reacts with hydrazine to induce an irreversible structural change in the 1,3,5-

hexatriene system leading to deactivation of photochromic activity by quenching effects 

and simultaneously generating an emissive response.  

In the third example (Chapter 4), light is used as an external stimulus to indirectly gate the 

chemical reactivity for an on-demand release of therapeutics in aqueous environments by 

creating nanoassemblies based on gold nanoparticle core. The constructed 

nanoassemblies consist of the thermoresponsive Diels-Alder adducts of the molecules to 

be released close to gold nanoparticles enclosed in an amphiphilic polymer shell. The 

system uses the photothermal effect of gold nanoparticles to trigger thermo-responsive 

retro Diels-Alder reactions in the vicinity of nanoparticles to release therapeutic molecules 

in aqueous solutions. 

Keywords:  Photochromism; dithienylethenes; dual-mode detector; quenching effects; 

photothermal effect; thermoresponsive 
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Chapter 1.  
 
Introduction 

This thesis aims to provide details about the dynamic relationship between light and 

chemistry in molecular systems. A common type of interaction between light and chemistry 

or chemical reactivity is when light is used to initiate certain chemical reactions (called 

gated reactivity). This light-gated reactivity was successfully demonstrated by using small 

photoresponsive molecules called dithienylethenes (DTEs) and noble metal-based nano-

assemblies. The second type of interaction between light and chemistry is when an 

auxiliary external stimulus induces a photochemical response, for example, colour change 

or photochromism (called gated photochemistry). This objective was illustrated by 

developing modified dithienylethenes (DTEs) to create systems that respond to certain 

chemical reagents which alter or quench the photochemical response of the molecule. 

1.1. Chemical transformations using light 

“Chemistry is a central science that responds to societal needs”1 

Controlling chemical reactions continues to be an objective that is central to the 

development of technologies that can convert abundant substances into useful materials. 

The chemical industries continually seek to improve these existing chemical processes, 

while proposing new ideas for the same.2,3 As a result, there is a perpetual need for such 

innovations in various sectors like materials science, biomedicine, energy conversion, etc. 

Process and synthetic chemists make use of variables such as temperature,4,5 pH,6 

redox,7 pressure, or time, to control chemical reactions in industrial processes, with the 

temperature remaining the most common parameter used for controlling chemical 

reactions.8 However, it remains a challenge to specifically control the location and time 

duration of temperature changes along with accounting for rapid heat dissipation.9  

As technological advancements in the chemical industry become complex and elaborate, 

the corresponding methodologies also require greater accuracy. A stimulus that can 

enable the control over when and where the bond formation occurs, would provide the 

ultimate control over chemistry.10  
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Light, as an external stimulus, offers several distinct benefits to control molecular systems 

and chemical processes. Light provides superior temporal control over illumination down 

to the sub-femtosecond range and an improved spatial resolution through the use of multi-

photon processes.11 The external switching of the light source between the ‘on’ and ‘off’ 

state enables the ability to start and stop a chemical reaction on-demand.3 The non-

invasive character of light as a stimulus is beneficial in applications related to biomedicine 

and drug delivery. In addition, chemical reactions that demand specific wavelengths and 

intensities of light can be achieved by using modern optic technologies allowing to activate 

parallel processes. Chemical reactivity induced by light most commonly involves the 

excitation of molecules resulting in reactive excited-state species which can, then, react 

to give desired products (Figure 1.1 a)). The process of photosynthesis in plants, where 

visible light is used to drive an electron transport chain to produce energetic biological 

fuels, is one of the most notable examples of this approach. However, this approach has 

limited scope for molecular structure-property modifications due to the unpredictable 

nature of the excited states in terms of their reactivity and lifetime. Another strategy to use 

light for chemical transformations involves the use of dormant ‘caged’ species which 

become reactive once they are ‘uncaged’ upon photoexcitation (Figure 1.1 b)). This 

strategy is frequently employed in photolithography and involves the cleavage of a 

covalently bound protecting group that is responsive to light to generate the free 

molecule.12 Such systems undergo irreversible photoreactions and are good for a single 

time activation/deactivation process.9  

 

Figure 1.1: Schematic representation of light-assisted control of chemical reactivity3; 
a) where the reaction occurs using excited-state species, b) where the 
reaction occurs upon uncaging the reactive species 

An alternate and attractive approach that can overcome the aforementioned issues is that 

of introducing a photoreversible “gate” based on small molecules called 

photochromes/photoswitches and the phenomenon itself is known as 
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photochromism/photoswitching, described in Section 1.2. These molecules can toggle 

between two distinct isomers multiple times when exposed to the light of appropriate 

wavelengths. Systems incorporating such photoswitches can provide effective control 

over the entire chemical process using light, thereby, making them useful in applications 

ranging from optical devices to “smart” materials.13  

1.2. Photochromism 

The phenomenon of photochromism (or photoswitching) is defined as a light-induced 

reversible transformation of a molecule between two isomers that possess different 

absorption spectra (Figure 1.2).14 Typically, there occurs a corresponding change in the 

colour of the system. The process of photochromism is generally assumed to be a 

unimolecular process involving interconversion between two molecular species.15 

 

Figure 1.2: Representative absorption spectrum for the two isomers A and B for the 
reversible photoisomerization between A and B 

As shown in scheme 1.1, when isomer A absorbs photons of wavelength λ1, there occurs 

a photoisomerization reaction producing isomer B. The reverse reaction can be induced 

photochemically by irradiating with light of wavelength λ2, a phenomenon called P-type 

photochromism; or thermally, a phenomenon called T-type photochromism, if the potential 

energy barrier between the two states is low.16 
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Scheme 1.1: Schematic representation of a photochromic reaction in which exposure 
of A with the light of wavelength λ1 triggers photoisomerization to produce 
B. The reversion process can either be thermal, Δ (T-type), or 
photochemical (P-type) using the light of wavelength λ2 

Apart from the change in colour, marked differences in properties like chemical 

reactivity,17,18 solubility,19,20 refractive index,21,22,23 conductivity,24,25,26 dielectric 

properties,27,28 shape & size29,30 are observed upon interconversion due to the difference 

in geometry and electronic distribution of the two isomers.31 

The dominant photochromic processes that occur when such molecules are irradiated with 

light are: cis/trans isomerization, ring-closing reaction, or photo-tautomerization.32 

1.2.1. Thermal (T-type) photochromism 

The common classes of organic molecules that belong to T-type systems include 

spiropyrans, spirooxazines, azo compounds, and donor-acceptor Stenhouse adducts 

(DASAs). Some examples of these T-type photochromic molecules are given in scheme 

1.2.15 
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Scheme 1.2: Examples of photochromic molecules that exhibit T-type photochromism 

Azobenzene derivatives have been used extensively as dyes and remain to be the most 

popular class of photochromic compounds that undergo cis/trans isomerization reaction 

upon irradiation with light of appropriate wavelength. The trans isomer has thermodynamic 

stability of 50 kJ/mol higher than the cis isomer.33 Therefore, upon irradiation with UV light, 

the trans form will isomerize into the cis form, which, can spontaneously revert to the more 

stable trans form thermally in the dark, the rate of the reverse reaction depends on the 

chemical structure of the system and is generally slower than the photochemical 

reversion.32 The rearrangement of the electronic structure of the molecule upon irradiation 

is not pronounced, as a result of which, only small changes in absorption spectra of the 

two isomers are observed. But, the rearrangement of the structure induces a significant 

change in the free volume of the molecule, and much of the azobenzene derivatives find 

applications that are related to the structural changes of the molecule.16 For example, 

azobenzenophane-type crown ethers are capable of toggling between cis and trans 

isomers upon irradiation with light leading to an “all-or-nothing” change in their ion binding 

ability, wherein only the cis isomer can bind alkali metals.34 

Spiropyrans, spirooxazines, and chromenes belong to the class of T-type photochromic 

molecules that involve the ring-opening/closing reaction together with double bond 

isomerization. Irradiation with the light of an appropriate wavelength generates the fully π-
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conjugated and charged open isomer. This structural reorientation leads to changes in the 

dipole moment, polarizability, emission spectra along with the usual change in the 

absorption spectra.35 

Generally, most classes of photochromic molecules require high-energy UV light to induce 

their photochemical reactions. This high-energy UV light can damage healthy cells and 

can cause the degradation of some macromolecular systems. Therefore, the 

photochromic systems involving UV light have limited applications in biomedicine and 

material science. A new class of T-type photochromic molecules called donor-acceptor 

Stenhouse adducts (DASAs) were designed to potentially overcome this limitation by 

using visible light to trigger the photochemical reaction. These molecules convert from the 

coloured and conjugated extended form to the compact ring-closed, colourless, 

zwitterionic form upon irradiation with visible light. The ring-closed isomer only reverts 

back thermally.36 

1.2.2. Photochemical (P-type) photochromism 

The class of organic molecules that exhibit P-type photochromism possess a bistable 

system with a large potential energy barrier between the two isomers leading to the 

absence of spontaneous thermal reversion. Therefore, no reverse reaction occurs in the 

absence of light.16  

Two main families of P-type photochromic molecules are fulgides & fulgimides, and 

diarylethenes. The examples of these P-type photochromic molecules are given in 

scheme 1.3. These molecules possess a 1,3,5-hexatriene system that can undergo a 6π-

electrocyclization reaction upon irradiation with UV light leading to a conjugated ring-

closed isomer which is coloured. Cycloreversion to the ring-opened isomer occurs only 

upon irradiation with visible light.15,37  
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Scheme 1.3: Examples of photochromic molecules that exhibit P-type photochromism 

Fulgides and fulgimides belong to the category of organic molecules whose core structural 

features include a basic skeleton of bismethylenesuccinic anhydride/succinimide and at 

least one aromatic ring/heterocycle directly attached to the methylene carbon atom. The 

ring-open isomer in the case of fulgides and fulgimides exists in E- and Z-geometries, and 

it is only the E-isomer that undergoes photocyclization reaction (Scheme 1.4). A 

competing cis-trans isomerization reaction of E-isomer to Z-isomer is regarded as an 

energy-wasting and a system complicating process.38,39  

 

Scheme 1.4: Photoisomerization in fulgides and fulgimides 

Photochromic diarylethene derivatives based on heterocyclic aryl groups were developed 

in the late 1980s and represent the most extensively studied category of P-type 
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photochromic compounds. The most striking features of this class of molecules 

include:16,40,41,42 

1. high fatigue resistance of ring-closing and ring-opening photoreactions  

2. the relative ease of synthesis 

3. high bistable character, i.e., the two isomers interconvert only in the presence of 

the light of appropriate wavelengths 

4. both isomers possess distinct optical and electronic properties 

1.3. Dithienylethene-based photoswitches 

The research on 1,2-dithienylethene-based diarylethenes has received the most attention 

among all the heterocycles. The following sections will discuss this class in further detail. 

1.3.1. Basic structure 

Photoswitches based on dithienylethenes (DTEs) consists of a central alkene that 

connects two thiophene heterocycles at 3 and 3’ positions (Figure 1.3). The arrangement 

generates the1,3,5-hexatriene system (Figure 1.3, indicated in bold yellow colour) 

required for photochemical ring closure. The thiophene ring-substituents, labelled R1-R6 

in Figure 1.3, can be modified, thereby varying the optical and electronic properties of the 

two isomers based on the desired area of application.43 

 

Figure 1.3:  Basic structure of a dithienylethene photoswitch 
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The central alkene is often part of a ring system (central ring system in Figure 1.3), such 

as maleic anhydride, cyclopentene, hexafluorocyclopentene, etc. The ring system 

prevents the competing cis-trans isomerization reaction.16 Substitution of alkyl groups at 

the internal 2 and 2’ positions leads to stable and reversible systems that do not undergo 

oxidation reactions that form condensed rings.44,45 

 

Scheme 1.5:  Light-induced reversible cyclization of DTE derivatives between the 
colourless ring-open (DTE-o) and the coloured ring-closed (DTE-c) 
isomers upon irradiation with light of two appropriate wavelengths 

The ring-open form of dithienylethene, DTE-o, is generally colourless as the π-electrons 

are localized on the two thiophenes and the alkene. Therefore, it can absorb light of a 

suitable wavelength (in most cases is in the UV region) and undergo the 6π-

electrocyclization reaction to obtain a 1,3-cyclohexadiene structure, DTE-c. This ring-

closed isomer, DTE-c, now has extended π conjugation along the backbone, thus, shifting 

the absorption spectrum into the visible region (Scheme 1.5).44 Cycloreversion process of 

DTE-c can be triggered using light of this different wavelength, usually in the visible region, 

to regenerate the ring-open isomer, DTE-o. Figure 1.4 shows the typical change in the 

absorption spectrum of a dithienylethene when the light of wavelength λ1 triggers ring 

closure of the system.  
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Figure 1.4:  Typical changes in the UV-visible absorption spectrum of ring-open 
isomer DTE-o (pink line) when it is irradiated with light of wavelength λ1 to 
produce ring-closed isomer DTE-c (black dotted line) 

Frequently, the ring-closed isomers of dithienylethenes are considered to be thermally 

stable and do not spontaneously revert back to the ring-open isomer in dark under ambient 

conditions and at temperatures as high as 80°C.42 This thermal stability of the ring-open 

and ring-closed isomers of DTE photoswitches is attributed to the change in aromaticity 

of thiophenes upon ring closure whose low value (aromatic stabilization energy difference 

for thiophene = 4.7 kcal/mol) reduces the energy barrier between the two isomers (relative 

ground-state energy difference between ring-open and ring-closed isomers = -3.3 

kcal/mol) and makes the ring-closed isomer of DTE stable.41,42,44,46 In addition, 

dithienylethenes are considered to undergo photochemical cyclization and cycloreversion 

reactions multiple times without suffering from any undesired side reactions (fatigue-

resistance).41 By employing clever design strategies, the resistance to unwanted side 

reactions and photodegradation can be minimized.42 

1.3.2. Photochemical ring-closing and ring-opening reactions 

In dithienylethene derivatives, the photochemical ring closure is dependent on the 

arrangement of the π-orbitals of the central 1,3,5-hexatriene system. In the ring-open 

isomer DTE-o, the two thiophene rings can rotate freely around the carbon-carbon single 

bond joining the heterocycle with the alkene. As a result of this free rotation, the ring-open 

isomer DTE-o exists as an equilibrium mixture of two different conformers (Scheme 1.6).  
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Scheme 1.6:  The ring-open isomer of dithienylethene DTE-o can exist as parallel and 
anti-parallel conformations. The parallel conformation that has a mirror 
plane of symmetry is non-photoactive, while the anti-parallel conformer 
possesses a C2 axis of symmetry and can undergo photoinduced 
electrocyclization reaction to generate a racemic mixture of two 
enantiomers of the ring-closed isomer DTE-c46 

When the two thiophene groups are facing the same direction, they possess a mirror plane 

of symmetry and the conformation is known as parallel conformation (Scheme 1.6, parallel 

form). While, in the anti-parallel conformation of DTE-o, the two thiophene groups are 

oriented in the opposite direction with a C2 axis of symmetry across the molecule (Scheme 

1.6, anti-parallel form).42,46 As described by Woodward-Hoffmann rules, the 

photochemically induced ring closure can only occur via a conrotatory electrocyclization 

of the anti-parallel conformer to conserve orbital symmetry.47  

The photoresponsive dithienylethenes have a central 6π 1,3,5-hexatriene system. The 

photoisomerization reaction in such molecules occurs from the highest occupied 

molecular orbital (HOMO) of the excited state configuration ψ4
* (which is the lowest 

unoccupied molecular orbital (LUMO) of the ground state configuration) by a conrotatory 

motion generating a new σ bond, which yields the 1,3-cyclohexadiene (Figure 1.5).48  
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Figure 1.5: Typical π molecular orbital configuration of 1,3,5-hexatriene systems (left); conrotatory photochemical 
electrocyclization of the HOMO of the excited state ψ4* (right)49 
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The thermally induced electrocyclization in the case of 1,3,5-hexatrienes occurs by the 

disrotatory motion of the ground state HOMO ψ3 (Figure 1.5). This does not occur in the 

case of dithienylethenes due to the large activation energy barrier that is created by the 

steric hindrance of the internal methyl groups in DTE-o.16,46 

The light-induced ring-opening reaction/cycloreversion of the ring-closed isomer DTE-c 

occurs in the conrotatory mode upon irradiation with light of a wavelength in the visible 

region due to their extended π-conjugated systems (Scheme 1.5).46  

1.3.3. Quantum yield and photostationary state 

Quantum yield (φ) and photostationary state (PSS) are used to determine the 

photochromic performance of DTE systems. The quantum yield (φ) of a photochemical 

reaction describes the product yield of the reaction.15 Mathematically, it is defined at a 

certain wavelength as the ratio of the amount of product formed, which in the case of DTEs 

are the number of molecules that are isomerized, to the total number of photons absorbed 

(Equation 1.1).14  

𝜑(𝜆) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑠𝑜𝑚𝑒𝑟𝑖𝑧𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 

Equation 1.1:  Mathematical representation of quantum yield (φ) at a given wavelength 
(λ) 

Quantum yield of photocyclization and cycloreversion reactions provides a measure for 

the efficiencies of these reactions for a DTE molecule. Theoretically, the maximum value 

of φ can be 1, but, in practice, the values are lower due to the presence of a non-

photoactive parallel isomer or any side reactions.37,42,43 

The photostationary state (PSS) of a photochemical reaction, reported as a percentage 

describes the relative yield of photocyclization reaction under a specific set of conditions 

(wavelength, temperature, solvent) (Equation 1.2).  

𝑃𝑆𝑆 = (
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑠𝑜𝑚𝑒𝑟𝑖𝑧𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
) ∗ 100% 

Equation 1.2: Mathematical representation of the photostationary state 
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A photochemical reaction is said to reach its photostationary state, a steady state at which 

the rate of ring-closing reaction becomes equal to the rate of ring-opening reaction.14 The 

photostationary state of a system depends upon the intensity of the incident light, molar 

absorption coefficients of the two isomers at a given wavelength, quantum yields of the 

forward and back reactions, and the rate of thermal back-reaction.15,16 

PSS for most DTE systems is never 100% as some of the ring-closed isomers tend to 

revert to the ring-open isomer during irradiation with UV light.49 Although, multiple DTE 

systems have been developed where PSS → 100%.50,51 Throughout this thesis, the PSS 

of DTEs will refer to the ring-closing reactions of the ring-open isomers until no further 

changes in 1H NMR spectra and UV-visible absorption spectra are observed. In contrast, 

the cycloreversion reaction is quantitative (PSS = 100%) as only the ring-closed isomers 

absorb the visible light while the ring-open isomers remain unchanged.42 

1.3.4. Photodegradation and by-products 

In most cases, dithienylethene-based photochromic compounds are fatigue-resistant and 

thermally irreversible. Nonetheless, some dithienylethenes can undergo certain 

irreversible photochemical reactions that lead to products that are non-photochromic, thus 

diminishing the photoresponsive properties of dithienylethenes. Irradiation with UV light in 

the presence of oxygen degrades the ring-closed isomer DTE-c and leads to the formation 

of oxidized products like endo-peroxides (Scheme 1.7, II & III).52,53 Even in the absence of 

oxygen, exposure of ring-closed isomer DTE-c to UV light for an extended period of time 

causes rearrangement into a non-photochromic fused system I (Scheme 1.7).53,54  

When dithienylethene molecules are designed with a non-cyclic alkene backbone 

connecting the two thiophene heterocycles, the ring-open isomer of such systems can 

undergo Z → E isomerization upon irradiation with UV light (Scheme 1.7).44 The DTE-E 

(Scheme 1.7) isomer that is produced is non-photochromic. 
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Scheme 1.7:  Side reactions of dithienylethenes upon prolonged UV exposure 

Several synthetic modifications of DTE structures tend to reduce these degradation 

processes: 

1. employing ring systems as part of the central alkene prevents the Z → E 

isomerization 

2. protecting the 4 and 4’ positions of the thiophene rings by substitution (e.g. methyl 

groups) or annelation (e.g. benzothiophenes) hinders the ring-oxidation, and 

rearrangement of the ring-closed isomer to form a polyene55 

1.3.5. Synthetic and functional diversity 

The dithienylethenes molecules are considered amenable to synthetic and functional 

modifications depending on the end-use application. The DTE architecture is, in general, 

compliant with a variety of chemistries. Most often, these alterations are made on the 5- 

or “external” positions of the thiophene rings (Figure 1.6).43,54,56 The 2- or “internal” 
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positions on thiophene rings are, typically, substituted with methyl groups (Figure 1.6). 

Although, these internal positions can also be tailored to induce changes in the optical and 

electronic properties of DTEs.40,57,58 Moreover, the “top” or “central” ring systems (Figure 

1.6) of much of the reported literature is limited to cyclopentene or hexafluorocyclopentene 

units. More recently, there have been reports where the “top” or “central” ring has been 

modified to expand the areas of application of DTEs.59,60,61,62  

 

Figure 1.6:  Synthetic tailoring of DTEs can be achieved by modifications on 5- or 
“external” positions or 2- or “internal” positions of the thiophene rings; or 
the “top” or “central” ring system 

1.3.6. Steric differences between ring-open and ring-closed isomers 

The ring-open isomers of DTEs are comparatively more flexible than their ring-closed 

isomers. Consequently, the ring-open isomer can rotate freely around the carbon-carbon 

single bonds that connect the thiophene rings to the central alkene (details in Section 

1.3.2). This structural flexibility results in the interconversion between parallel and anti-

parallel conformers and allows for the convergence of the functionalities located at internal 

or external positions of the thiophene rings (Figure 1.7).37,41,42  

The ring-closed isomers of DTEs are considerably more rigid due to the formation of a 

tricyclic structure upon photocyclization. As a result, the functional groups on thiophene 

rings are forced to diverge from each other. Irradiation with visible light regenerates the 

structurally flexible ring-open isomer.  
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Figure 1.7:  Geometrical changes in DTE derivatives upon photocyclization. In the 
ring-open isomer, the thiophene rings can freely rotate resulting in the 
convergence of functional groups at internal (A and D) or external (B and 
C) positions; while in the ring-closed isomer, the rings are locked such 
that the functional groups diverge from each other 

1.3.7. Electronic differences between ring-open and ring-closed 
isomers 

Upon irradiation with UV light, the photocyclization reaction induces changes in the bond 

configuration of the two isomers leading to dramatic electronic changes upon ring closure. 

In the ring-open form of DTE, the π-systems are localized on the two thiophene rings 

making them electronically isolated from each other. This electronic isolation is a direct 

consequence of the steric hindrance of the functional groups at internal positions leading 

to the thiophene rings being not in the same plane. Additionally, the functional groups on 

the thiophene rings, A and B; C and D, are electronically connected via the π-system of 

the thiophene rings (Figure 1.8). Upon ring closure, the bond rearrangement leads to a 

linear π-conjugated system across the DTE backbone. This extended π-conjugation shifts 

the absorption spectrum of the ring-closed isomer into the visible region, thus making the 

solution appear coloured in most cases. Furthermore, active electronic communication is 

enabled between the external groups, B and C, on the two thiophene rings thereby 

allowing them to identify their electronic character (Figure 1.8). In contrast, the groups, A 

and B; C and D, now become electronically insulated from each other as a result of the 

generation of sp3 centres between them.37,41,42,43,63,64 
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Figure 1.8:  Electronic differences between the ring-open and the ring-closed isomers 
of DTEs. In the ring-open isomer, the π-electrons are localized on the 
thiophene rings making the functional groups A, B, and C, D electronically 
connected to each other, while, an inter-ring connection between the 
external groups B, C is electronically insulated. Ring closure generates a 
π-system which is delocalized thus making B and C electronically 
connected while electronically insulating the connections between A, B, 
and C, D 

1.4. Integration of photochromism and chemical reactivity 

Section 1.1 of this thesis describes the significance of the relationship between light and 

chemistry. This integration of photoactivity of DTEs and chemical reactivity can potentially 

create new technologies that can prove to be advantageous in materials science, 

biomedicine, analytical chemistry. The synergy between light and the photoresponsive 

DTEs is recognized in the following two ways: 

1. gated reactivity (i.e. photochemistry happens first) – when the structural and 

electronic differences in the two isomers of DTEs influence the chemical reactivity 

in a markedly different manner. Further details about this photochromic 

modulation of chemistry will be presented in section 1.5. 

2. gated photochemistry (i.e. chemistry happens first) – when a chemical reaction 

regulates the photoresponsive behaviour of precisely designed DTE molecules. 

Section 1.6 provides details about this approach.  

The outline of the thesis, in section 1.7, eventually correlates these strategies to different 

areas of application. 
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1.5. Gated reactivity approach 

The steric and electronic variations that occur in DTE molecules upon photoisomerization 

can be used to influence the interaction of the DTE molecules with other substrates. Such 

modulated systems can be employed in areas of catalysis, as reagents for drug delivery, 

etc. The following sections (1.5.1 and 1.5.2) provide representative examples from the 

literature that utilizes these differences to integrate light and chemical reactivity. 

1.5.1. Controlling chemical reactivity using steric/geometric 
differences 

Harnessing the steric differences of the DTE systems that occur upon photoisomerization, 

Irie et al. synthesized DTEs functionalized with boronic acid groups at the external 

positions of the benzothiophene rings (Scheme 1.8 a)). In the ring-open isomer, the 

boronic acid groups can converge towards each other, due to the rotation of the carbon-

carbon single bond connecting the heterocyclic rings to the central alkene, to reversibly 

bind saccharides in the parallel conformer. The carbohydrate bound DTE would no longer 

undergo a ring-closing reaction. Only the anti-parallel ring-open isomer would undergo 

ring closure upon irradiation with UV light to produce the rigid ring closed isomer which 

has the boronic acid groups diverging away from each other leading to a structure that 

would be unable to bind any carbohydrates.65 

Based on the same concept, DTE systems modified with heterocyclic crown ethers were 

developed by Irie et al.66,67,68 and Kawai et al.69 to bind alkali-metal cations (Scheme 1.8 

b)). The flexible ring-open isomer of the system is able to bind larger cations like rubidium 

and caesium owing to the cooperative interactions of the convergent crown ether 

functionalities. In contrast, the rigid ring-closed isomer has both the crown ether 

functionalities diverging away from each other thereby acting as independent, single 

crown ether units that could now only bind smaller cations like sodium and potassium. 
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Scheme 1.8:  DTEs as photoswitchable hosts for a) carbohydrates65; b) metal ions69 

Branda et al. have successfully demonstrated that the geometric differences between the 

ring-open and ring-closed isomers of tailormade DTE systems can effectively control 

metal-catalyzed reactions.18 Their system consisted of oxazoline rings tethered to the 

internal positions of the DTE backbone. The flexible ring-open isomer can chelate with 

metals such as Cu(I). The chelated Cu+ is forced to reside in a C2-chiral environment 

consequently acting as a chiral catalyst for the cyclopropanation reaction of styrene with 

ethyldiazoacetate. In the presence of the ring-open isomer, the reaction is both diastereo-

and enantioselective. The rigid ring-closed isomer that is generated upon irradiation with 

UV light has the two oxazoline rings inappropriately positioned for metal binding, thus 

reducing the stereoselectivity of the reaction (Scheme 1.9). 

 

Scheme 1.9:  Chiral bis(oxazoline) based DTE system with geometry difference in the 
two photoisomers can chelate with Cu(I) centre only in the ring-open 
isomer, thus varying the diastereo-and enantioselectivity of the Cu-
catalyzed cyclopropanation reaction18 



21 

The geometric changes in DTE systems that affect their binding properties can also be 

augmented to biochemical systems. A DTE backbone with modifications on external 

positions has been designed to alter the enzymatic activity of human carbonic anhydrase 

I (hCAI) depending upon which photoisomer is present (Scheme 1.10).70 The flexible ring-

open isomer can acquire a conformation where the sulfanilamide and copper 

iminodiacetate are at a suitable distance to simultaneously bind at the active site of the 

enzyme. Irradiation with UV light generates the rigid ring-closed isomer which has the two 

binding groups farther apart such that only the sulfonamide group binds with the active 

site of the enzyme thereby decreasing the inhibition effect. 

 

Scheme 1.10:  Variations in enzyme activity of hCAI due to the steric differences 
between the ring-open and the ring-closed isomers of the DTE 
backbone70 

1.5.2. Controlling chemical reactivity using electronic differences 

Photoisomerization of the ring-open isomer of DTE systems to their ring-closed 

counterparts also changes the electron distribution of all the DTE backbones. This 

difference in electronic communication for ring-open and ring-closed isomers of DTE 

systems was successfully demonstrated by Lehn et al. the changes in the acidity of the 

external phenol groups of unsymmetrical DTE photochromes with light.71 The phenol 

group and the pyridinium groups are electronically insulated in the ring-open isomer, while, 

in the ring-closed isomer, due to the π-system delocalization, electronic communication is 

established between the two functional groups leading to a decrease in pKa value upon 

photoisomerization (Scheme 1.11 a)).  
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Similarly, localization of π-electrons in the ring-open isomer enables the electronic 

communication between the functional groups on the internal and external positions of 

each thiophene ring. Ring closure disrupts this localization and leads to a break in 

communication between these groups. Irie et al. illustrated this by functionalizing the 

internal position with a phenol moiety and external position with the pyridinium group on 

one of the thiophene rings.72 The pKa of the phenol group is higher for the ring-open isomer 

due to the interaction between the pyridinium and phenol groups through the localized π-

system of the thiophene ring. Irradiation with UV light breaks this conjugation thereby 

disrupting the communication between the pyridinium and phenol groups, thus, leading to 

an increase in the value of pKa of the phenol for ring-closed isomer (Scheme 1.11 b)).    

 

Scheme 1.11:  a) Increase in the acidity of the phenol group on the DTE upon ring 
closure as a result of enhanced electronic communication (highlighted in 
bold) between the pyridinium and phenol groups71; b) Decrease in the 
acidity of the phenol group on the DTE upon ring closure caused by the 
disruption in electronic communication (highlighted in bold) between 
pyridinium and phenol groups72 

Lapouyade et al. successfully applied the electronic difference between the ring-open and 

ring-closed isomers of an azacrown DTE to bind and release cations.73 In the ring-open 

isomer, the azacrown ether complexes with metal cations like calcium (Ca2+), thus acting 

as an effective ionophore. Irradiation with UV light generates the ring-closed isomer which 

now has a delocalized π-system allowing the ionophore to communicate with the electron-

withdrawing aldehyde group on the other thiophene ring (Scheme 1.12). The net result is 

a decrease in the binding affinity of the azacrown ether by 4 orders of magnitude and the 

release of the bound cation upon photocyclization.  
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Scheme 1.12:  Ring closure by UV light establishes an electronic communication 
pathway between the electron-withdrawing aldehyde group and the 
azacrown ether ionophore (highlighted in purple) resulting in the decrease 
in the density of nucleophilic lone-pair electrons on the nitrogen atom in 
the azacrown ether ring leading to the release of Ca2+ ions73 

Branda et al. have applied the variations in electronic communications for ring-open and 

ring-closed isomers of specially designed DTE systems to regulate and monitor different 

types of chemical reactions (Scheme 1.13).74,75,76 

 

Scheme 1.13:  Modulation of chemical reactivity using the electronic differences between 
the ring-open and ring-closed isomers of various DTE systems designed 
to a) photoregulate Bergman cyclization74; b) adjust Lewis acidity of Boron 
using light76; c) modulate the coordination behaviour of nitrogen’s lone-
pair of electrons with light75 

The changes in the electronic pathways within the DTE backbone upon irradiation with 

light can also be applied in biochemical reactions. For example, Branda et al. have 
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successfully presented that a DTE-based pyridoxal 5’-phosphate (PLP) can act as a light-

controlled catalyst.51 The ring-open isomer of the photoresponsive PLP mimic has the 

aldehyde and pyridinium groups electronically insulated from each other and cannot 

catalyze the racemization of amino acid. Irradiation with UV light facilitates the interaction 

between aldehyde and pyridinium groups by creating the extended π-system across the 

DTE backbone which now acts as the catalyst for racemization (Scheme 1.14).  

 

Scheme 1.14:  Photoresponsive PLP mimic DTE system in the ring-closed form has the 
desired extended π-conjugation (highlighted in bold purple) that allows 
the aldehyde and pyridinium groups to communicate and thus catalyze 
the racemization of amino acid51 

More recently, Branda et al. successfully reported the spontaneous release of small 

molecules from a ‘masked’ DTE system containing amine and carbonated groups on the 

external positions of the two thiophene rings.77 In the ring-open isomer, amine and 

carbonate groups are electronically insulated from each other and no spontaneous release 

occurs. Exposure to UV light generates the ring-closed isomer with an electronic pathway 

consisting of the lone-pair of electrons on the amine group to push into the conjugated 

backbone, thereby, stimulating the spontaneous breakdown of the carbonate to release 

tert-butylcarbonate anion (Scheme 1.15).  

 

Scheme 1.15:  UV light exposure creates the desired electronic pathway for fast 
spontaneous fragmentation of carbonate group to release tert-
butylcarbonate anion from a ‘masked’ DTE system77 
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1.6. Gated photochemistry approach 

The approach of ‘gated photochemistry’ involves the use of an additional external stimulus 

such as heat, solvation, electricity, or chemicals to induce the photochromic behaviour of 

the system (Scheme 1.16).37,78 In most cases, the DTE systems are designed such that 

the central hexatriene ring that is essential for the photocyclization reaction is absent until 

the additional stimulus spontaneously generates it.40  

 

Scheme 1.16:  Pictorial representation of the ‘gated photochemistry’ approach 

The strategies involved to chemically gate photochromism frequently involve the following 

strategies: 

1. ‘gated’ photochromism based on geometric effects of DTEs 

2. electronic effects of DTE systems for ‘gating’ photochromic properties 

3. ‘gating’ based on quenching effects 

4. ‘gated’ photochromism via chemical reagents to generate the hexatriene ring 

Sections 1.6.1 to 1.6.4 provide examples from literature to further discuss each of the 

strategies in detail. 

1.6.1. Geometric effects of DTEs to ‘gate’ photochromism 

The flexible nature of the ring-open isomer of DTE systems allows them to exist as parallel 

and anti-parallel conformers (details in section 1.3.2). Only the anti-parallel conformers 

can undergo the ring-closing reaction. The systems that ‘gate’ photochromic properties of 
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DTEs via the differences in their geometries do so by locking, both intramolecular and 

intermolecular, the DTEs in their parallel conformations. 

Irie et al. demonstrated the phenomenon of intramolecular locking of the two arms of DTEs 

by modifying the external positions of the two benzothiophene heterocycles with carboxylic 

acid and thiol functional groups.78 The DTE system functionalized with carboxylic acid 

groups at the external positions were locked in their parallel conformation by strong 

intramolecular hydrogen bonds between the two arms which is responsible for the ‘gating’. 

The system was unlocked and became photoactive only upon the addition of a solvent, 

like ethanol, that can compete for the hydrogen bonds (Scheme 1.17 a)). While the DTE 

system decorated with thiol groups could reversibly be locked in their parallel conformation 

by oxidation of thiols to produce disulphide linkages. The addition of a reducing agent 

unlocks the photochromism of the system (Scheme 1.17b)).  

 

Scheme 1.17:  Intramolecular locking of DTEs in their parallel conformations78 via a) 
hydrogen bonding; b) disulphide linkages 

Intramolecular locking of the DTE arms in parallel conformation can also be achieved by 

modifying the systems such that the functionalities can chelate with metal ions and lock 

the system. Tian et al. synthesized a DTE system tethered with piperazine moieties on the 

external positions.79 Cu (II) ions were added as molecular ‘lock’ to make the system non-
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photoresponsive by metal coordination. The addition of EDTA to the complex reverts the 

system to the anti-parallel conformation and regenerates the photoactivity (Scheme 1.18). 

 

Scheme 1.18:  Chelation of Cu (II) ions with the piperazine groups locks the DTE system 
in its parallel, non-photoactive conformer79 

More recently, Yi et al. synthesized a DTE system modified with Thiazole orange dye 

(Figure 1.9; top).80 In aqueous solutions, the system was locked in its parallel conformation 

due to the strong intramolecular interactions of the Thiazole orange. The photochromic 

behaviour of the molecule is unlocked upon binding with DNA (Figure 1.9; bottom). 
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Figure 1.9:  Structure of the Thiazole orange modified DTE system (top); DNA-gated 
photoresponsive behaviour of the molecule (bottom). Reproduced with 
permission from ref. 80. © 2014 Royal Society of Chemistry 80 

1.6.2. Electronic effects of DTEs to ‘gate’ photochromism 

The electronic differences between the ring-open and ring-closed isomers of DTE systems 

can be employed to control chemically the photoresponsive properties of these systems. 

Lehn et al. have designed bis(phenol) based DTE molecules whose photoactivity is gated 

by the redox chemistry of the photoisomer that is present.81,82 The ring-open isomer of the 

bis(phenol) DTE is electrochemically stable and can undergo ring closure upon irradiation 

with UV light. In the ring-closed isomer, both the external phenol groups can interact with 

each other via the π-conjugated pathway and undergo reversible electrochemical 

oxidation to generate the non-photoactive quinoid form (Scheme 1.19). Reduction of the 

quinoid form to the bis(phenol) compound re-establishes the photochromism in the 

molecule.  
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Scheme 1.19:  Electronically gating photochromism of bis(phenol) DTE which can 
oxidize to its quinoid form only in its ring-closed form due to the extended 
conjugation in the system81 

This redox reaction-based gating of photochromic properties of DTE systems for 

biologically relevant systems was utilized by König et al. who synthesized a 

photoresponsive mimic for Coenzyme Q (CoQ) based on a DTE structure that was redox-

active only in its ring-open form.83 In the ring-closed isomer, the double bond in the 

benzoquinone group is delocalized over the DTE backbone, thus making the system redox 

inactive (Scheme 1.20).  

 

Scheme 1.20:  Descriptive outline of redox switchable photoresponsive CoQ mimic83 
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1.6.3. Gating photochromism of DTEs based on quenching effects 

In general, for DTE derivatives, irradiation with UV light promotes them to an excited state 

eventually leading to ring closure of the molecule. Nonetheless, there are systems 

specifically designed such that there occur certain competing processes, like 

intramolecular charge transfer (ICT), excited-state intramolecular proton transfer (ESIPT), 

or twisted intramolecular charge transfer (TICT) excited state, that can effectively quench 

the excited state to prevent photocyclization. Irie et al. developed one such system in 

which the presence or absence of the phenol -OH group significantly affected the outcome 

of the excited-state.84 Upon irradiation with UV light, the presence of phenol -OH group 

leads to intramolecular proton transfer to one of the carbonyl groups of the maleimide 

backbone in the excited state at a rate much faster than photocyclization. Therefore, no 

ring-closed isomer is observed. Simple acylation of the phenol disrupts the quenching 

mechanism and makes the system photoresponsive. Hydrolysis of the ester re-establishes 

the quenching effect, thus, making the system photoinactive (Scheme 1.21 a)). 

Branda et al. applied the principle of quenching via excited-state intramolecular proton 

transfer to design a DTE system that can detect volatile toxic organophosphorus nerve 

agents (Scheme 1.21 b)).85 
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Scheme 1.21:  Examples of DTE systems that possess functionalities to effectively 
quench their photochromism via intramolecular proton transfer in the 
excited state. The photochromic behaviour is induced only upon a) 
acylation of the phenol84; b) phosphorylation of the phenol85 

Zhang et al. have synthesized DTE systems that exhibit photoresponsive behaviour only 

under acidic conditions.86 Upon deprotonation, the photochromism of the DTE system is 

switched ‘off’ due to the formation of zwitterionic pyridinium betaine moiety by 

intramolecular charge transfer phenomenon (Scheme 1.22). 
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Scheme 1.22:  Modified DTE system whose photoresponsive behaviour can be 
reversibly quenched upon deprotonation via intramolecular charge 
transfer in the excited state86 

Similar ‘gated’ photochromic activity of DTE systems utilizing deprotonation/protonation 

reaction was demonstrated by Irie et al.87 Only the protonated form of the DTE system 

exhibits photochromic behaviour. Upon deprotonation with a base, the N, N-diethylamino 

groups suppress the photocyclization reaction. This quenching effect is attributed to the 

twisted intramolecular charge transfer (TICT) phenomenon (Scheme 1.23). 

 

Scheme 1.23:  The electron-donating N, N-diethylamino groups on the DTE introduce the 
twisted intramolecular charge transfer (TICT) based quenching of the 
excited-state leads to inhibition of photocyclization. Protonation of the 
DTE re-establishes the photochromism87 

Another example of ‘reactivity-gated’ photochromism by chemical protection/deprotection 

was demonstrated by Belser et al. using a cyclobutene-1,2-dione modified DTE system.88 

Despite the system possessing the required 1,3,5-hexatriene arrangement for 

photocyclization, ring closure does not occur upon irradiation with UV light. A faster 

competing photochemical ring-opening reaction to yield 1,2-bisketenes relieves the 

system from ring strain. The net result being quenched photochromism. Protection of one 

of the ketone groups as a cyclic acetal does not induce any photochromism. Protecting 

both the ketone groups as cyclic acetals shuts down the competing ring-opening reaction, 

thus making the molecule photoresponsive (Scheme 1.24). Deprotection of the ketones 

by acids can influence and ‘gate’ the photochromic properties of such DTE systems. 
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Scheme 1.24:  Reversible protection of the ketone groups on cyclobutene-1,2-dione 
generates the protected structure that can undergo photocyclization upon 
irradiation with UV light. The unprotected ketone groups undergo a faster 
ring-opening reaction that effectively quenches the photochromic 
properties of cyclobutene-1,2-dione modified DTE88 

Branda et al. have created modified DTE systems with one thiophene ring replaced by 

trisubstituted alkenes that retain the 1,3,5-hexatriene ring system and thus the 

photochromic properties.89,90 One such system with dicyanomethylene-thienylethene 

backbone substituted with pyridine can coordinate with ruthenium tetraphenyl porphyrin in 

both ring-open and ring-closed forms. Upon coordination, the photochromism of the 

complex is turned ‘off’ (Scheme 1.25).91 The authors predict this inhibition to be related to 

energy transfer involving triplet states.40 

 

Scheme 1.25:  Coordination of a pyridine substituted dicyanoacetylene-thienylethene can 
turn ‘off’ the photoresponsive behaviour of both the isomers91 
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1.6.4. Chemically gated photochromism 

This approach is rather recent and involves modification of the top ring such that a 

chemical reaction generates the 1,3,5-hexatriene system on top thereby turning the 

photochromism of the system ‘on’. Branda et al. did some pioneering work in this 

‘reactivity-gated’ photochromism strategy. In the first example, Branda et al. reported that 

a Diels-Alder reaction of the hexadiene ring bridging the thiophene heterocycles with 

maleic anhydride as a dienophile generated the intended 1,3,5-hexatriene system, 

consequently unlocking the photochromism of the molecule (Scheme 1.26).92  

 

Scheme 1.26:  Diels-Alder reaction between the cyclohexadiene and maleic anhydride to 
generate the photoresponsive DTE system (highlighted in orange)92 

Branda et al. further applied this approach to selectively and sequentially release small 

molecules from a concealed DTE system.93 Such systems can potentially be used for 

photodelivery applications. The non-photoresponsive diene was based on dithienylfulvene 

structure. This diene could undergo a thermal Diels-Alder reaction with dicyanofumarate 

to generate a racemic mixture of a photoresponsive DTE. Upon irradiation with UV light, 

the DTE molecule underwent the π-bond rearrangement to generate the ring-closed 

isomer, which was thermally stable, i.e., the retro-Diels-Alder reaction cannot take place. 

The thermal reaction was regenerated only upon exposure to visible light (Scheme 1.27). 

 

Scheme 1.27:  Dithienyl fulvene undergoes a thermal Diels-Alder reaction to form a 
photoresponsive DTE (highlighted in orange) which upon ring closure is 
thermally locked (highlighted in red)93 
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More recently, Branda et al. designed polymers whose “self-healing” properties can be 

controlled with light.94 The polymer backbone consisted of non-photoresponsive 

dithienylfuran moieties which were crosslinked by thermal Diels-Alder reaction with 

maleimide-terminated monomers. The resultant polymer was photoresponsive that would 

undergo ring closure. The resultant polymer in the ring-closed form displayed better 

adhesive properties than the ring-open counterpart due to the locking of the thermal 

reverse reaction in the ring-closed form (Scheme 1.28). 

 

Scheme 1.28:  Thermal Diels-Alder reaction between non-photoresponsive dithienylfuran 
and maleimide monomers produces polymers that are photoresponsive 
(highlighted in orange). Ring closure locks the thermal reverse reaction 
(highlighted in red) thereby altering the adhesive properties of the 
polymers94 

1.7. Incorporation of light and chemical reactivity to 
regulate chemical reactions – Goal of this thesis 

Sections 1.5 and 1.6 elaborately discuss the numerous methods and strategies for 

regulating the chemical reactions using photoresponsive DTE derivatives and modulating 

the photoresponsive nature of the DTE molecules via chemical reactions. The objective 
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of this thesis is to further discuss this connection of chemical reactivity and photochromism 

for applications in catalysis, drug delivery, and sensing.  

Regardless of its better spatial and temporal control, the use of light as an external 

stimulus to prompt chemistry remains to be limited. This lack of widespread use is primarily 

due to the extra cost that is generated for designing starting materials that can respond to 

light and the use of sophisticated equipment such as modern optical devices (LASERs). 

As a result, most industries still employ heat as a source for driving chemical reactions to 

develop new materials.  

Herein, the difference in properties of specifically designed DTE molecules will be utilized 

to control chemical activity in different areas of application. ‘Gated photochemistry’ 

approach to alter the 1,3,5-hexatriene system will be used for sensing and detection 

purposes. Incorporating noble metal nanoparticles that are also responsive to light for drug 

delivery applications will also be demonstrated.  

1.8. Thesis overview 

In Chapter 2, the difference in electronic properties of the ring-open and ring-closed 

isomers of DTE systems are employed for controlling the catalytic activity of Karstedt’s 

catalyst used in the industrial hydrosilylation reaction with light. The synthesis of this small 

molecule photoresponsive inhibitor is described. The design of the photoresponsive 

inhibitor is based on electron-deficient alkene being part of the 1,3,5-hexatriene system 

(Scheme 1.29). The coordinating ability of the two photoisomers with the metal centre of 

Karstedt’s catalyst is also studied with the aim that both isomers will have different binding 

strengths. The difference in the inhibition ability of the two photoisomers in a model 

hydrosilylation reaction is also monitored.95  
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Scheme 1.29:  The photoresponsive inhibitor for Karstedt’s catalyst described in Chapter 
2. Light is used to turn the inhibition of the small molecule ‘off’, thereby, 
activating the catalyst95 

Chapter 3 provides an example of a unique way of detecting hydrazine vapour by ‘gating’ 

the photochromic activity of a DTE system by quenching effects. Both the ring-open and 

ring-closed isomers of this small photoresponsive molecule can react with hydrazine and 

becomes non-photoresponsive (Scheme 1.30). The reaction of hydrazine with the ring-

closed isomer results in decolourization of the solution and the formation of a product that 

does not respond to light. Additionally, the ring-open isomer reacts with hydrazine to yield 

an emissive response. Such a system can be useful for a dual-mode visual detection of 

toxins. 

 

Scheme 1.30:  Reaction with hydrazine can turn ‘off’ the photochromic behaviour of both 
the isomers of the small molecule photoresponsive detector is 
demonstrated in Chapter 3 
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In Chapter 4, the release of biologically relevant molecules from encapsulated 

nanoassemblies containing gold nanoparticles and masked forms of biologically relevant 

molecules is described (Figure 1.10). Light acts as an indirect stimulus to induce the 

photothermal effect of the gold nanoparticles inside the nanoassemblies to generate 

localized heat around their surface that activates the retro-Diels-Alder reaction to release 

the desired molecule. Furthermore, two different encapsulation strategies are presented. 

The thermoresponsive Diels-Alder adducts of the molecules to be released are trapped in 

the vicinity of gold nanoparticles using an amphiphilic polymer shell. The amphiphilic 

polymer provides the advantage of releasing the molecules directly in aqueous 

environments. 

 

Figure 1.10:  Photothermally assisted release of biologically relevant molecules from 
gold nanoassemblies in which the masked forms of the molecules to be 
released can be encapsulated by two approaches as described in 
Chapter 4 
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Chapter 2.  
 
Using light to control inhibition of Karstedt’s catalyst 

2.1. Permission of reprint and contributions 

The research work presented in this chapter has been published as a communication in 

Organic Chemistry Frontiers and is being reproduced in its entirety with permission from 

the journal (B.Kaur, R.Raza, M.J.Stashick, N.R.Branda. Org. Chem. Front. 2019, 6, 1253-

1256). The project was designed by Dr Neil R. Branda. The synthesis and characterization 

of all organic precursors were carried out by B. Kaur. All photochemistry experiments on 

the final organic molecule were done by B. Kaur. 195Pt-NMR studies were conducted by 

B. Kaur. The model reaction experiment was designed by B. Kaur and R. Raza based on 

the results from previous experiments performed by M.J. Stashick. 1H-NMR based kinetic 

experiments were carried by B. Kaur together with the help of Dr E. Ye and Mr Y. Zhang. 

B. Kaur wrote the first draft of the manuscript. It was later edited by R. Raza and finally by 

Dr N.R. Branda. The authors thank Dr E. Ye for his guidance and help to carry out 195Pt-

NMR studies.  

2.2. Graphical abstract 

 

2.3. Abstract 

Hydrosilylation reactions are commonly used in the coating industry but the high activity 

of the platinum catalysts diminishes the ‘pot-life’ of the reagents which poses a serious 

industrial problem. Herein, we illustrate a method for controlling the activity of one of these 
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catalysts by using light as an external stimulant to turn ‘off’ a small molecule inhibitor, 

thereby turning ‘on’ and activating the catalyst. 

2.4. Introduction 

The use of light to turn ‘on’ catalysts would provide a higher level of control over chemical 

processes and put into the hands of the user the ability to decide when and where 

reactions take place. The approach of using light here differs from other photochemical 

reactions. Here, light has to be ‘on’ for the brief period of time needed to activate the 

catalyst; conventionally, the light would require to be ‘on’ for the entire process chemistry. 

Only a few examples of small photoresponsive molecules that act as catalysts after being 

exposed to light have been reported.9,96,97,18,98 This chapter describes our approach 

towards the problem of light-controlled catalysis and inhibition by developing a 

photoresponsive compound based on a dithienylethene backbone that acts as an inhibitor 

of Karstedt’s catalyst by coordinating to the platinum centre until it is exposed to UV light. 

This exposure triggers a structural change in the compound rendering it a poor metal 

ligand and activating the catalyst for hydrosilylation reactions. The release coatings 

produced using hydrosilylation reactions will be described in detail in section 2.4.1. 

2.4.1. Release coatings and Hydrosilylation reaction 

Tag and label industry across the world manufacture polymer-based release coatings 

which are used as thin non-stick layers for labels, stamps, and envelopes, designed to 

provide for their facile removal from a surface without any loss in adhesive properties 

(Figure 2.1).99,100,101  
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Figure 2.1: A typical release coating is applied to label backing paper (release liner) 
to facilitate removal of self-adhesive labels102 

Silicone/polysiloxane based release coatings have become an integral part of this world-

wide industry and most major chemical manufacturers, like Evonik Industries, Dow 

Corning, Shin-Etsu, etc. have dedicated release coating fabrication units.103 These 

coatings have proved to be a class of dependable release agents owing to their unique 

physical and chemical properties.  

Polysiloxanes, polymers containing siloxane (-Si-O-Si-) linkage in the main chain, are an 

important class of inorganic polymers because of their high flexibility and temperature 

resistance (Scheme 2.1). These polymers are known to show good low-temperature 

flexibility because of their low Tg values. The long Si-O bond and wide Si-O-Si bond angles 

provide for the remarkable flexibility of the Si-O-Si bond, which, in turn, imparts the desired 

low release force, necessary in the release applications. In addition, the greater strength 

of the Si-O bond, compared to the C-C bond, leads to polymers that are stable at high 

temperatures, and are resistant to any chemical, physical or biological degradation.104 

 

Scheme 2.1:  Representative siloxane polymer containing Si-O bond in the backbone 
with R groups = alkyl, aryl 
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Industrially, these highly crosslinked polymers are synthesized by the hydrosilylation 

reaction, which involves the addition of a silane group across an unsaturated carbon-

carbon bond (Scheme 2.2 i)).105 Hydrosilylation reactions are catalyzed by highly active 

low-valent platinum complexes. The most common ones are Speier’s catalyst, Karstedt’s 

catalyst and Markó’s catalyst (Scheme 2.2 ii)).106 Karstedt’s catalyst is a complex with Pt 

(0) centre coordinated to both bridging and chelating siloxane ligands and remains to be 

the most used catalyst industrially.  

 

Scheme 2.2:  i) A general hydrosilylation reaction between an alkene and an alkylsilane 
catalyzed by soluble Pt catalyst; ii) Molecular structures of Speier’s 
catalyst, Karstedt’s catalyst and Markó’s catalyst 

The catalytic cycle that governs all hydrosilylation reactions were studied in 1965 by Chalk 

and Harrod and continues to be acknowledged in platinum catalysis (Scheme 2.3). The 

Chalk-Harrod catalytic cycle includes four basic steps: Step I; oxidative addition of the 

hydrosilane to the metal centre which generates a Pt (II) species. Coordination of the olefin 

occurs in Step II. This is followed by the migratory insertion of an olefin into the Pt-H bond 

in Step III; and finally, in Step IV, occurs the reductive elimination of the product.106,107 
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Scheme 2.3:  Chalk-Harrod mechanism for hydrosilylation of olefins using platinum 
metal catalysts 

Platinum catalyzed hydrosilylation reactions are usually fast at ambient conditions even 

with very small amounts (less than 10 ppm) of platinum.108,109 Significant crosslinking can 

be obtained for silicones within an hour of curing time at room temperature with platinum 

concentration ~2-5 ppm. Coatings with a high elastic modulus (greater than 104 Pa) 

require higher platinum concentrations.110 However, such high concentrations cause 

premature curing of polymers that causes difficulty in resin processing, storage and 

transportation, and reduces the shelf life of a precured resin batch under ambient 

conditions.109,111 To avoid the issues caused by premature curing of polymers, inhibitors 

are added to the processing mixture to hinder or reduce the catalytic activity of Karstedt’s 

catalyst.111  

Inhibitor ligands are, generally, electron-deficient alkenes, e.g. tetracyanoethylene 

(TCNE), naphthoquinone, dimethyl maleate, dimethyl fumarate, etc., which are capable of 

coordinating with platinum, thus, competing with added reactant for a site on the active 

platinum catalyst (Scheme 2.4).109,112 These electron-deficient alkenes bond directly with 

the metal centre by a co-planar η2 -alkene interaction such that the anti-bonding π* orbitals 

of the inhibiting alkene (Inh) are in the same plane as the complex.113  
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Scheme 2.4:  Types of inhibitors and mode of inhibition 

In zero-valent platinum complexes, the electronic configuration of the metal is d10 and the 

π-back-donation from the electron-rich metal centre to the alkene is the most important 

contributor to the strength of the Pt-C bond.114 Backbonding occurs when the electrons 

from nd-orbitals of the metal are donated to the empty π*-orbitals of the ligand (Scheme 

2.5). The greater is the electron deficiency of the inhibiting alkene, the stronger its 

coordination with the metal centre (stronger π-back-donation) and the higher will be the 

degree of its inhibition. Tetracyanoethylene, being highly electron-deficient, coordinates 

to the metal centre strongly enough to completely poison the catalyst making the catalyst 

ineffective for use in curing processes. 

 

Scheme 2.5:  Molecular Orbital (MO) diagram for π-back-donation of electrons from 
filled d-orbitals of Pt metal to the empty π* anti-bonding orbitals of alkene 

Industrially, the selection of inhibitors is based on two conditions: i) strength of ligand is 

enough to inhibit the catalyst completely at room temperature; ii) catalyst can still be 

activated on heating.115 The most commonly used inhibitors for thermal curing processes 

in industry, owing to their high-temperature volatility, are maleates and fumarates.109 
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Consequently, manufacturers must balance the temperature and time for the effective 

thermal curing of silicones (Figure 2.2). Higher temperatures would more quickly remove 

the inhibitor, catalyzing the reaction in the process, but such temperatures would damage 

the finished coatings. Lower temperatures (~60 °C) are sufficiently low as to not damage 

the final coating but are slower to remove the inhibitor, resulting in increased operating 

times prompting higher energy costs. Furthermore, heating also causes the generation of 

volatile organic compounds (VOCs) which pose great environmental concerns.  

As an alternative to thermal curing, industry, at present, uses ultraviolet (UV) light or 

electron beam, i.e., radiation-assisted curing. These techniques make use of initiators that 

generate reactive radicals upon irradiation and require specific functional groups to be 

attached to the siloxane backbone. While the curing efficiency for these methods is higher 

than thermal curing, a limited range of products is available in the market.116 

 

Figure 2.2:  Schematic representation of the manufacturing process of silicone-based 
release coatings 

Therefore, an ideal approach would be to combine the effective features of both heat-

assisted curing and radiation-assisted curing to create a system that would involve the 

direct interaction of light/radiation with the inhibitor-catalyst pair. Such a ‘light-initiated’ 

system would prove to be advantageous over the conventional radiation-based methods 

in that the radiation source is used only once to permanently activate the catalyst, reducing 

the effective radiation time involved. The need for radical initiators and photoactive 

functional groups in reactants would also be avoided. Additionally, the selection of 
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inhibitors of intermediate strength would no longer be a limitation as such a system would 

completely lose inhibition as soon as it responds to light. The specific class of 

photoresponsive compounds based on dithienylethenes, owing to their ease of 

functionalization, greater thermal stability and difference in electronic properties of the two 

isomers, can prove to be appropriate for such light-initiated systems. 

Peters et al. have previously published systems that demonstrate the facile synthesis of 

1,2-dithienylethenes with one thiophene ring replaced by a substituted olefin (Scheme 

2.6). This novel molecular structure provides enhanced feasibility of incorporating versatile 

functional groups onto the photoresponsive systems without restricting their photochromic 

behaviour.89 Wüstenberg et al. further customized the framework by incorporating nitrile 

groups to the alkene to create D-π-A systems called dicyanoethylene-thienylethene 

(DCTE) (Scheme 2.6).90  

 

Scheme 2.6:  Previously synthesized photoresponsive compounds with modified 
thienylcyclopentene backbone 

DCTE design is of particular interest corresponding to the electron-deficient character of 

the alkene that can act as an inhibitor to Karstedt’s catalyst Scheme 2.7). 

 

Scheme 2.7:  Ring-open form of DCTE possesses the electron-deficient double bond 
that can coordinate with the metal centre to inhibit the catalyst, which is 
lost upon ring closure by UV irradiation 
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These hexatriene systems have been employed by the Branda group117 as potential 

photoresponsive inhibitor ligands for Karstedt’s catalyst, but, with little success. The lack 

of inhibition by the DCTE was attributed to the additional steric bulk of the hexafluoro ring 

connected to the alkene. 

2.4.2. Our system 

The molecular design chosen contains an electron-deficient alkene connecting two nitrile 

groups and two thiophene heterocycles (Scheme 2.8). Like all dithienylethenes, 

compound 1o possesses a photoreactive hexatriene that undergoes a ring-closing 

reaction when exposed to UV light and produces its isomer 1c that no longer contains an 

electron-deficient alkene.42 

 

Scheme 2.8:  Only in its ring-open form can dithienylethene 1o bind to the metal centre 
of Karstedt’s catalyst. UV light triggers the ring-closing reaction, removes 
the electron-deficient alkene and turns the inhibitor ‘off’ 

It was expected that the ring-open isomer, 1o, will preferentially coordinate to the catalyst 

under ambient conditions to displace the bridging siloxane ligand and form a complex with 

a platinum metal centre (catalyst.1o). Thus, 1o will act as an inhibitor for Karstedt’s 

catalyst. And upon irradiation with light of suitable wavelength, ring-closure will occur via 

rearrangement of π-system leading to the loss of coordination site with the generation of 

active catalyst and 1c (Scheme 2.9) (inhibition turned ‘off’).  
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Scheme 2.9:  Proposed mechanism for inhibition of Karstedt’s catalyst by 1o and 
catalyst activation upon UV exposure 

Alternatively, a solution containing Karstedt’s catalyst and 1c would continue to catalyze 

a hydrosilylation reaction until irradiated with light of a suitable wavelength. This would 

lead to the conversion of 1c to 1o that can now bind with the metal centre of the catalyst 

and inhibit its activity (inhibition turned ‘on’). 

2.5. Results and Discussion 

2.5.1. Synthesis 

The photoresponsive inhibitor (1o) was synthesized in seven steps from commercially 

available 2-methylthiophene as described in the literature (Scheme 2.10). Starting with 2-

methylthiophene, the 3- and 5-positions on the thiophene were brominated using N-

bromosuccinimide in acetic acid to give 2 in excellent yield, whose structure was confirmed 

by the appearance of a singlet for 1H at δ = 6.85 ppm for thiophene in the 1H NMR 

spectrum.118 A subsequent Suzuki cross-coupling reaction with phenylboronic acid yielded 

3, as established by the emergence of four peak pattern in the aromatic region of the 1H 
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NMR spectrum.119 Insertion of aldehyde group was achieved through treatment of 3 with 

n-butyllithium followed by quenching with DMF and acidification to yield 4 as was seen by 

the appearance of a singlet for 1H at δ = 10.01 ppm, characteristic of aldehyde protons.51 

A one-pot reduction of aldehyde 4 by sodium borohydride in methanol followed by 

substitution with phosphorus tribromide to form alkyl bromide 5 almost quantitatively, as 

seen from the disappearance of aldehyde proton at δ = 10.01 ppm and appearance of a 

peak at δ4.46 for 2H for methylene group.120 Installation of nitrile group was done by a 

substitution reaction of 5 with sodium cyanide in water.121 The presence of the nitrile group 

was confirmed by the appearance of a peak at δ =117.20 ppm in the 13C NMR spectrum. 

The desired α,β-unsaturated nitrile, 1o, was prepared by coupling reaction of 6 in aqueous 

sodium hydroxide and carbon tetrachloride with tetrabutylammonium bromide as a phase-

transfer agent and was obtained as a cis-isomer in modest yield.84 Experimental details 

and characterizations of all compounds are provided in Section 2.7. 

 

Scheme 2.10:  Synthesis of photoresponsive inhibitor (1o) used to control the activity of 
Karstedt’s catalyst. The electron-deficient alkene is shown as cis-isomer 

2.5.2. Photoresponsive behaviour of 1o 

 UV-visible Absorption spectroscopy 

Light-induced ring-closing of the photoresponsive inhibitor 1o was evaluated by UV-visible 

Absorption spectroscopy and 1H-NMR spectroscopy. When a solution of 1o (1.05 × 10-5 

M) in chloroform, is irradiated with light of wavelength around 312 nm, an intense and 

relatively broad band centred at 580 nm appeared in the visible region of the spectrum 

implying conversion to ring-closed isomer, 1c (Figure 2.3 b)). A corresponding decrease 

in intensity in the high energy band at 290 nm for 1o was observed. This change is typical 

for dithienylethenes, which upon ring closure undergo rearrangement, thus, creating an 
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extended π-conjugated system that shifts the absorption to the visible region. A parallel 

change in the colour of the solution occurs from pale yellow to blue (Figure 2.3 a)). Two 

isosbestic points at 404 nm and 436 nm indicate that ring closure occurs with minimal 

degradation or side reactions. 

 

 

Figure 2.3:  a) Irradiation of a solution of 1o in CHCl3 with 312 nm light produces ring-
closed isomer, 1c, along with a colour change from pale yellow to blue; b) 
Changes in UV-vis absorption spectrum when a CHCl3 solution of 1o 
(1.05 × 10-5 M) was exposed to 312 nm light for 120 s; c) Kinetic plot 
summarizing the changes in the absorbance value at λmax = 580 nm as 
the concentration of 1c increases over time; d) Modulated absorption at 
290 nm corresponding to absorbances for ring-open isomer (1o) and at 
575 nm corresponding to absorbances for ring-closed isomer (1c) during 
alternating irradiation at 312 nm (30 s) and >435 nm (60 s) 
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The ring-closed isomer (1c) is stable in the dark under ambient conditions and can be 

reverted to the ring-open isomer with exposure to light >435 nm. The reversible nature of 

the photoswitching process was analyzed by alternating the ring-closing reaction and ring-

opening reaction, by exposing the solution of 1o to UV light (312 nm) for 30 s followed by 

visible light (>435 nm) for 60 s for a total of 20 cycles (Figure 2.3 d)). A slight degradation 

of the photoresponsive compound is observed as evident from the decrease in intensity 

of the absorbances at 290 nm and 575 nm upon consecutive cycling. Fortunately, this 

degradation should not be considered a limitation as it is unlikely that the photoresponsive 

inhibitor system will be subjected to more than one or two cycles in the final curing 

operation. 

 NMR spectroscopy 

Quantification of the ring-closing reaction of 1o and the structure confirmation of 1c was 

assessed by 1H-NMR spectroscopy. A solution of ring-open isomer 1o (5.00 × 10–3 M) in 

deuterated chloroform in a glass NMR tube was irradiated with 312 nm light until no further 

changes were observed in the 1H NMR spectrum (Figure 2.4). After 120 min the 

photostationary state was reached at this concentration. In the ring-open isomer 1o, the 

methine protons (Ha) are attached to aromatic thiophene rings and appeared in the 

aromatic region (downfield) at δ = 6.91 ppm. The ring closure upon irradiation led to the 

distortion of the aromaticity of π-system of thiophene units upon rearrangement and 

formation of a conjugated polyene 1c. As a result, the methine protons (Hb) in 1c appeared 

in the alkene region (upfield) at δ = 6.72 ppm. 
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Figure 2.4:  Partial 1H-NMR spectra (600 MHz) of a CDCl3 solution of 1o (5.00 x 10-3 
M) showing the spectral changes when the solution is irradiated with 312 
nm light for a total of 120 min 

The yield for the photoconversion reaction was determined by comparing the relative 

integrations of the independent chemical shifts of ring-open isomer 1o and ring-closed 

isomer 1c in the 1H-NMR spectrum of the photostationary state mixture. At the 

photostationary state condition, the mixture was estimated to be ~ 51% of 1c (Figure 2.5). 
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Figure 2.5:  Partial 1H-NMR spectrum (600 MHz) of CDCl3 solution of photostationary 
state mixture obtained from irradiation of 1o with 312 nm light for 120 min. 
Using the relative integrals of thiophene protons for 1o and 1c the 
photostationary state was determined to be ~51% 

2.5.3. Coordination behaviour of metal with photoresponsive inhibitor 
ligand 

The reactivity of hydrosilylation reaction is influenced by the ability of the alkene to 

coordinate to the Pt metal centre. Upon addition of alkene, the resultant complex replaces 

the bridging 1,3-divinyl-1,1,3,3-tetramethyldisiloxane (dvtms) group of Karstedt’s 

catalyst.109 Depending upon the π-acidic nature of the alkene, the coordination of the 

alkene to the metal could be weak or strong.106,113 The strongly π-acidic (electron-

deficient) nature of 1o suggests strong coordination with the platinum centre (Scheme 

2.8). This hypothesis of different coordination behaviour of the metal with the two isomeric 

forms of the photoresponsive ligand was demonstrated by comparing the 195Pt NMR 

spectra of Karstedt’s catalyst in presence of 1o and 1c separately (Figure 2.6). 
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Figure 2.6:  The 195Pt NMR spectra for solutions of Karstedt’s catalyst (0.015 mL) in 
toluene-d8 (0.50 mL) at 25°C in the presence of an excess of ring-open 
isomer (1o) (top) and ring-closed isomer (1c) (bottom) 

A solution of Karstedt’s catalyst (0.015 mL) in toluene-d8 (0.50 mL) was taken in an NMR 

tube and was allowed to incubate for 60 min at 25°C. The solution of Karstedt’s catalyst 

is a complex solution containing Pt(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane in xylenes 

with approx. 2% Pt metal content and was used as supplied. The spectrum of the catalyst 

by itself has a peak for Pt metal at δ = -6130 ppm, common for low-valent platinum alkene 

complexes.106,122  

In order to facilitate a complete ligand exchange, 1o and 1c were used in excess (50 

equivalents) to the catalyst and the solutions were incubated for 60 min at 25°C. Ideally, 

a downfield shift in signal is expected when metal coordinates with an electron-deficient 

alkene indicating that there is less electron density at the metal centre.123 However, in the 

presence of ligand 1o, no new signal was observed in the downfield region. This absence 

of a signal can be attributed to the fact that our ligand, used in excess for complete ligand 

exchange, contains nitrile groups with 14N atoms (I = 1 and 99.6% abundance) in close 

proximity to the metal centre. The quadrupolar 14N relaxation is slow enough to couple 

with the 195Pt signal, resulting in peak broadening leading to a very weak (if any) signal.124 

The spectrum obtained in the presence of ring-closed isomer, 1c, on the other hand, has 

a clear peak at δ = -6130 ppm, which is in the region of the pure Karstedt’s catalyst. No 

new peaks were observed in the case of 1c, which is expected since the ring-closed 

isomer no longer possesses the electron-deficient alkene to coordinate with the metal. No 

observable change in the optical properties was observed after incubation as the 

photoresponsive inhibitor was used in excess. 
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2.5.4. Testing for Inhibition 

 Model inhibitor 

The effect of the inhibitor on Karstedt’s catalyst was evaluated by monitoring the progress 

of a model hydrosilylation reaction (Scheme 2.11).   

 

Scheme 2.11: Model hydrosilylation reaction between Styrene and Triethylsilane to 
analyze inhibition of Karstedt’s catalyst (‘Pt’ catalyst) 

An equimolar solution of styrene (0.00108 mol) and triethylsilane (0.00108 mol) in CDCl3 

was charged with Karstedt’s catalyst (1.31 x 10-6 mol of Pt, 0.12% catalyst) in a sealed 

NMR tube at 30°C and 1,4-dioxane was added as an internal standard. Reaction progress 

was evaluated using 1H NMR spectroscopy by monitoring the disappearance of styrene 

and the appearance of the hydrosilylated product. After acquiring an immediate 1H NMR 

spectrum for the initial mixture, the tube was heated at 30°C for 4 h with 1H NMR spectra 

being recorded every hour. The areas under the peaks corresponding to styrene proton 

(δ = 5.82 ppm) and the protons of the product (δ = 2.72 ppm) were measured and 

compared to the internal standard to monitor the progress of the reaction (Figure 2.7). 
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Figure 2.7:  Changes in 1H NMR spectrum corresponding to styrene proton (δ = 5.82 
ppm) and the protons of the product (δ = 2.72 ppm) when a CDCl3 
solution of styrene, triethylsilane and dioxane (as an internal standard) 
was treated with Karstedt’s catalyst for 4 h at 30°C without inhibitor 

A similar reaction was carried out in the presence of model inhibitor, tetracyanoethylene 

(TCNE) in our case, 3.30 x 10-6 mol, 2.5 equivalents compared to Pt.125 The ratio of 2.5 

equivalents of the inhibitor in comparison to Pt was experimentally determined to be the 

minimum amount of TCNE that can be added to the reaction mixture without having any 

negative impact on the ability of the catalyst. While, at lower equivalent ratios, no 

observable inhibition was observed. Reaction progress was, again, evaluated using 1H 

NMR spectroscopy by monitoring the disappearance of styrene and the appearance of 

hydrosilylated product. After acquiring an immediate 1H NMR spectrum for the initial 

mixture, the tube was heated at 30°C for 4 h with a 1H NMR spectrum being recorded 

every hour (Figure 2.8).  
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Figure 2.8:  Changes in 1H NMR spectrum corresponding to styrene proton (δ = 5.82 
ppm) and the protons of the product (δ = 2.72 ppm) when a CDCl3 
solution of styrene, triethylsilane and dioxane (as an internal standard) 
was treated with Karstedt’s catalyst for 4 h at 30°C with TCNE 

In the absence of an inhibitor, the hydrosilylation reaction began instantaneously under 

ambient conditions, with about 12 % of product formation, after the first 1H NMR spectrum 

acquisition. The reaction progress increased significantly within the first 60 minutes of 

heating the reaction mixture at 30°C with nearly 50 % product formation. Upon further 

heating, only a slow increase in product formation was observed that plateaued to about 

64% after a total of 240 minutes of heating. In contrast, only 6% of the product was formed 

in the presence of tetracyanoethylene that increased to about 18% after a total of 240 

minutes of heating at 30°C. The results of the experiments are outlined in Table 2.1 and 

Figure 2.9.  
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Reaction 
time 
(min) 

Without inhibitor % 
completion 

With TCNE % 
completion styrene 

proton  
(δ = 5.82 

ppm) 

product 
proton 

 (δ = 2.72 
ppm) 

styrene 
proton  

(δ = 5.82 
ppm) 

product 
proton 

 (δ = 2.72 
ppm) 

0 0.92 0.12 11.96 1 0.07 6.54 

60 0.49 0.48 49.74 0.81 0.14 15.18 

90 0.44 0.65 59.63 0.79 0.16 16.84 

180 0.42 0.71 62.83 0.78 0.17 17.89 

240 0.41 0.72 63.71 0.77 0.17 18.08 

Table 2.1: Results for reaction progress in the absence of an inhibitor and the 
presence of TCNE (model inhibitor) 

The percent completion of the reaction in both cases, that is, without inhibitor and with 

tetracyanoethylene, was determined by comparing the changes in the integration of 

signals in 1H NMR spectrum of styrene proton (δ = 5.82 ppm) and the protons of the 

product (δ = 2.72 ppm) with respect to the internal standard (dioxane) over a period of 4 

h and was found to be 64% and 18% respectively (Figure 2.9). The symmetry of plots for 

reactant disappearance and product appearance in both cases suggests the absence of 

any side reactions, and the inactivity of the catalyst (as observed from the change of 

solution colour from yellow to golden brown and platinum metal deposition on NMR tube 

walls) could be the predominant reason for the incomplete conversion. 

 

Figure 2.9:  Changes in the integration of the signals in the 1H NMR spectrum 
corresponding to the protons highlighted in Figure 2.8 when a CDCl3 
solution of styrene, triethylsilane and dioxane (as an internal standard) 
was treated with Karstedt’s catalyst for 4 h at 30°C without inhibitor and 
with TCNE 



59 

 Photoresponsive inhibitor 

Model hydrosilylation reaction from Scheme 2.11 was used to determine the effect of the 

photoresponsive inhibitor in both its isomeric forms on Karstedt’s catalyst. When an 

equimolar solution of styrene (0.00108 mol) and triethylsilane (0.00108 mol) in CDCl3 

charged with Karstedt’s catalyst (1.31 x 10-6 mol of Pt, 0.12% catalyst) in a sealed NMR 

tube at 30°C with 1,4-dioxane as an internal standard was treated with 2.5 molar 

equivalents of ring-open isomer, 1o, the progress of the reaction was similar to the reaction 

progress observed when 2.5 molar equivalents of tetracyanoethylene were used as an 

inhibitor. The results suggest that the ring-open isomer, 1o, behaves as an inhibitor to 

Karstedt’s catalyst, but, is not as potent an inhibitor as tetracyanoethylene.  

Upon replacing, ring-open isomer, 1o, with isolated ring-closed isomer, 1c, the progress 

of the reaction, now appeared to resemble the reaction without any inhibitor (Figure 2.10).  

 

Figure 2.10:  Changes in the integration of the signals in the 1H NMR spectrum 
corresponding to the protons highlighted in Figure 2.8 when a CDCl3 
solution of styrene, triethylsilane and dioxane (as an internal standard) 
was treated with Karstedt’s catalyst for 4 h at 30°C with 1o (yellow circles) 
and 1c (blue diamonds). The same reaction at 30°C without any inhibitor 
(red) and TCNE (black) are shown in the bars. The error bars are the 
result of three runs at 30°C 
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The percent completion of the reaction for 1o and 1c was determined by comparing the 

changes in the integration of signals in 1H NMR spectrum of styrene proton (δ = 5.82 ppm) 

and the protons of the product (δ = 2.72 ppm) w.r.t the internal standard (dioxane) over a 

period of 4 h and was found to be 32% and 61% respectively. These observations clearly 

demonstrate how the ring-open isomer acts as an effective inhibitor for Karstedt’s catalyst, 

while its ring-closed counterpart does not.  

The reaction progresses at a slower rate and with a more complex reaction profile when 

the temperature of the hydrosilylation reaction is lowered to 20°C, but, the effects of 1o 

and 1c on Karstedt’s catalyst remain relatively the same (Figure 2.11). At 20°C, the 

reaction progresses with a more observable short induction period due to the oxidative 

addition of triethylsilane to generate the active Pt (II) form of the catalyst. This period is 

then followed by a rapid decrease in the amount of styrene as seen in Figure 2.11 from 

60 to 120 min and is indicative of the mechanistic step of migratory insertion of styrene 

into Pt-H bonds and reductive elimination of the hydrosilylated product. This also suggests 

that the hydrosilylation reaction occurs only in a small portion of the total reaction time. 

126,106 The reaction reaches equilibrium after 120 min with the incomplete conversion of 

styrene. This incomplete conversion can be attributed to one or some combination of the 

following reasons: 

a) formation of stable, unreactive metal colloidal species in the reaction105 

b) formation of side products in the reaction127 

c) the fact that electron-donating ethyl groups on Et3SiH have a low rate of addition 

to styrene128 
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Figure 2.11:  Changes in the integration of the signals in the 1H NMR spectrum 
corresponding to the protons highlighted in Figure 2.8 when a CDCl3 
solution of styrene, triethylsilane, and dioxane (as an internal standard) 
was treated with Karstedt’s catalyst for 4 at 30°C with 1o (yellow solid 
circles) and 1c (blue solid diamonds) and at 20°C with 1o (yellow hollow 
circles) and 1c (blue hollow diamonds). The error bars are the result of 
three runs at 30°C and 20°C 

2.5.5. Reversibility of Photoresponsive inhibitor 

The reversible nature of the inhibition mechanism of the photoresponsive inhibitor was 

also determined using 1H NMR spectroscopy. Starting with an equimolar deuterated 

chloroform solution of styrene and triethylsilane containing Karstedt’s catalyst (1.31 x 10-

6 mol Pt) and 1o (2.5 molar equivalents), and incubating at 20°C for 30 min, the reaction 

progress appears to be slow, as expected. Then, upon irradiation of the solution for 30 

min with 312 nm light, no significant change in consumption of styrene was observed and 

the reaction progress was almost identical to the experiment using pure ring-open isomer, 

1o and no UV light (Figure 2.12). 
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Figure 2.12:  Changes in the integration of the signals in the 1H NMR spectrum 
corresponding to the vinylic protons of styrene when a CDCl3 solution of it 
is treated with triethylsilane, 1o was treated with Karstedt’s catalyst at 20 
°C for 30 minutes (brown triangles) followed by irradiation with 312 nm 
UV light for 30 minutes (violet shaded area), and further incubation at 20 
°C for 210 minutes. The results are compared with corresponding 
reactions of isolated forms 1o (yellow circles) and 1c (blue diamonds) 

The lack of difference in consumption of styrene upon exposure to 312 nm light can be 

attributed to the fact that the photostationary state contains almost equal amounts of ring-

open, 1o, and ring-closed, 1c, isomers. It is unlikely that the lack of change in consumption 

of styrene was due to the remaining ring-open isomer (∼1.25 equivalents compared to the 

metal) in the photostationary state still acting as an effective inhibitor making it difficult to 

turn the inhibitor completely ‘off’. Instead, we ascribe it to the presence of metal slowing 

the conversion of 1o to its ring-closed counterpart, while any ligand not bound to metal 

results in the solution turning dark blue. The overlap of thiophene protons for 1c and 

styrene protons in the δ = 6.70 to 6.90 ppm region makes the estimation of the 

photostationary state of the complex catalyst mixture difficult. Reducing the amount of 1o 

to 1.74 equivalents resulted in no observable inhibition. This absence of inhibition at low 

equivalents of 1o suggests that the ligand exchange in the catalyst with 1o is not sufficient 

to reduce the lower the activity of the catalyst and enough coordination sites are available 

for the hydrosilylation reaction to proceed. 
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In contrast, if 1c is used instead of 1o in an analogous experiment, it was evident that the 

inhibition turned ‘on’ (Figure 2.13). This is a valid observation as the conversion of the 

‘inactive’ ring-closed isomer to the ‘active’ ring-open isomer is quantitative when solutions 

are exposed to visible light. As seen from the progress of the reaction, there is a rapid 

consumption of styrene in the initial 30 min of the reaction with a slope of decrease in 

styrene being -7.30 x 10-3 min-1, which is similar to that for experiment with 1c whose slope 

is calculated to be -6.90 x 10-3 min-1. After 35 minutes, the solution was exposed to light 

of wavelengths greater than 435 nm for 2 min, the blue colour of the solution disappeared 

and a corresponding decrease in consumption of styrene was observed. Reaction 

progression after exposure is seen to slow down with the slope of decrease in styrene 

becoming –3.10 x 10-3 min-1 which is the same as when pure 1o was used, the slope of 

decrease in styrene was -3.00 x 10-3 min-1).  

 

Figure 2.13:  Changes in the integration of the peaks in the 1H NMR spectra 
corresponding to the vinylic hydrogen on styrene when a CDCl3 solution 
of it is treated with triethylsilane and 1c at 20 °C (green triangles) followed 
by exposing the solution to visible light (greater than 435 nm for 2 
minutes) after 35 minutes. The violet vertical line shows the time of visible 
light irradiation. Dashed lines are the fits for each reaction   
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2.6. Conclusion and Future prospects 

2.6.1. Summary 

The concept of light-controlled catalysis using small molecules was reported successfully 

in this chapter. The synthesis of 1o was presented. As anticipated, ring-open isomer,1o, 

bound to the platinum metal centre in the catalyst to slow/inhibit the hydrosilylation 

reaction. Ring-closed isomer, 1c, did not bind to the metal centre at all, which was 

expected, due to the loss of the electron-deficient double bond. The behaviour of both 

isomers towards metal coordination was also assessed. The photochromic system 

presented was capable of acting as a light-triggered “off” control to deactivate Karstedt’s 

catalyst. The desired two-way “on-off” inhibition system was not successful currently. 

2.6.2. Future prospects 

As can be seen from the photoinhibitor, 1o, the twin nitrile groups on the alkene make it 

sufficiently electron-deficient to bind to the platinum metal centre. The two main limitations 

of our system are: 1) the conversion to ring-closed isomer is low; 2) the metal coordination 

is strong enough to reduce the ring-closing efficiency of our system which prevents the 

desired two-way “on-off”. A potential solution to this can be obtained by modifying the 

molecular scaffold that is presented in this chapter with different functional groups on the 

outer thiophene units (Scheme 2.12). The percent conversion of the suggested ring-open 

isomers to their corresponding ring-closed isomers is listed in Table 2.2.129 This can lead 

to a range of such inhibitors having different abilities to coordinate to platinum and more 

ring-closed isomers in the photostationary states. The inhibitor system containing fluorenyl 

groups is seen to have a much higher conversion ratio to ring-closed isomer (94%) since 

the fluorenyl groups are electron-rich and have larger π conjugation. It is proposed that 

the inhibitor-containing bulky fluorenyl groups on the thiophene units would be able to 

inhibit Karstedt’s catalyst in its’ ring-open form. It is also proposed that the electron-rich 

character of the fluorenyl groups would lead to weaker coordination to the metal centre, 

which can increase the ring-closing efficiency of the system either partially or entirely. The 

inhibitor system containing pyridyl groups, on the other hand, would not be recommended 

as the pyridyl groups themselves are known to bind to platinum-based metal centres 

strongly. 
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Scheme 2.12: Potential photo-inhibitors of Karstedt’s catalyst with bulky R groups129 

R R’ photostationary state 

  

94% 

 
 

78% 

  

60% 

Table 2.2: Percent conversion of ring-open isomers to ring-closed isomers with 
different R groups129 

To obtain better conversion yields for hydrosilylation reaction, more reactive silanes, such 

as trichlorosilane (Cl3SiH), can be used along with different alkene substrates, such as 

norbornene, cyclohexene, etc. Using aliphatic alkene substrates can also help in avoiding 

the competing absorption of the alkenes at the excitation wavelength in the experiments 

involving turning the inhibition “off” in-situ in the presence of the photoinhibitor.  
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2.7. Experimental 

2.7.1. General 

All solvents and reagents used for synthesis, chromatography, UV-vis spectroscopy and 

photochemical studies were purchased from Aldrich, Anachemia, Caledon Labs, Fisher 

Scientific or Alfa Aesar, and used as received. Solvents used for metal-halogen exchange 

reactions were dried and degassed by passing them through steel columns containing 

activated alumina under nitrogen using an MBraun solvent purification system. Solvents 

for NMR analysis were purchased from Cambridge Isotope Laboratories and used as 

received. Column chromatography was performed using silica gel 60 (230–400 mesh) 

from Silicycle Inc. Karstedt’s catalyst used for all hydrosilylation experiments was 

purchased from Aldrich and was used as received. According to the company, it is a 

complex solution containing Pt(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane in xylenes with 

approx. 2% metal content. The structure of the complex in solution consists of both 

bridging and chelating divinyl ligands (shown in the figure below). 

 

2.7.2. Instrumentation 

1H and 13C NMR characterizations were performed on a Bruker Avance-400 instrument 

with a 5 mm inverse probe operating at 400.13 MHz for 1H NMR and 100.61 MHz for 13C 

NMR. 195Pt NMR characterizations were performed on a Bruker Avance-400 Solids and 

Microimaging instrument. Chemical shifts (δ) are reported in parts per million (ppm) 

relative to tetramethylsilane using the residual solvent peak as a reference. Coupling 

constants (J) are reported in Hertz. UV-visible absorption spectra were recorded on a 

Varian Cary 300 Bio-spectrophotometer. High-Resolution Mass Spectroscopy (HRMS) 

measurements were performed using an Agilent 6210 TOF LC/MS in ESI-(+) mode. 

Melting points were measured using a Gallenkamp melting point apparatus and are 

uncorrected. 
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2.7.3. Photochemistry 

All the ring-closing reactions were carried out using the light source from a lamp used for 

visualizing TLC plates at 312 nm (Spectroline E series, 470 W/cm2). The ring-opening 

reactions were carried out using the light of a 150 W halogen photo-optic source passed 

through a 435 nm cut-off filter to eliminate higher energy light. 

2.7.4. Synthesis 

 

Synthesis of 3,5-dibromo-2-methylthiophene (2). A solution of 2-methylthiophene (20.0 

g, 0.200 mol) in glacial acetic acid (200 mL) was slowly treated with N-bromosuccinimide 

(72.5 g, 0.400 mol) while stirring at room temperature. After stirring for an additional 90 

min, the reaction was neutralized by the addition of aqueous NaOH (8% w/v). The mixture 

was extracted with dichloromethane (3 × 100 mL), the combined organic extracts were 

washed with saturated aqueous sodium thiosulphate (100 mL) to remove any unreacted 

bromine, dried over anhydrous MgSO4, filtered and concentrated under reduced pressure. 

Purification by vacuum distillation afforded 18.5 g (92%) of 3,5-dibromo-2-

methylthiophene (2) as a colourless oil. 

1H NMR (400 MHz, CDCl3): δ 6.85 (s, 1H), 2.34 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 135.7, 131.7, 108.5, 108.3, 14.6. 

 

Synthesis of 3-bromo-2-methyl-5-phenylthiophene (3). A bi-phasic mixture of a 

solution of 3,5-dibromo-2-methylthiophene (2) (15.0 g, 0.0586 mol) in toluene (100 mL) 
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and aqueous Na2CO3 (100 mL, 1M) in a 250 mL 3-necked round-bottom flask equipped 

with a reflux condenser was deoxygenated by bubbling N2 through it for 60 min. The 

mixture was then treated with a solution of phenylboronic acid (7.2 g, 0.0586 mol) in EtOH 

(50 mL). The resulting mixture was heated to 80°C for 30 min, followed by the addition of 

Pd(PPh3)4 (0.6 g, 0.0005 mol) in one portion. The reaction contents were heated at reflux 

for 16 h under an N2 atmosphere. The heat source was removed and the mixture was 

allowed to cool to room temperature, at which time it was extracted with diethyl ether (3 × 

100 mL). The combined organic extracts were washed with brine (100 mL), dried over 

anhydrous MgSO4, filtered and concentrated under reduced pressure. Purification by 

column chromatography using silica gel (hexanes) afforded 11.0 g (73%) of 3-bromo-2-

methyl-5-phenylthiophene (3) as a white solid. 

1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 7.3 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H), 7.31 (d, J 

= 7.3 Hz, 1H), 7.13 (s, 1H), 2.44 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 140.9, 133.4, 133.3, 128.7, 127.5, 125.33, 125.1, 109.6, 

14.6. 

Melting point: 60-61 °C. 

 

Synthesis of 2-methyl-5-phenylthiophene-3-carbaldehyde (4). A solution of 3-bromo-

2-methyl-5-phenylthiophene (3) (0.356 g, 0.00141 mol) in anhydrous THF (50 mL) in a 

flame dried 3-necked round bottom flask equipped with a mechanical stirrer was cooled 

to -60°C (dry ice/acetone bath) under N2 atmosphere. The solution was treated with n-

butyllithium (2.5 M in hexanes, 0.58 mL, 0.00145 mol) dropwise over a period of 15 min. 

The mixture was stirred for a further 10 min at -60°C and the reaction progress was 

monitored by TLC (20:1 hexanes/ethyl acetate). After all the starting material was 

consumed, anhydrous dimethylformamide (0.22 mL, 0.00285 mol) was added to the 

reaction mixture. After stirring for 1 h at -60°C, the cooling bath was removed and the 
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reaction contents were allowed to warm to room temperature and were left to stir for 16 h 

under an N2 atmosphere. The mixture was poured into 1M HCl (50 mL) and extracted with 

diethyl ether. The organic layer was washed with saturated sodium bicarbonate (2 × 50 

mL), followed by brine (2 × 50 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. Purification by column chromatography using silica gel (20:1 

hexanes/ethyl acetate) afforded 0.35 g (98%) of 2-methyl-5-phenylthiophene-3-

carbaldehyde (4) as a white solid. 

1H NMR (400 MHz, CDCl3): δ 10.01 (s, 1H), 7.55 (s, 1H), 7.54 (d, J = 7.1 Hz, 2H), 7.37 (d, 

J = 7.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 1H), 2.77 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 184.6, 151.4, 141.4, 138.1, 133.3, 129.2, 128.16, 125.9, 

122.2, 13.8. 

Melting point: 78-79 °C. 

HRMS (ESI): m/z (M+H) calculated for C12H11OS: 203.052512, found: 203.052572. 

 

Synthesis of 3-(bromomethyl)-2-methyl-5-phenylthiophene (5). A solution of 2-

methyl-5-phenylthiophene-3-carbaldehyde (4) (1.6 g, 0.0078 mol) in methanol (50 mL) 

was cooled to 0 °C in an ice bath and treated with sodium borohydride (0.59 g, 0.0156 

mol). The reaction was stirred at 0 °C for 1 h and the reaction progress was monitored by 

TLC (20:1 hexanes/ethyl acetate). On completion, the reaction mixture was washed with 

5% HCl and extracted with diethyl ether (2 × 50 mL). The combined organic layers were 

dried over MgSO4, filtered and concentrated under reduced pressure at low temperature. 

The crude alcohol was dissolved in chloroform (50 mL) and slowly treated with a solution 

of phosphorus tribromide (1M in dichloromethane, 15.6 mL, 0.0156 mol). The reaction 

mixture was allowed to stir for 2.5 h at room temperature while monitoring the reaction 

using TLC (3:1 hexanes/ethyl acetate). Upon completion, the contents were washed with 
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saturated sodium bicarbonate (50 mL), followed by brine (50 mL), dried over MgSO4, 

filtered and concentrated under reduced pressure to afford 1.51 g (96%) of 3-

(bromomethyl)-2-methyl-5-phenylthiophene (5) as a yellow solid, which was used without 

further purification. 

1H NMR (400 MHz, CDCl3): δ 7.54 (d, J = 7.1 Hz, 2H), 7.36 (d, J = 7.8 Hz, 2H), 7.28 (d, J 

= 7.4 Hz, 1H), 7.18 (s, 1H), 4.46 (s, 2H), 2.46 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 140.8, 137.9, 134.4, 129.0, 127.6, 125.6, 124.6, 26.3, 13.2. 

Melting point: 70-71 °C 

 

Synthesis of 2-(2-methyl-5-phenylthiophen-3-yl) acetonitrile (6). A mixture of 3-

(bromomethyl)-2-methyl-5-phenylthiophene (5) (0.53 g, 0.002 mol), tetrabutylammonium 

bromide (0.31 g, 0.001 mol) and sodium cyanide (0.56 g, 0.0114 mol) in water (10 mL) 

was heated at reflux for 3 h. After complete consumption of reactant 5 as monitored by 

TLC (4:1 hexanes/ethyl acetate), the reaction was cooled to room temperature and 

extracted with diethyl ether (3 × 20 mL). The combined organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography using silica gel (4:1 hexanes/ethyl acetate) afforded 0.29 g (55%) of 2-

(2-methyl-5-phenylthiophen-3-yl) acetonitrile (6) as a yellow solid. 

1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 7.2 Hz, 3H), 7.36 (d, J = 7.8 Hz, 2H), 7.29 (d, J 

= 7.4 Hz, 1H), 7.15 (s, 1H), 3.59 (s, 2H), 2.43 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 141.1, 135.2, 133.6, 128.8, 127.4, 125.3, 123.5, 117.2, 

16.8, 13.0. 

Melting point: 58-59 °C. 

HRMS (ESI): m/z (M+Na) calculated for C13H11NNaS: 236.050441, found: 236.050476. 
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Synthesis of 2,3-bis(2-methyl-5-phenylthiophen-3-yl) maleonitrile (1o). A solution of 

2-(2-methyl-5-phenylthiophen-3-yl) acetonitrile (6) (0.93 g, 0.0022 mol) in carbon 

tetrachloride (5 mL) was added to a stirring solution of 50% aqueous sodium hydroxide (5 

mL) containing tetrabutylammonium bromide (0.035 g, 0.00011 mol) at room temperature. 

The mixture was stirred at 50°C for 1.5 h and the reaction progress was monitored by TLC 

(10:1 hexanes/ethyl acetate). Upon completion, the reaction mixture was poured into 

water and extracted with chloroform (2 × 10 mL), dried over MgSO4, filtered and 

concentrated under reduced pressure. Purification by column chromatography using silica 

gel (10:1 hexanes/ethyl acetate) afforded 0.74 g (79%) of 2,3-bis(2-methyl-5-

phenylthiophen-3-yl) maleonitrile (1o) as a yellow-green solid. 

1H NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.1 Hz, 3H), 7.33 (d, J = 7.2 Hz, 2H), 7.29 (d, J 

= 7.1 Hz, 1H), 6.91 (s, 1H), 2.31 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 142.4, 133.1, 131.8, 129.4, 128.6, 127.5, 126.2, 126.0, 

121.1, 116.4, 15.0. 

Melting point: 132-133 °C. 

HRMS (ESI): m/z (M+H) calculated for C26H18N2S2: 423.098417, found: 423.097986. 

 

Photochemical synthesis of 1c. A deuterated chloroform solution of compound 1o (5.00 

× 10–3 M) in an NMR tube was irradiated with 312 nm light until no further changes were 



72 

observed in the 1H NMR spectrum. After 120 min the photostationary state was reached 

at this concentration, which contained 51% of the ring-closed isomer 1c as measured by 

comparing relative integrals for chemical shifts for 1o and 1c. The ring-closed isomer 1c 

was isolated by column chromatography using silica gel (2:1 dichloromethane/hexanes). 

1H NMR (400 MHz, CDCl3): δ 7.58 (d, J = 6.8 Hz, 2H), 7.46 (d, J = 6.8 Hz, 2H), 7.44 (d, J 

= 6.7 Hz, 1H), 6.72 (s, 1H), 2.17 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 170.72, 144.69, 130.82, 129.20, 127.25, 115.62, 108.90, 

99.58, 53.22, 29.87.  

Model reaction 1: hydrosilylation without an inhibitor. A solution of styrene (0.124 mL, 

0.00108 mol) and 1,4-dioxane (0.020 mL) as an internal standard in CDCl3 (0.500 mL) in 

an NMR tube was treated with Karstedt’s catalyst (0.015 mL solution (approx. 2% metal 

content in xylene), 1.31 x 10-6 mol of Pt, 0.12% catalyst) followed by triethylsilane (0.172 

mL, 0.00108 mol). An initial 1H NMR spectrum was immediately acquired. The NMR tube 

was heated at 30 °C for 4 h while 1H NMR spectra were recorded every hour. The areas 

under the peaks corresponding to styrene proton (δ = 5.82 ppm) and the protons of the 

product (δ = 2.72 ppm) were measured and compared to the internal standard to monitor 

the progress of the reaction. These results are shown in Figures 2.7 and 2.9. 

Model reaction 2: hydrosilylation with tetracyanoethylene (TCNE) as an inhibitor. A 

solution of styrene (0.124 mL, 0.00108 mol) and 1,4-dioxane (0.020 mL) as an internal 

standard in CDCl3 (0.500 mL) in an NMR tube was treated with Karstedt’s catalyst (0.015 

mL solution (approx. 2% metal content in xylene), 1.31 x 10-6 mol of Pt, 0.12% catalyst) 

followed by tetracyanoethylene (4.00 x 10-4 g, 3.30 x 10-6 mol, 2.5 equivalents compared 

to Pt) and finally triethylsilane (0.172 mL, 0.00108 mol). An initial 1H NMR spectrum was 

immediately acquired. The NMR tube was heated at 30°C for 4 h while 1H NMR spectra 

were recorded every hour. The areas under the peaks corresponding to styrene proton (δ 

= 5.82 ppm) and the protons of the product (δ = 2.72 ppm) were measured and compared 

to the internal standard to monitor the progress of the reaction. These results are shown 

in Figures 2.8 and 2.9. 

Hydrosilylation with ring-open isomer 1o as an inhibitor. A solution of styrene (0.124 

mL, 0.00108 mol) and 1,4-dioxane (0.020 mL) as an internal standard in CDCl3 (0.500 

mL) in an NMR tube was treated with Karstedt’s catalyst (0.015 mL solution (approx. 2% 
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metal content in xylene), 1.31 x 10-6 mol of Pt, 0.12% catalyst) followed by compound 1o 

(1.40 x 10-3 g, 3.30 x 10-6 mol, 2.5 equivalents compared to Pt) and triethylsilane (0.172 

mL, 0.00108 mol). An initial 1H NMR spectrum was immediately acquired. The NMR tube 

was heated at 30 °C for 4 h while 1H NMR spectra were recorded every 10 min. The areas 

under the peaks corresponding to styrene proton (δ = 5.82 ppm) and the protons of the 

product (δ = 2.72 ppm) were measured and compared to the internal standard to monitor 

the progress of the reaction. These results are shown in Figures 2.10 and 2.11. 

Hydrosilylation with ring-closed isomer 1c as an inhibitor. A solution of styrene (0.124 

mL, 0.00108 mol) and 1,4-dioxane (0.020 mL) as an internal standard in CDCl3 (0.500 

mL) in an NMR tube was treated with Karstedt’s catalyst (0.015 mL solution (approx. 2% 

metal content in xylene), 1.31 x 10-6 mol of Pt, 0.12% catalyst) followed by isolated 

compound 1c (1.40 x 10-3 g, 3.30 x 10-6 mol, 2.5 equivalents compared to Pt) and 

triethylsilane (0.172 mL, 0.00108 mol). An initial 1H NMR spectrum was immediately 

acquired. The NMR tube was heated at 30°C for 4 h while 1H NMR spectra were recorded 

every 10 min. The areas under the peaks corresponding to styrene proton (δ = 5.82 ppm) 

and the protons of the product (δ = 2.72 ppm) were measured and compared to the internal 

standard to monitor the progress of the reaction. These results are shown in Figure S5. 

The reaction was repeated at 20°C and the results are shown in Figures 2.10 and 2.11. 

In situ experiments 

A solution of styrene (0.124 mL, 0.00108 mol) and 1,4-dioxane (0.020 mL) as an internal 

standard in CDCl3 (0.500 mL) in an NMR tube was treated with Karstedt’s catalyst (0.015 

mL solution (approx. 2% metal content in xylene), 1.31 x 10-6 mol of Pt, 0.12% catalyst) 

followed by compound 1o (1.40 x 10-3 g, 3.30 x 10-6 mol, 2.5 equivalents compared to Pt) 

and triethylsilane (0.172 mL, 0.00108 mol). An initial 1H NMR spectrum was immediately 

acquired. The NMR tube was kept in a water bath at 20 °C for 30 min followed by the 

acquisition of another 1H NMR spectrum. The contents of the tube were then irradiated 

with 312 nm light for 5 minutes to induce the ring-closing reaction. The colour changed 

from colourless to blue indicating the reaction was successful. A 1H NMR spectrum for this 

coloured solution was immediately acquired. The tube was kept in a water bath at 20 °C 

for another 150 minutes with 1H NMR spectra being acquired every 30 min. The areas 

under the peaks corresponding to styrene proton (δ = 5.82 ppm) were measured and 
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compared to the internal standard to monitor the progress of the reaction before and after 

irradiation. These results are shown in Figures 2.12 and 2.13. 
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Chapter 3.  
 
A Dual-mode Visual Detector for Toxic Hydrazine 

The research work presented in this chapter has been published as a paper in Organic 

RSC Advances and is being reproduced in its entirety with permission from the journal (B. 

Kaur, R. Raza, N.R. Branda, RSC Adv., 2021, 11, 22835-22841). The project was 

designed by Brahmjot Kaur and Dr Neil R. Branda. The synthesis and characterization of 

all organic precursors were carried out by B. Kaur. All photochemistry experiments on the 

final organic molecule were done by B. Kaur and R. Raza. 13C NMR based experiments 

were carried by B. Kaur. All detection experiments were carried out by B. Kaur and R. 

Raza. The DFT calculations were carried out by B. Kaur using Compute Canada Database 

(CCDB). B. Kaur wrote the first draft of the manuscript. It was later edited by R. Raza and 

finally by Dr N.R. Branda.  

3.1. Graphical abstract 
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3.2. Abstract 

Hydrazine (N2H4) is one of the commonly used chemical reagents in numerous industries 

and applications but its toxicity to humans poses a need to develop simple detection 

methods. Herein, we demonstrate a novel dual-sensing system for detecting hydrazine in 

vapour and solution form by using a small photoresponsive molecule that has altered 

optical response (both colourimetric and fluorescent) after reacting with hydrazine. 

3.3. Introduction 

The development of simple and inexpensive ways for sensing environmentally significant 

substances continues to be a crucial area of research.130,131 Detectors are being designed 

for toxic gases and vapours such as those used in chemical warfare agents, as substrates 

in industries and as pesticides.132 Hydrazine (N2H4) is one such extensively used industrial 

substrate. As a result of its high enthalpy of combustion, hydrazine is used as a rocket fuel 

propellant and in fuel cells.133,134  Hydrazine acts as a strong base and a highly reactive 

reducing agent, and is thus, considered an important substrate for the production of 

pharmaceuticals, textile dyes, pesticides, among others.135,136 Current worldwide 

production of hydrazine stands at about 200,000 tons137 and is likely to increase as the 

areas of its application across industries increase.138,139 But hydrazine is regarded as a 

possible carcinogen and toxic for the liver, kidneys and central nervous system of 

humans.135,140,141 This has led to the development of highly sensitive and selective 

methods to detect hydrazine. Current technologies employed for the detection of 

hydrazine in vapour and solution form is further described in Section 3.3.1. 

In this chapter, a small photoresponsive compound is discussed whose structure is based 

on the dithienylethene backbone and has altered optical properties upon reaction with 

hydrazine. The reaction causes an irreversible structural change in the compound that 

can, now, no longer display the light assisted ring-opening/ring-closing reaction that leads 

to permanent shutting “off” of photochromism of the molecule.  

3.3.1. Detection methods for hydrazine 

Hydrazine is an extensively used synthetic intermediate in the production of important 

pharmaceutical drugs like nifuroxazide, hydralazine, isoniazid, etc. Salts of hydrazine, like 
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hydrazine sulphate, have been employed for the treatment of tuberculosis, sickle cell 

anaemia, etc.142 Reports also suggest that hydrazine is the main by-product of the 

hydrolytic degradation of the anti-tuberculosis drug, isoniazid (Scheme 3.1).143 It is also 

known to occur naturally as a by-product of the metabolism of yeasts and bacteria.144 

 

Scheme 3.1:  Hydrolytic degradation of anti-tuberculosis drug, isoniazid to generate 
hydrazine143 

In 2017, residual rocket fuel-based debris containing unsymmetrical dimethylhydrazine 

(UDMH) launched by Russia for the European Space Agency led to international concerns 

over its significant environmental and health impact in arctic Canada.145  

Despite being a relevant chemical for applications in a variety of fields, hydrazine is 

considered a genotoxic impurity (GI) that requires safe levels of use as active ingredients 

for pharmaceutical drugs.142 Humans can be exposed to this toxic substance by inhaling 

the vapours or ingesting contaminated water.135 Hydrazine and its derivatives decompose 

and metabolize to produce reactive intermediates that can form methyl adducts with DNA 

bases that can lead to DNA damage and gene mutations.146,147  Chronic exposure to 

hydrazine can lead to symptoms like irritation of eyes, nose, and throat, dizziness and 

nausea among others, while, acute exposure can also lead to severe damage to the liver, 

kidneys and central nervous system.140 All these severe effects have led the US 

Environmental Protection Agency (EPA) to suggest its threshold limit value to be low, 

~0.01 ppm.141 The increase in supply and demand of hydrazine has necessitated the need 

for the development of highly sensitive and selective methods to detect hydrazine. 

Some of the early methods to detect hydrazine have involved electrochemical techniques 

such as potentiometry, ion-selective electrodes, capillary electrophoresis. Stetter et al. had 

successfully demonstrated the use of a gold-catalyzed Teflon-bonded diffusion electrode 

to detect hydrazine and methylhydrazine via electrooxidation on gold at all potentials in 

the range of detection.148 Liu et al. were able to simultaneously detect hydrazine, 

methylhydrazine, and isoniazid by designing a palladium particle-modified carbon fibre 

microdisk array electrode that had excellent stability and displayed high catalytic activity 
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towards hydrazine and its derivatives. The developed electrode was employed in end-

column capillary electrophoresis electrochemical detection.149 Batchelor-McAuley et al. 

compared a random distribution of palladium nanoparticles supported on a boron-doped 

diamond (BDD) electrode and a palladium plated BDD microelectrode array as sensing 

platforms for detecting hydrazine via electrocatalytic oxidation occurring on the palladium 

centres (Figure 3.1).150 

 

Figure 3.1:  Schematic representation of Pd nanoparticle supported BBD electrode. 
Reproduced with permission from ref. 150 © 2005 Royal Society of 
Chemistry 150 

Nanostructures based on ZnO have also been fabricated as electrodes that are capable 

of detecting hydrazine by electrochemical detection.151,152 While these techniques would 

enable cost-effective, quick detection methodologies, their fabrication process is tedious 

and requires the electroactive material to be fastened onto glassy carbon or precious 

metal (Au, Ag, Pt, Pd and Rh) electrodes that are immobilized using Nafion.152 Also, the 

electrodes suffer from large overpotentials in presence of hydrazines, limiting 

amperometric detection methods.149 The chemically modified electrodes undergo 

desorption of mediators from the electrode substrates that compromises the long-term 

stability of such electrodes and need to be regenerated for a reproducible response.150,152  

Therefore, the multitude of detection techniques based on chromatography (gas 

chromatography, high-performance liquid chromatography, ion chromatography) have 

evolved as an alternative.142,153 Most of these techniques are employed by pharmaceutical 

companies and involve chemical derivatization of hydrazine and methylated hydrazines 

as the molecules by themselves are low molecular weight, volatile, and highly polar, 

making direct analysis complex.142 Sun et al. have devised an in-situ derivatization-

headspace GC-MS technique for determining hydrazine content in various drug 

formulations. The general method of detection requires the reaction of acetone, acting as 
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a derivatizing agent, with hydrazine and detection of the reaction product acetone azine 

by headspace GC-MS (Scheme 3.2).154  

 

Scheme 3.2:  An example of derivatization reaction of hydrazine using acetone to give 
acetone azine154 

Fundamental problems associated with most of these methods are those of sophisticated 

equipment (such as columns with specific internal diameters, the specific particle size of 

the stationary phase)155 and experiment design (such as nature of the analyte, the 

selectivity of sorbents), long processing times and greater equipment costs among others. 

All these issues limit their extensive use in public places. 

In contrast, an optical read-out signal, both colour change, and change in emission offer 

to be cost-effective and more convenient. Conventionally, small molecule-based 

fluorescent probes detect hydrazine via a “turn-on” or “turn-off” mechanism which is 

caused by a chemical reaction.156 The sensing mechanisms involved mostly include: 

1. Photo-induced electron transfer (PET) 

2. Internal charge transfer (ICT) 

3. Excited-state intramolecular proton transfer (ESIPT) 

4. Forster resonance energy transfer (FRET) 

5. Aggregation-induced emission (AIE) 

6. C=N isomerization 

Most of these detection mechanisms utilize the strong nucleophilic character of hydrazine, 

which, upon reaction with the detecting species, gives the desired response. General 

detection strategies for fluorescence-based sensors for hydrazine can be divided into the 

following categories:136 

1. deprotection of the fluorophore by hydrazine that triggers changes in fluorescence 

properties 

2. the reaction of β-diketo group-functionalized fluorophores with hydrazine to 

generate pyrazole heterocycles that have a different fluorescent response 
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3. dicyano- or monocyanovinyl groups on fluorophores can specifically react with 

hydrazine to form hydrazones which alter the optical readout 

The most extensively used strategy to develop fluorescent probes for detection of 

hydrazine involves the protection of the fluorophore with a leaving group like acetyl, 

phthalimide, 4-bromobutylryl, levulinate, etc. which can be cleaved readily upon reaction 

with hydrazine leading to variation in the fluorescent response of the fluorophore (Scheme 

3.3).157,158  

 

Scheme 3.3:  Common deprotection of a fluorescent probe with a leaving group (LG) 
attached upon reaction with hydrazine leading to enhanced fluorescence 

Jin et al. synthesized a fluorescent flavone dye which is functionalized with a bromoester 

leaving group. The reaction with hydrazine leads to the elimination of the bromoester 

group thereby turning the ESIPT emission “on”. Also, they were able to demonstrate the 

use of this probe to visualize hydrazine in living cells (Figure 3.2).159  

 

 

Figure 3.2:  Hydrazine induced deprotection of a bromoester functionalized flavone 
dye to turn on ESIPT emission159 

Cui et al. have designed a unique tri-output optical probe (colourimetric, ratiometric, and 

chemiluminometric) for the detection of hydrazine. The structure of the probe (CF) is 

based on an amino coumarin (AMC) that is protected by a phthalic anhydride group. When 
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the probe reacts with hydrazine, it generates the amino coumarin which has a high 

fluorescence quantum yield and luminol which displays chemiluminescence (Figure 

3.3).134  

 

Figure 3.3:  Schematic representation of the design of the probe that has a tri-output 
optical response upon reaction with hydrazine. Reproduced with 
permission from ref. 134 © 2014 American Chemical Society 134 

Numerous research groups have utilized the specific reaction occurring between 

hydrazine and dicyano- or monocyanovinyl groups to yield hydrazones. Incorporating 

these functional groups onto fluorescent dye molecules resulted in either enhanced 

fluorescent response or ratiometric fluorescent response (Figure 3.4).160,161,162, 163 
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Figure 3.4: General reaction of dicyano- and monocyanovinyl groups with hydrazine along with some examples. Reproduced with 
permission from ref. 161 © 2012 Royal Society of Chemistry, 162 © 2013 Royal Society of Chemistry, 163 © 2018 
Royal Society of Chemistry 161, 162, 163 
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The reaction of β-diketo-substituted fluorescent molecules with hydrazine to generate 

pyrazole rings have also been employed by some research groups to develop 

chemodosimetric probes for the detection of hydrazine (Figure 3.5).164,165 

a) 

 
b) 

 

Figure 3.5: a) Naphthalimide trifluoroacetyl acetonate based probe for hydrazine 
detection. Reproduced with permission from ref. 164 © 2013 Royal 
Society of Chemistry 164; b) Conjugated 1,3-diketo probes for sub-ppm 
detection of hydrazine. Reproduced with permission from ref. 165 © 2017 
American Chemical Society 165 

Swager et al. have successfully synthesized fluorescent polymers based on 

poly(phenylene ethylene) backbone that displayed an enhancement in fluorescence upon 

exposure to hydrazine (Figure 3.6 a)).166 Nandi et al. have formulated a unique modified 

merocyanine dye that becomes colourless upon reaction with hydrazine (Figure 3.6 b)).167  
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Figure 3.6:  a) Structure of poly(phenylene ethylene) based polymers used to detect 
hydrazine166; b) Reaction of hydrazine with modified merocyanine dye. 
Reproduced with permission from ref. 167 © 2014 Royal Society of 
Chemistry 167 

While fluorescence-based methods are highly sensitive (detection limits ranging from 1 to 

10 ppb), a response based on a change in the colour of material can be more suitable for 

primary visual detection that can be easily recognized. A detection method that can 

combine both these techniques would be simple and sensitive concurrently.168 Recently, 

Liu et al. have designed such a dual-responsive system based on a nonaromatic 

fluorophore that goes from red to colourless in the presence of hydrazine along with a 

change in fluorescence.169 Such material can easily be used as a surface coating and 

would not require any additional electronic controls.  

3.3.2. Our system 

The molecular design chosen was inspired by the specific reaction of the nitrile groups 

with hydrazine combined with the photoresponsive behaviour of dithienylethenes 

(DTEs).162,170 Our system contains a disubstituted alkene connecting two nitrile groups 

and two thiophene heterocycles (Scheme 3.4). Like all dithienylethenes, compound 1o 

possesses a photoreactive hexatriene that undergoes a ring-closing reaction when 

exposed to UV light and produces its isomer 1c which is coloured.42 Apart from the colour 

change, the photoisomerization process also causes changes in the electronic structure 
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of the molecule that can, in turn, influence the luminescence/fluorescence of 1o and 1c.171 

Unlike most DTE molecules, which are non-fluorescent in both ring-open and ring-closed 

isomers, compound 1o, was expected to be fluorescent due to a localized donor-acceptor 

intramolecular charge transfer from electron-rich thiophenes to strongly electron-poor 

nitrile groups.172,173 On the other hand, ring-closed isomer 1c, which is generated upon 

irradiation with UV light, has π-electrons delocalized over the entire molecule and was 

predicted to be non-fluorescent.174,175 

 

Scheme 3.4:  Colourless ring-open form of dithienylethene 1o is fluorescent which upon 
exposure to UV light isomerizes into coloured ring-closed form 1c, which 
now becomes non-fluorescent 

It was anticipated that the molecular probe 1o would act as a two-output optical probe 

(fluorescence, colourimetric) for sensing hydrazine in both the solution and vapour phase 

(Scheme 3.5). The reaction of ring-open isomer, 1o, with hydrazine would generate a 

cyclic product, 2o, along with a change in its fluorescence output. The compound 1o, upon 

irradiation with UV light, isomerizes to generate its ring-closed isomer, 1c, which can also 

react with hydrazine to generate the cyclic product 2o, with a double output signal 

consisting of a change in both the colour and fluorescence of the solution. This 2o is 

missing the desired 1,3,5-hexatriene system that is responsible for the ring-opening/ring-

closing reaction via rearrangement of the π system. The photochromic behaviour of the 

system is, thus, completely shut “off” and the luminescent response is altered after 

reaction with hydrazine.176  
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Scheme 3.5:  Proposed triple sensing mechanism of 1o and 1c upon reaction with 
hydrazine leading to a non-photoresponsive product 2o (Ph = phenyl) 

One of the main advantages of our system lies in the photoresponsive nature of our probe 

molecule 1o, which can reversibly change its recognition form to 1c upon interacting with 

UV light. This leads to multiple output signals upon reaction with the target analyte, 

hydrazine, thereby, providing greater sensing information for the analysis. 

3.4. Results and Discussion 

3.4.1. Synthesis 

The photoresponsive dithienylethene (1o) was synthesized in seven steps from 

commercially available 2-methylthiophene as described in Section 2.5.1 of Chapter 2 

(Scheme 3.6).95 Experimental details and characterizations of all compounds are provided 

in Section 2.7. 
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Scheme 3.6:  Synthesis of photoresponsive dithienylethene (1o)39,40 

The photochemical synthesis of the ring-closed isomer (1c) was carried out by irradiating 

a chloroform solution of 1o with 312 nm UV light and was obtained in modest yield as 

described in Section 3.7 (Scheme 3.7). 

 

Scheme 3.7:  Photochemical synthesis of the ring-closed isomer (1c)  
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3.4.2. Structure prediction of the cyclic product upon reaction with 
hydrazine 

The cyclic product obtained after the reaction of 1c or 1o with hydrazine can exist as two 

tautomers, 2o and 3o, that can further exist as parallel and anti-parallel conformations 

(Scheme 3.8). 

 

Scheme 3.8:  Possible structures of the cyclic product obtained upon the reaction of 
hydrazine with 1c or 1o 

Theoretical calculations were carried out for the total energy of parallel and anti-parallel 

forms of the product, 2o, and 3o, to determine the correct possible structure and its 

conformation, relative stability, and predominance of either of the isomers. The theoretical 

value for the relative energy between the parallel and anti-parallel isomers of 2o and 3o 

was determined using the computational method based on density functional theory (DFT) 

to analyze the electronic or nuclear structure of the molecule in its ground state.177 The 

method utilizing B3LYP as the hybrid functional and 6-31G (d) basis set to calculate all 

the relative energy values was developed in Gaussian 09 software.177,178,179,180 Hybrid 

functional and the basis set used for present calculations have been traditionally reported 

in the literature for energy calculations in a similar class of molecules.181 The energy 

values were obtained in atomic units, a.u. (1 a.u. = 1 Hartree = 2625.4996 kJ/mol).182 

Based on the results of energy calculations, the anti-parallel conformers for both 2o and 

3o were found to have lower energies than their corresponding parallel conformers (Figure 

3.7). The difference in energy between parallel and anti-parallel conformers of 3o is quite 
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low suggesting that both forms can exist in equal proportions in the solution, as can been 

seen for most DTE systems. While an unusually high energy difference was determined 

between the parallel and anti-parallel conformers of 2o suggesting that 2o would most 

likely exist in anti-parallel conformation exclusively. Furthermore, the energy difference 

between the optimized geometries of 2o (anti-parallel) and 3o (anti-parallel) was 

estimated to be 14.703 kJ/mol. The calculated energy barrier between 2o and 3o suggests 

that isomer 2o has slightly lower energy, but, the difference is fairly low such that the two 

forms may coexist in a dynamic equilibrium in the same medium.183,184 The greater stability 

of 2o can be attributed to the presence of electron-donating -NH2 group at C-5 position 

whose lone-pair of electrons are incorporated in the plane perpendicular to the pyrazole 

ring leading to significant changes in the π-electron distribution in the top 5-amino pyrazole 

ring.184,185,186 The lack of photochromic behaviour of the reaction product further verify the 

structure of the product to be 2o.176 

 

Figure 3.7:  Energy diagram of calculated total energies for both isomers of the 
product along with the optimized geometries in both parallel and anti-
parallel conformations (blue: nitrogen, yellow: sulfur, white: hydrogen, 
grey: carbon) 
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3.4.3. Detection of hydrazine in solution 

 Reaction with ring-closed isomer 1c 

The reaction of hydrazine with ring-closed isomer 1c was assessed by incremental 

addition of hydrazine monohydrate (N2H4.H2O) to a 4.80 x 10-5 M solution of 1c in DMSO 

(Scheme 3.9). 

 

Scheme 3.9:  Reaction of ring-closed isomer 1c with hydrazine (Ph = phenyl) 

The reaction progress was evaluated using UV-visible absorption spectroscopy (Figure 

3.8) and fluorescence spectroscopy (Figure 3.9). After acquiring an initial spectrum of 0.7 

mL solution of 1c, hydrazine monohydrate (N2H4.H2O) was added in increments of 0.50 x 

10-3 mL (0.01 M N2H4 in each increment) for a total added volume of 4.00 x 10-3 mL (0.083 

M of total added N2H4) with spectra being acquired after each addition. After the addition 

of 0.50 x 10-3 mL of hydrazine monohydrate, the broad band at 580 nm for 1c began to 

decrease in intensity (Figure 3.8 a)). A new band was also observed at 260 nm which 

continues to increase in intensity with the addition of hydrazine monohydrate. The band 

at 580 nm disappears completely after the addition of 4.00 x 10-3 mL (0.083 M of total 

added N2H4) of hydrazine monohydrate (Figure 3.8 a)). Observance of the band at 260 

nm is considered to be the general region of absorbance for pyrazoles.187,188 The decrease 

in absorbance at 580 nm and the increase in the absorbance at 260 nm are symmetric 

indicating that 1c reacts with hydrazine to give 2o without any other side reactions and 

the rates of both reactant disappearance and product formation are the same (Figure 3.8 

b)). 
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Figure 3.8:  a) Changes in UV-vis absorption spectrum of a solution of 1c (4.80 x 10-5 
M) in DMSO upon addition of hydrazine monohydrate in 0.50 x 10-3 mL 
increments; b) Modulated absorption at 260 nm for 2o and 580 nm for 1c 
during the addition of hydrazine monohydrate 

Similar results were observed when the reaction progress was assessed by fluorescence 

spectroscopy. Upon acquiring an initial emission spectrum for 2 mL solution of 1c at an 

excitation wavelength of 365 nm, hydrazine monohydrate (N2H4.H2O) was added in 

increments of 1.00 x 10-3 mL (0.01 M N2H4 in each increment) for a total added volume of 

6.00 x 10-3 mL (0.052 M of total added N2H4) with spectra being acquired after each 

addition. Following the addition of 1.00 x 10-3 mL of hydrazine monohydrate, a broad band 

at 490 nm appeared and gradually began to increase in intensity with increasing hydrazine 

concentration (Figure 3.9 a)). A maximum in the intensity was observed upon the addition 

of 5.00 x 10-3 mL hydrazine monohydrate after which the intensity began to decrease 

(Figure 3.9 b)). Correspondingly, the solution began to decolourize from blue to golden-

yellow (Figure 3.9 c)) and display a bright blue-white fluorescence emission upon the 

addition of hydrazine monohydrate (Figure 3.9 d)). This increase in fluorescence response 

of 2o at 490 nm is typical of such substituted pyrazoles.189 
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Figure 3.9:  a) Changes in the fluorescence emission of a solution of 1c (4.80 x 10-5 
M) in DMSO upon addition of hydrazine monohydrate in 1.00 x 10-3 mL 
increments; b) Normalized fluorescence emission at 490 nm for 2o upon 
addition of hydrazine monohydrate; c) Turning ‘off’ of photochromism 
after addition of hydrazine monohydrate; d) turning ‘on’ of bright blue-
green fluorescence emission after addition of hydrazine monohydrate 

The changes in the optical response of the ring-closed isomer 1c and the reaction product 

2o were further analyzed theoretically using the density functional theory (DFT) (Figure 

3.10). The method utilizing B3LYP as the hybrid functional and 6-31G (d) basis set to 

calculate all the relative energy values was developed in Gaussian 09 software.190,178,179,180 

The energy values were obtained in atomic units, a.u. (1 a.u. = 1 Hartree = 27.2114 eV).182 

The energy gap between the HOMO and LUMO of 1c was calculated to be 2.46 eV (504 

nm) with the electron distribution delocalized over the entire DTE backbone. In contrast, 

the HOMO and LUMO for the product 2o were localized over the two thiophene rings and 

the resultant energy gap was calculated to be 4.19 eV (295 nm). This significantly high 

value of energy gap for 2o directly corresponds to the observation of a significant blue-

shift in the absorbance of the product.  
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Figure 3.10:  Interfacial plots of HOMO and LUMO energy levels for probe 1c and 2o 
and their corresponding energy gaps 

The solution colour also changed from blue to pale yellow/colourless upon the addition of 

5.00 x 10-3 mL (0.104 M of total added N2H4) of hydrazine monohydrate to a 2.40 x 10-4 M 

solution of 1c (Figure 3.11).176 The corresponding visual detection limit for 1c was 

estimated to be 3 x 103 ppm. 

 

Figure 3.11:  Change in colour of the solution of 1c (2.40 x 10-4 M) in DMSO upon 
addition of hydrazine monohydrate in increments on 1.00 x 10-3 mL for a 
total of 5.00 x 10-3 mL (0.104 M of total added N2H4) 

The reaction of hydrazine with tetracyanoethylene and other substituted cyanoethylenes 

has been used to synthesize pyrazoles.170,187,191 The general mechanism involves the 

attack of hydrazine and replace a nitrile group which then cyclizes to give the product 
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pyrazole.170,187 We expected similar results when hydrazine reacted with ring-closed 

isomer 1c. Ring-opening reaction/cycloreversion is an extremely facile process42 and the 

highly reactive character of hydrazine can quickly ring-open 1c followed by the reaction to 

yield 2o (Scheme 3.10). The by-product generated from this reaction, HCN, can be 

trapped using solid adsorbents with small pore sizes such as molecular sieves192, 

activated charcoal193, and micro-fibreglass filters194.  

 

Scheme 3.10:  Proposed mechanism of ring opening of 1c upon reaction with hydrazine 
(Ph = phenyl) 

The formation of 2o was confirmed experimentally by 1H- & 13C-NMR spectroscopy and 

FT-IR spectroscopy. Upon comparison of the FT-IR spectra of the reactant, 1c and the 

product, 2o, the band corresponding to C≡N stretching at ῡ = 2210 cm-1 in 1c disappears 

and a new set of bands for N-H stretching for primary and secondary amine in the region 

ῡ = 3319-3076 cm-1, N-H bending at ῡ = 1625 cm-1, C-N stretching at ῡ = 1160 cm-1 for the 

product, 2o (Figure 3.12).195 In the case of 1H-NMR spectroscopy, the peak for thiophene 

protons of 1c shifted downfield from δ = 6.72 ppm to δ = 7.10 ppm for 2o suggesting the 

restoration of aromaticity of the thiophene π-system by the opening of the 1,3,5-hexatriene 

system after reaction with hydrazine. Furthermore, 13C-NMR results show the 

disappearance of the peak at δ = 115.62 ppm corresponding to the carbon atoms of -CN 

groups and appearance of peaks at δ = 117.81 ppm for the bridging carbons of central 

pyrazole ring and δ = 153.24 ppm for carbon atom connected to the NH2 group. 
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Figure 3.12:  FT-IR spectra of 1c and 2o 

The rate constant for the reaction of 1c with hydrazine monohydrate was evaluated by 

UV-visible absorption spectroscopy by monitoring the disappearance of 1c after the 

addition of 4.00 x 10-3 mL of hydrazine monohydrate (0.08 M of total added N2H4) over 

400 seconds. A 4.80 x 10-5 M solution of 1c in DMSO was charged with 4.00 x 10-3 mL of 

hydrazine monohydrate (0.08 M of total added N2H4) in a sealed cuvette. After acquiring 

an immediate UV-visible absorption spectrum of the initial mixture, the cuvette was kept 

at room temperature in dark for 400 seconds, with spectra being recorded every 20 

seconds. The decrease in the intensity of the band centred at 580 nm for 1c was measured 

over the entire course of the reaction (Figure 3.13 a)).  
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Figure 3.13:  a) Decrease in the absorbance value at 580 nm for 1c after addition of 
hydrazine monohydrate (0.08 M of total added N2H4) over the reaction 
period of 400 s; b) Reaction kinetics of the solution of 1c (4.80 x 10-5 M) in 
DMSO upon reaction with hydrazine monohydrate (0.08 M of total added 
N2H4) 

The value of the rate constant, k, was determined with respect to the change in 

concentration of 1c and was calculated using the initial slope method for the recorded data 

until the intensity of band in the visible region (580 nm) decreased ~ 60% to avoid errors 

due to higher signal/noise ratio at the end of the kinetic experiment.196 The rate constant, 

k, was calculated to be 0.0055 s-1 using equation 3.1 considering the changes in 

absorbance band centred at 580 nm (Figure 3.13 b)). 

𝑙𝑛[𝐴]𝑡 = −𝑘𝑡 + 𝑙𝑛[𝐴]0 

Equation 3.1:  First-order rate equation to determine the rate constant 

The rate of formation of the product was determined by fluorescence spectroscopy by 

monitoring the increase in the fluorescence emission at 490 nm of 2o after the addition of 

6.00 x 10-3 mL (0.052 M of total added hydrazine) of hydrazine monohydrate over 1200 s. 

A 4.80 x 10-5 M solution of 1c in DMSO was charged with 6.00 x 10-3 mL of hydrazine 

monohydrate (0.052 M of total added N2H4) in a sealed cuvette. After acquiring an 

immediate emission spectrum of the initial mixture, the cuvette was kept at room 

temperature in dark for 1200 seconds, with spectra being recorded every 60 seconds. The 

increase in the intensity of the band centred at 490 nm for 2o was measured over the 

entire course of the reaction (Figure 3.14 a)). The rate constant, k, for the formation of the 

product was also calculated using equation 3.1 and was determined to be 0.00047 s-1 

considering the increase in fluorescence emission of the band centred at 490 nm (Figure 

3.14 b)). The lower value of the rate constant for product formation suggests that the 
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formation of the top pyrazole ring in product 2o is slower as compared to the ring-opening 

of reactant 1c. 

 

Figure 3.14:  a) Increase in the fluorescence emission at 490 nm for 2o after addition of 
hydrazine monohydrate (0.052 M of total added N2H4) over the reaction 
period of 1200 s; b) Reaction kinetics of the solution of 2o in DMSO upon 
reaction with hydrazine monohydrate (0.052 M of total added N2H4) 

 Reaction with ring-open isomer 1o 

The reaction of hydrazine with ring-open isomer 1o was assessed by incremental addition 

of hydrazine monohydrate (N2H4.H2O) to a 9.60 x 10-6 M solution of 1o in DMSO (Scheme 

3.11). 

 

Scheme 3.11:  Reaction of ring-closed isomer 1o with hydrazine (Ph = phenyl) 

The reaction progress was evaluated using UV-visible absorption spectroscopy (Figure 

3.15 a)). After acquiring an initial spectrum of 0.7 mL solution of 1o, hydrazine 

monohydrate (N2H4.H2O) was added in increments of 0.50 x 10-3 mL (0.01 M N2H4 in each 

increment) for a total added volume of 0.01 mL (0.207 M of total added N2H4) with spectra 

being acquired after each addition. After the addition of 0.50 x 10-3 mL of hydrazine 

monohydrate, the broad band at 298 nm for 1o began to decrease in intensity. A new band 

was also observed at 260 nm which continues to increase in intensity with the addition of 

hydrazine monohydrate. The band at 298 nm shifts to 293 nm after the addition of 0.01 
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mL of hydrazine monohydrate (Figure 3.15b)). This blue shift in wavelength was also 

observable in the case of ring-closed isomer 1c is considered to be the region of 

absorbance for pyrazoles.187,188 

 

Figure 3.15:  a) Changes in UV-vis absorption spectrum of a solution of 1o (9.60 x 10-6 
M) in DMSO upon addition of hydrazine monohydrate in 0.5 x 10-3 mL 
increments; b) Section of absorption spectrum from 270 nm to 320 nm 
showing the shift in the band for 1o at 298 nm to 293 nm for 2o upon 
addition of hydrazine monohydrate 

The reaction progress was also assessed by fluorescence spectroscopy. Upon acquiring 

an initial emission spectrum for 2 mL solution of 1o at an excitation wavelength of 365 nm, 

hydrazine monohydrate (N2H4.H2O) was added in increments of 1.00 x 10-3 mL (0.01 M 

N2H4 in each increment) for a total added volume of 6.00 x 10-3 mL (0.063 M of total added 

N2H4) with spectra being acquired after each addition. Before the addition of hydrazine 

monohydrate, the solution of 1o displayed bright yellow fluorescence with a broad band 

centred at 580 nm. Following the addition of 1.00 x 10-3 mL of hydrazine monohydrate, the 

band centred at 580 nm began to broaden and shift towards lower wavelengths with 

increasing hydrazine concentration (Figure 3.16 a)). A shoulder band began to appear at 

490 nm after adding 3.00 x 10-3 mL of hydrazine monohydrate. A maximum in the intensity 

was observed upon the addition of 6.00 x 10-3 mL hydrazine monohydrate after which the 

intensity began to decrease. Correspondingly, the fluorescence emission of the solution 

shifted from bright yellow to bright blue-white upon the addition of hydrazine monohydrate 

(Figure 3.16 b)) which was similar to that observed for 2o. 
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Figure 3.16:  a) Changes in the fluorescence emission of a solution of 1o (9.60 x 10-6 
M) in DMSO upon addition of hydrazine monohydrate in 1.00 x 10-3 mL 
increments; b) Changes in colour and fluorescence emission of 1o before 
(left) and after (right) addition of hydrazine monohydrate 

The changes in the optical response of the ring-open isomer 1o and the reaction product 

2o were also analyzed theoretically using the density functional theory (DFT) (Figure 

3.17). The method utilizing B3LYP as the hybrid functional and 6-31G (d) basis set to 

calculate all the relative energy values was developed in Gaussian 09 software.190,178,179,180 

The energy values were obtained in atomic units, a.u. (1 a.u. = 1 Hartree = 27.2114 eV).182 

The energy gap between the HOMO and LUMO of 1o was calculated to be 3.29 eV (376 

nm) with the electron density being redistributed from the thiophene rings towards the 

nitrile groups. By comparison, the HOMO and LUMO for the product 2o were localized 

over the two thiophene rings and the resultant energy gap was calculated to be 4.19 eV 

(295 nm). Furthermore, the energy gap from HOMO to LUMO for 2o was only slightly 

larger than 1o, which was in accordance with the modest hypsochromic shift in the 

absorbance of the product. 
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Figure 3.17:  Interfacial plots of HOMO and LUMO energy levels for probe 1o and 2o 
and their corresponding energy gaps 

While a visible change in colour was observed for the reaction of 1c with hydrazine 

monohydrate, the solution colour change was not observable in the case of 1o because 

the ring-open dithienylethenes are generally colourless. However, upon addition of 

hydrazine monohydrate in 1.00 x 10-3 mL increments for a total of 5.00 x 10-3 mL (0.12 M 

N2H4) to the 2.40 x 10-4 M solution of 1o in DMSO, there was still a change in colour upon 

irradiation with 312nm light. When this solution was irradiated with light of wavelength 

>435 nm, the solution became colourless. It was only after the addition of a total of 8.00 x 

10-3 mL (0.16 M) of hydrazine monohydrate that the solution became non-photoresponsive 

(Figure 3.18).  

 

Figure 3.18:  Change in colour of the solution of 1o (2.40 x 10-4 M) in DMSO upon 
addition of hydrazine monohydrate in increments on 1.00 x 10-3 mL for a 
total of 8.00 x 10-3 mL (0.16 M N2H4) 
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The formation of 2o was also confirmed experimentally by FT-IR spectroscopy and the 

product was found to be the same as in the case of reaction with 1c. Upon comparison of 

the FT-IR spectra of the reactant, 1o and the product, 2o, the band corresponding to C≡N 

stretching at ῡ = 2210 cm-1 in 1o disappears and a new set of bands for N-H stretching for 

primary and secondary amine in the region ῡ = 3319-3076 cm-1, N-H bending at ῡ = 1625 

cm-1, C-N stretching at ῡ =  1160 cm-1 for the product, 2o (Figure 3.19).195  

 

Figure 3.19:  FT-IR spectra of 1o and 2o 
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3.4.4. Detection of hydrazine in the vapour phase 

Visual detection of hydrazine vapour was demonstrated by exposing a piece of filter paper 

soaked with 1c to vapours of hydrazine. The filter paper was treated with a few drops of a 

solution of 1c (0.001 g) dissolved in 0.10 mL of DMSO. The treated piece of filter paper 

was dried in the vacuum oven overnight to remove all the solvent. The dried filter paper 

(blue and non-fluorescent) was then placed elevated in a vial containing 20 drops of 

hydrazine monohydrate (N2H4.H2O) that was placed at the bottom of the vial. The vial was 

heated at ~40°C to generate hydrazine vapour. The blue filter paper decolourized after a 

few minutes of exposure to the vapour showing that the vapours of hydrazine reacted with 

1c to generate 2o which was colourless/pale yellow (Figure 3.20). Upon exposure with UV 

light of wavelength 312 nm, the filter paper remained pale yellow. The decolourized filter 

paper also displayed strong blue-white fluorescence emission under UV light of 

wavelength 365 nm. The results of this test indicate that upon reaction with hydrazine, the 

photoresponsive behaviour of our system completely stops while the system begins to 

fluoresce brightly in dark.  

 

Figure 3.20:  Visual changes in the colour and fluorescence emission of a piece of filter 
paper treated with a solution of 1c (0.024 M) and vacuum-dried (blue and 
non-fluorescent; left) after exposure to hydrazine (N2H4) vapour (pale 
yellow and fluorescent; right) 

3.4.5. Determination of the Limit of Detection (LoD) 

The limit of detection is defined by IUPAC as the smallest concentration measure that can 

be detected with reasonable certainty for a given analytical method.14 For a given 

analytical analysis, the limit of detection can be calculated by two commonly employed 

methods: 

1. As per the formula recommended by IUPAC197 and other agencies198,199,200: 
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𝐿𝑖𝑚𝑖𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛, 𝐷𝐿 = 3 ∗
𝜎

𝑚
 

where, σ – standard error of the y-intercept of the regression line; m – slope of the calibration curve 

Equation 3.2:  Formula for the limit of detection 

The minimum concentration for hydrazine in a solution of 1c was evaluated using UV-

visible absorption spectroscopy by observing the variation in the absorbance of 1c at 580 

nm for the concentration of hydrazine between 0.84 x 10-6 M and 2.00 x 10-5 M. Stock 

solutions of hydrazine (1.68 x 10-4 M) were prepared in DMSO. After acquiring an initial 

spectrum of 1c (4.80 x 10-5 M) in DMSO, hydrazine was added from the stock solution in 

the increments of 5.00 x 10-3 mL (8.33 x 10-7 M N2H4 in each increment) for a total added 

volume of 0.12 mL (1.79 x 10-5 M for total added N2H4) with spectra being acquired after 

each addition. A linear regression curve was obtained for this concentration range with a 

correlation coefficient, R2 = 0.9913 (Figure 3.21, left). The limit of detection, according to 

equation 3.2, was determined to 8.91 x 10-7 M using the slope and the standard error of 

y-intercept obtained from the regression line (Figure 3.21, right). 

 

Figure 3.21:  A plot of change in absorbance of 1c (4.80 x 10-5 M) with the low 
concentration of hydrazine 

2. Based on the plot of normalized absorbance against the log[hydrazine] as reported 
in literature165,201,202,203 

The minimum concentration for hydrazine in a solution of 1c was evaluated using UV-

visible absorption spectroscopy by observing the variation in the absorbance of 1c at 580 

nm for the concentration of hydrazine between 8.33 x 10-7 M and 7.97 x 10-6 M. Stock 

solutions of hydrazine (1.68 x 10-4 M) were prepared in DMSO. After acquiring an initial 
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spectrum of 1c (4.80 x 10-5 M) in DMSO, hydrazine was added from the stock solution in 

increments of 5.00 x 10-3 mL (8.33 x 10-7 M N2H4 in each increment) for a total added 

volume of 0.05 mL (7.97 x 10-6 M for total added N2H4) with spectra being acquired after 

each addition. A linear regression curve was obtained between this hydrazine 

concentration range with correlation coefficient, R2 = 0.9761 when the normalized 

absorbance data was plotted against the log[hydrazine] and the intercept on the x-axis 

was considered as the detection limit (Figure 3.22). The limit of detection was determined 

to 6.92 x 10-7 M. 

 

Figure 3.22: The plot of normalized absorbance of a DMSO solution of 1c (4.8 x 10-5 
M) upon treatment with low concentrations of hydrazine 

The mean limit of detection value, based on both methods, was determined to be 7.91 x 

10-7 M (0.025 ppm). The value of the limit of detection obtained for probe 1c was lower 

than the permissible exposure limit (PEL) for hydrazine determined by the federal 

Occupational Safety and Health Administration (OSHA) (1.00 ppm, 8 h time-weighted 

average)141, the ceiling recommended exposure limit (REL) advised by National Institute 

for Occupational Safety and Health (NIOSH) (0.03 ppm, 2 h exposure)204, and the non-

disabling and transient acute exposure guideline level (AEGL-1) established by US EPA 

(0.10 ppm, 8 h time-weighted average)205. However, the value obtained remains higher 

than the TLV recommended by the American Conference of Governmental Industrial 

Hygienists (ACGIH) (0.01 ppm, 8 h time-weighted average).205 
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3.4.6. The selectivity of the probe  

The selectivity of the probe 1c towards hydrazine (HY) over other possible interfering 

analytes such as cations (K+, Ca2+, Zn2+, Na+, Mg2+, NH4
+), anions (I-, Br-, CO3

2-, OAc-, Cl-

, SO4
2-), triethylamine (TEA), phenylhydrazine (PhHY) was established by carrying out 

parallel UV-visible absorption experiments. Stock solutions of hydrazine and all interfering 

analytes (1.00 x 10-3 M) were prepared in ultrapure water. After acquiring an initial 

spectrum of 1c (5.00 x 10-5 M) in DMSO, 20 molar equivalents of each analyte were added, 

and the solutions were incubated in dark at 24°C for 30 min to ensure reaction completion 

after which spectrum was acquired for each solution. As a comparison, 20 equivalents of 

hydrazine (HY) was used. No observable change in the absorbance of 1c at 585 nm was 

observed after the addition of the interfering analytes (Figure 3.23 a)). In contrast, the 

intensity of the peak at λmax = 585 nm decreased by ~50% after the addition of hydrazine. 

Correspondingly, the solutions of 1c diluted with all other analytes appeared faintly blue, 

while the solution containing hydrazine became colourless (Figure 3.23 b)). The 

photoresponsive probe was found to be selective towards hydrazine. 

 

Figure 3.23:  a) Comparative absorption spectra of 1c (5.00 x 10-5 M) in the presence 
of hydrazine and other interfering analytes; b) Changes in the colour of 
the solution of 1c (1.00 x 10-4 M) before and after addition of hydrazine 
and other analytes 

In a similar experiment, 20 molar equivalents of each analyte and hydrazine were added 

to a solution of 1o (1.00 x 10-4 M) in DMSO, and the solutions were incubated in dark at 

24°C for 30 min to ensure reaction completion. The colour of solutions of 1o diluted with 

all other analytes appeared bright yellow while the solution containing hydrazine 

decolourized. Upon irradiating all solutions with UV light of wavelength 312 nm for 1 min, 
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all solutions turned blue while the solution containing hydrazine remained colourless 

(Figure 3.24). 

 

Figure 3.24:  Changes in the colour of the solution of 1o (1.00 x 10-4 M): a) before the 
addition of hydrazine and other analytes; b) after irradiation of incubated 
solutions containing hydrazine and other analytes 

3.5. Conclusion and Future prospects 

3.5.1. Summary 

This chapter described a unique two-way output method for detecting hydrazine in both 

vapour and solution form by using a small photoresponsive molecule whose 

photochromism is turned ‘off’ and luminescence is modified upon reaction with hydrazine. 

The reaction led to an irreversible structural change in the dithienylethene backbone and 

the product molecule did not display the light assisted ring-opening/ring-closing reaction. 

The detection results were achieved via changes in fluorescence when ring-open (1o) 

isomer reacted with hydrazine. In the case of ring-closed (1c) isomer, however, a two-fold 

optical readout was observed that resulted in the change in both colour and fluorescence 

of the solution upon reaction with hydrazine. All the output signals of the system were 

visually evident in both solution and vapour phases.  

3.5.2. Future prospects 

The simple photoresponsive system based on 1o conveniently and selectively detected 

hydrazine in both solution and vapour phase. The applicability of the system can be further 

improved by testing the reactivity of the probe in solutions containing both hydrazine and 

interfering analytes to determine whether the presence of other analytes leads to a 

difference in the reactivity of the probe with hydrazine. Similar experiments can be carried 

out in the vapour phase. Furthermore, the theoretical calculations based on TD-DFT 

(Time-Dependent Density Functional Theory) for the optical probe (1o and 1c) and the 

product (2o) for the excited states using a basis set of 6-31 G(+) may provide useful 
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information related to diffuse functions such as long-range interactions like hydrogen 

bonds. 

3.6. Limitations 

While, the small photoresponsive molecular probe, 1o, could successfully visually detect 

hydrazine in both solution and vapour phase, it has certain drawbacks over some of the 

probes reported in the literature. Based on the results obtained for the reaction kinetics 

and the value of the rate constant, the reaction between our probe and hydrazine is quite 

slow. Additionally, high concentrations of hydrazine are required in order to obtain a 

decent optical response. Moreover, the current framework suffers from a lack of selectivity 

as both photoisomers undergo a reaction with hydrazine. 

3.7. Experimental 

3.7.1. General 

All solvents and reagents used for synthesis, chromatography, UV-vis spectroscopy, and 

photochemical studies were purchased from Aldrich, Anachemia, Caledon Labs, Fisher 

Scientific, or Alfa Aesar, and used as received. Solvents used for metal-halogen exchange 

reactions were dried and degassed by passing them through steel columns containing 

activated alumina under nitrogen using an MBraun solvent purification system. Hydrazine 

monohydrate (64-65% hydrazine) was obtained from Aldrich and was as received. 

Solvents for NMR analysis were purchased from Cambridge Isotope Laboratories and 

used as received. Column chromatography was performed using silica gel 60 (230–400 

mesh) from Silicycle Inc.  

*warning: Hydrazine vapours are toxic upon ingestion or inhalation. Extreme caution must 

be exercised while handling.  

3.7.2. Instrumentation 

1H and 13C NMR characterizations were performed on a Bruker Avance-400 instrument 

with a 5 mm inverse probe operating at 400.13 MHz for 1H NMR and 100.61 MHz for 13C 

NMR unless stated otherwise. Chemical shifts (δ) are reported in parts per million (ppm) 



108 

relative to tetramethylsilane using the residual solvent peak as a reference. Coupling 

constants (J) are reported in Hertz. UV-visible absorption spectra were recorded on a 

Shimadzu UV-3600 Plus spectrophotometer. Fluorescence measurements were 

performed on a PTI Quantamaster spectrofluorometer. A JDS Uniphase 980 nm laser 

diode (device type L4-9897510-100M) coupled to a 105 um (core) fibre was employed as 

the excitation source. The output of the diode laser was collimated and directed on the 

110 samples using a Newport F-91-C1-T Multimode Fiber Coupler. The visible emissions 

were collected from the samples at π/2 from the incident beam in the plane of the 

spectrometer. All of the samples were held in a square quartz cuvette (path length of 1 

cm). All spectra were corrected for instrument sensitivity. IR spectroscopy measurements 

were conducted on a PerkinElmer Spectrum Two™ IR spectrometer equipped with a 

universal ATR accessory with a 9-bounce diamond top-plate. High-Resolution Mass 

Spectroscopy (HRMS) measurements were performed using an Agilent 6210 TOF LC/MS 

in ESI-(+) mode. Microanalysis (C, H, N) was carried out using a Carlo Erba EA 1110 CHN 

Elemental Analyzer. Melting points were measured using a Gallenkamp melting point 

apparatus and are uncorrected. 

3.7.3. Photochemistry 

All the ring-closing reactions were carried out using the light source from a lamp used for 

visualizing TLC plates at 312 nm (Spectroline E series, 470 W/cm2). The ring-opening 

reactions were carried out using the light of a 150 W halogen photo-optic source passed 

through a 435 nm cut-off filter to eliminate higher energy light. 

3.7.4.  Synthesis 

 

Synthesis of 2,3-bis(2-methyl-5-phenylthiophen-3-yl) maleonitrile (1o).  A solution of 

2-(2-methyl-5-phenylthiophen-3-yl) acetonitrile (6) (0.93 g, 0.0022 mol) in carbon 

tetrachloride (5 mL) was added to a stirring solution of 50% aqueous sodium hydroxide (5 
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mL) containing tetrabutylammonium bromide (0.035 g, 0.00011 mol) at room temperature. 

The mixture was stirred at 50°C for 1.5 h and the reaction progress was monitored by TLC 

(10:1 hexanes/ethyl acetate). Upon completion, the reaction mixture was poured into 

water and extracted with chloroform (2 × 10 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Purification by column chromatography using silica 

gel (10:1 hexanes/ethyl acetate) afforded 0.74 g (79%) of 2,3-bis(2-methyl-5-

phenylthiophen-3-yl) maleonitrile (1o) as a yellow-green solid. 

1H NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.1 Hz, 3H), 7.33 (d, J = 7.2 Hz, 2H), 7.29 (d, J 

= 7.1 Hz, 1H), 6.91 (s, 1H), 2.31 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 142.4, 133.1, 131.8, 129.4, 128.6, 127.5, 126.0, 121.1, 

116.4, 15.0. 

FT-IR (diamond ATR): ῡ (cm-1) 2924-2851 (C-H stretch, aromatic), 2210 (C≡N stretch),  

1445 (C-C stretch, aromatic), 755 (C-H bend, oop), 690 (C-S stretch, thiophene). 

Melting point: 132-133 °C. 

HRMS (ESI): m/z (M+H) calculated for C26H18N2S2: 423.098417, found: 423.097986. 

 

Photochemical synthesis of 1c. A deuterated chloroform solution of compound 1o (5.00 

× 10–3 M) in an NMR tube was irradiated with 312 nm light until no further changes were 

observed in the 1H NMR spectrum. After 120 min the photostationary state was reached 

at this concentration, which contained 51% of the ring-closed isomer 1c as measured by 

comparing relative integrals for chemical shifts for 1o and 1c. The ring-closed isomer 1c 

was isolated by column chromatography using silica gel (2:1 dichloromethane/hexanes). 

1H NMR (400 MHz, CDCl3): δ 7.58 (d, J = 6.8 Hz, 2H), 7.46 (d, J = 6.8 Hz, 2H), 7.44 (d, J 

= 6.7 Hz, 1H), 6.72 (s, 1H), 2.17 (s, 3H). 
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13C NMR (101 MHz, CDCl3): δ 170.72, 144.69, 130.82, 129.20, 127.25, 115.62, 108.90, 

99.58, 57.19, 29.87.  

FT-IR (diamond ATR): ῡ (cm-1) 2924-2851 (C-H stretch, aromatic), 2210 (C≡N stretch),  

1445 (C-C stretch, aromatic), 755 (C-H bend, oop), 690 (C-S stretch, thiophene). 

 

Synthesis of 3,4-bis(2-methyl-5-phenylthiophen-3-yl)-1H-pyrazol-5-amine (2o). A 

solution of 1c (0.005 g, 1.2 x 10-5 mol) in DMSO (20 mL) was treated with N2H4.H2O (2 

mL, 0.021 mol N2H4, excess). The reaction mixture was stirred at room temperature for 16 

h and reaction progress was monitored by TLC (15% ethyl acetate in hexanes). Upon 

completion, the contents were washed with brine and extracted with ethyl acetate (2 x 20 

mL) dried over MgSO4, filtered, and concentrated under reduced pressure. Purification by 

column chromatography using silica gel (15% ethyl acetate in hexanes) afforded 0.004 g 

(78% yield) of 3,4-bis(2-methyl-5-phenylthiophen-3-yl)-1H-pyrazol-5-amine (2o) as a 

yellow-brown solid. 

1H NMR (600 MHz, CDCl3): δ 7.68-7.64 (m, 2H), 7.42 (d, J = 9.0 MHz, 3H), 7.29 (s, 1H), 

2.11 (s, 3H). 

13 NMR (151 MHz, CDCl3): δ 153.24, 133.77, 132.27, 129.14, 129.07, 128.71, 128.62, 

127.87, 125.75, 125.60,117.81, 14.72. 

FT-IR (diamond ATR): ῡ (cm-1) 3319-3076 (N-H stretch), 2924 (C-H stretch, aromatic), 

1625 (N-H bend), 1445 (C-C stretch, aromatic), 1160 (C-N stretch), 755 (C-H bend, oop), 

690 (C-S stretch, thiophene). 

Melting point: 110-113°C 

Elemental Analysis: C = 68.22%, H = 5.32%, N = 8.84%, S = 14.47 % 
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The reaction of hydrazine with ring-closed isomer 1c in solution. A solution of 1c in 

DMSO (0.7 mL, 4.80 x 10-5 M) was charged with a total of 5.00 x 10-3 mL of hydrazine 

monohydrate in increments of 0.5 x 10-3 mL. The UV-visible absorption spectrum was 

acquired after each addition. These results are shown in Figures 3.8 and 3.11. 

A solution of 1c in DMSO (2 mL, 4.80 x 10-5 M) was charged with a total of 6.00 x 10-3 mL 

of hydrazine monohydrate in increments of 1.00 x 10-3 mL. The fluorescence emission 

spectrum was acquired after each addition. These results are shown in Figure 3.9. 

The reaction of hydrazine with ring-open isomer 1o in solution. A solution of 1o in 

DMSO (0.7 mL, 9.60 x 10-6 M) was charged with a total of 10 x 10-3 mL of hydrazine 

monohydrate in increments of 0.01 mL. The UV-visible absorption spectrum was acquired 

after each addition. These results are shown in Figures 3.15 and 3.18. 

A solution of 1o in DMSO (2 mL, 9.60 x 10-6 M) was charged with a total of 6.00 x 10-3 mL 

of hydrazine monohydrate in increments of 1.00 x 10-3 mL. The fluorescence emission 

spectrum was acquired after each addition. These results are shown in Figure 3.16. 

The reaction of hydrazine with ring-closed isomer 1c in the vapour phase. A filter 

paper soaked with a solution of 1c (0.001 g) dissolved in 0.10 mL of DMSO was vacuum 

dried and exposed to hydrazine vapour (10 drops). Images were acquired before and after 

exposure. These results are shown in Figure 3.20. 

The reaction of ring-closed isomer 1c with hydrazine and competing analytes in 

solution. A solution of 1c in DMSO (0.7 mL, 5.00 x 10-5 M) was charged with a total of 

1.00 mL of aqueous solutions of hydrazine monohydrate (1.00 x 10-3 M stock), phenyl 

hydrazine (1.00 x 10-3 M stock), triethylamine (1.00 x 10-3 M stock), sodium iodide (1.00 x 

10-3 M stock), zinc bromide (1.00 x 10-3 M stock), sodium carbonate (1.00 x 10-3 M stock), 

sodium acetate (1.00 x 10-3 M stock), potassium chloride (1.00 x 10-3 M stock), magnesium 

sulfate (1.00 x 10-3 M stock), potassium hydroxide (1.00 x 10-3 M stock), calcium chloride 

(1.00 x 10-3 M stock), ammonium hydroxide (1.00 x 10-3 M stock) and incubated in dark at 

24°C for 30 min. The UV-visible absorption spectrum was acquired after incubation. These 

results are shown in Figure 3.23. 

The reaction of ring-open isomer 1o with hydrazine and competing analytes in 

solution. A solution of 1o in DMSO (0.7 mL, 1.00 x 10-4 M) was charged with a total of 
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2.00 mL of aqueous solutions of hydrazine monohydrate (1 x 10-3 M stock), phenyl 

hydrazine (1.00 x 10-3 M stock), triethylamine (1.00 x 10-3 M stock), sodium iodide (1.00 x 

10-3 M stock), zinc bromide (1.00 x 10-3 M stock), sodium carbonate (1.00 x 10-3 M stock), 

sodium acetate (1.00 x 10-3 M stock), potassium chloride (1.00 x 10-3 M stock), magnesium 

sulfate (1.00 x 10-3 M stock), potassium hydroxide (1.00 x 10-3 M stock), calcium chloride 

(1.00 x 10-3 M stock), ammonium hydroxide (1.00 x 10-3 M stock) and incubated in dark at 

24°C for 30 min. The solutions were irradiated with a light of wavelength 312 nm after 

incubation. These results are shown in Figure 3.24. 

3.7.5. Theoretical calculations 

The computational method based on density functional theory (DFT) was employed to 

analyze the electronic structure of the optical probe (1o and 1c) and product (2o) in their 

ground state and determine theoretical values for energies, and absorbances. In contrast 

to the calculation of individual electronic wave functions (as in ab initio methods), DFT 

measures the electron density of the entire molecule. The method utilizing B3LYP as the 

hybrid functional and 6-31 G (d) basis set to calculate all the relative energy values was 

developed in Gaussian 09 software. Hybrid functional and the basis set used for present 

calculations have been traditionally reported in the literature for energy calculations in a 

similar class of molecules. The energy values were obtained in atomic units, a.u. (1 a.u. = 

1 Hartree = 2625.4996 kJ/mol). Geometry optimizations were conducted for all three 

molecules to determine the minimum energy configuration for each molecule prior to all 

energy calculations. The optimized geometries were then submitted for energy 

calculations. All calculations were submitted on Westgrid, the regional partner for 

Compute canada, which is a high computing power facility for the use of research in 

western Canada. The results for the calculations are shown in Figures 3.7, 3.10 and 3.17. 
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Chapter 4.  
 
Using light and decorated gold nanoparticles for 
activation and ‘on-command’ release of small 
molecules 

The research work presented in section 4.2 of this chapter has been recently published 

as a communication in Nanoscale Advances and is being reproduced in its entirety with 

permission from the journal (B. Kaur, D. Baker, K. Arafeh, A. Asadirad, R. Raza, N. R. 

Branda, Nanoscale Adv., 2021, accepted manuscript). The synthesis and characterization 

of the nanoparticles, polymers and nano-assemblies for Strategy II were conducted by 

Brahmjot Kaur. The nano-assemblies for Strategy I were prepared by Daina Baker. The 

characterization of the polymer assemblies and nanoparticles for Strategy I was 

conducted by Brahmjot Kaur. Thermal release studies were done by Brahmjot Kaur and 

Daina Baker. Laser-assisted experiments were conducted by M. Khaled Arafeh. The laser-

assisted release studies were done by Brahmjot Kaur and Daina Baker. Neil R. Branda 

and Amir Asadirad co-designed the project concept. 

4.1. Introduction 

The application of light as an external stimulus to control chemical reactions is desired in 

fields related to drug delivery.206,207 The scientific and medical communities continue to 

create and improve approaches to develop pharmaceutical drugs that can differentiate 

between healthy and diseased cells. With a growing increase in the global population of 

both elderly and children, the demand for such targeted and controlled drug delivery 

systems in the market is projected to grow at an annual rate of 7.8% by the year 2027.208 

The targeted release processes provide increased regulation as to when and where the 

drugs are delivered. Section 4.1.1 describes briefly such targeted drug delivery systems.  

Some popular delivery systems are based on nanoparticles, such as liposomes, polymer 

micelles, and metal nanoparticles. These systems have been designed and are continually 

being optimized to accurately deliver therapeutic materials at specific sites within the body. 

These systems offer three notable advantages over conventional drug delivery systems: 

i) easier control over the dose release rate; ii) enhanced curative effect of the material for 
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improved drug efficacy and reduced administration frequency of the drug; and iii) low toxic 

side effects.207,209 Such a stimuli-controlled release is required to achieve the maximum 

therapeutic effect. Discussion on nanomaterials as drug delivery systems can be found in 

section 4.1.2. 

Among the metal nanoparticles, gold nanoparticles are being regarded as potential 

candidates for the effective release of molecules in diverse biological systems owing to 

their relatively inert nature and biocompatibility.210,211, 212 Their unique ability to convert light 

of specific wavelength into localized heat called the photothermal effect and their ease of 

synthesis and functionalization will be discussed in greater detail in section 4.1.3 of this 

chapter.  

Different types of chemical reactions can be applied to load various drugs onto the gold 

nanoparticles. One of these is the reversible Diels-Alder reaction, which can provide a 

suitable approach for binding and releasing molecules from nanoparticles. Section 4.1.4 

describes Diels-Alder chemistry and its applications regarding nanoparticle-based drug 

delivery.  

Section 4.1.5 of this chapter briefly discusses the polymer-based encapsulation method 

to create robust nano-assemblies that can be used in biological environments. Discussion 

about our systems begins in section 4.2. 

4.1.1. Controlled drug delivery 

Research in the field of drug delivery systems continues to improve health and extended 

life across the globe; developing technologies to deliver drugs to their site of action for the 

desired therapeutic effect has been the main driving force for this change.213 The utility of 

such a system is in that a drug can be released in a controlled manner and this often 

minimizes systemic side effects. Such a system is also capable of providing greater control 

over the release time and/or release rate of the drug.214 Furthermore, this system will 

better enable the drug to cross physiological barriers, protect the drug from premature 

elimination from the body, and significantly increase its compatibility with the patient’s 

body.215 Work on controlled drug delivery systems began in the early 1950s and focused 

mostly on understanding the various drug release mechanisms like osmosis, dissolution, 

diffusion, and ion-exchange. Development of twice-a-day and once-a-day oral delivery 
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systems; and once-a-day and once-a-week transdermal patches also happened by the 

1980s.216  

 

Scheme 4.1:  Progression of controlled drug delivery systems over time216 

Research work that was done during the development of the 2nd generation of controlled 

drug delivery systems mostly focused on systems that could provide zero-order drug 

release (Scheme 4.1).216  

 

Figure 4.1:  a) schematic concentration (c) vs. time (t) profiles for conventional and 
controlled release systems; b) schematic release rate (r) vs. time (t) for 
sustained and pulsatile release systems214 

Zero-order or sustained drug release aims at maintaining the concentration of the drug in 

the bloodstream within an optimum range – the therapeutic concentration range - where 

maximum therapeutic benefits can be obtained with minimal side effects (Figure 4.1 a)). 

Conventional drug delivery systems such as tablets or injections allow the concentration 

of the drug to increase sharply well above the therapeutic range and are not able to 
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maintain therapeutic concentrations. The development of polymer coatings to encapsulate 

drugs were the major focus of this original research.217 The purpose of the coating was to 

release the drug at a nearly constant rate via the process of diffusion or by the degradation 

of the polymer over time.214  

However, such a continuous release of drugs is not always considered to be an ideal 

method of delivery. Sometimes, it is even undesirable to have a constant level of 

concentration in the bloodstream as in the case of insulin, pituitary gland hormones, and 

nitroglycerin.216 Alternatively, an optimal concentration of drug being delivered as a pulse 

at variable intervals of time is preferred (Figure 4.1 b)). Such pulsatile release is 

advantageous in that it mimics the release mechanism for some compounds naturally 

produced by the human body.214 Pulsatile release systems require materials, mostly 

polymers, and nanomaterials, that can respond to specific external or internal stimuli; like 

changes in pH inside the cells218, changes in temperature219, molecules present in the 

human body220, enzymes221, ultrasound222, light223, electric or magnetic fields224. 

Representative examples of stimuli-responsive pulsatile release systems are shown in 

Figure 4.2. 
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Figure 4.2:  Examples of stimuli-responsive pulsatile release of therapeutics; a) release of doxorubicin (Dox) by unfolding of 
leucine peptide zipper inserted in the membrane of liposome carrying doxorubicin (Dox) triggered by temperature. 
Reproduced with permission from ref. 225 © 2012 American Chemical Society225, b) pH-sensitive hydrolyzable PEG 
shells for efficient transactivating regulatory protein (TAT)-peptide sequence exposure. Reproduced with permission 
from ref. 226 © 2012 Elsevier B.V. 226, c) near IR triggered the release of doxorubicin by dehybridization of DNA 
conjugated at the surface of gold nanorods. Reproduced with permission from ref. 227 © 2012 WILEY‐VCH Verlag 
GmbH & Co. KGaA 227, d) ultrasound-assisted drug delivery from perfluorocarbon (PFC)-containing nanoemulsions. 
Reproduced with permission from ref. 228 © 2009 Elsevier B.V. 228, e) assembly and disassembly of polystyrene-β-
cyclodextrin-poly(ethylene oxide)-ferrocene (PS-β-CD-PEO-Fc) supramolecular vesicles by applying voltage. 
Reproduced with permission from ref. 229 © 2010 American Chemical Society 229, f) application of alternating 
magnetic field (AMF) for the release of cucurbit[6]uril from Fe2O3 doped mesoporous silica nanoparticles (MSNP). 
Reproduced with permission from ref. 230 © 2010 American Chemical Society 230
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4.1.2. Nanomaterials as drug delivery payloads 

Nanomaterials emerged as an important topic of research in targeted drug delivery in the 

last two decades.231 Most of the research was focused on the modification of properties of 

these nanomaterials to improve targeted drug delivery to tumours and for gene 

therapy/delivery.216 Nanomaterials are a class of materials with sizes in the range of 1 nm 

to 100 nm.232 Owing to the variations in size, these materials have found themselves at 

the centre stage of applications relating to fields such as biosensors, drug delivery, and 

tissue engineering.233 For drug delivery applications, nanomaterials are loaded with 

inactive, masked drug molecules that can be released, when required, in the desired area 

of interest in the body.234 These nano-sized carriers are retained for a long time by the 

blood circulatory system to facilitate the required dose release of the drug, thus, leading 

to fewer dosages. Moreover, the small size of these materials, in comparison with cells, 

provides for easy penetration in the tissue which, in turn, aids the process of drug uptake 

by cells to ensure site-specific and efficient drug release.233 The biocompatibility of 

nanomaterials, the ease of large-scale synthesis, reliability, and reproducibility of 

nanomaterials, and the ability of nanomaterials to be target-specific while releasing the 

drug are some of the critical requirements taken into consideration when designing such 

nanomaterials.235  

Significant advancements in the field of materials science and pharmaceutics have led to 

the preparation of nanomaterials with diverse sizes, architecture, and surface 

properties.236 These broadly include liposomes, dendrimers, polymer-based micelles, and 

inorganic nanoparticles based on metals, metal oxides, quantum dots (Figure 4.3). 
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Figure 4.3:  Types of nanomaterials developed for drug delivery applications. 
Reproduced with permission from ref. 232. © 2017, Springer International 
Publishing AG 232 

Liposome based nanomaterials are one of the most common classes of nanomaterials in 

the field of drug delivery. Liposomes consist of vesicles that are formed by natural or 

synthetic phospho-based lipids. Presently, a wide range of clinically approved anti-cancer 

drug formulations are based on liposomal nanomaterials broadly due to their low toxicity, 

hydrophilic/hydrophobic character, biocompatibility, and straightforward size 

modulation.237 However, the concerns regarding their low blood circulation half-life and 

their immunogenic nature have restricted the use of liposomes as drug delivery 

vehicles.233 

Dendrimers are three-dimensional, nano-sized radially symmetric, hyperbranched 

macromolecules that are designed for drug delivery purposes.238 Dendrimers encapsulate 

the drug within their branches and release the drug after enzyme-based degradation or 

with changes in a physical environment like pH. However, the presence of positively 

charged amino groups as the surface end groups makes the dendrimers toxic, thereby, 

limiting their clinical applications.233  

Polymer-based micelles are another class of nanomaterials that are used as drug delivery 

systems.239 These micelles are obtained by self-assembly of amphiphilic block copolymers 

to form a core-shell structure in aqueous environments. The core of this system is 

hydrophobic and can be loaded with hydrophobic drug molecules which can then be 
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released in the target area.237 Limited stability of these nanomaterials can lead to 

premature hydrolysis and drug leakage during transportation to targeted areas and 

consequently has limited their use in delivery applications.240 

Inorganic nanoparticles consist of nanoparticles based on metals like gold, silver, copper; 

metal oxides like iron oxide; and quantum dots. Based on their core material, inorganic 

nanoparticles tend to possess different properties such as high electron density and strong 

optical absorption (e.g.: gold nanoparticles), fluorescence (e.g.: semiconductor quantum 

dots), or magnetic moment (e.g.: iron oxide nanoparticles). Upon desired surface 

modification, these nanoparticles can be employed as drug delivery vehicles.241 

4.1.3. Gold nanoparticles as drug delivery systems 

Recently, extensive research in the field of nanoscience has led to the development of 

drug delivery systems based on gold nanoparticles. Owing to their unique electronic, 

optical, and catalytic properties, gold nanoparticles have emerged as tools for theranostic 

applications, which involve the use of gold nanoparticles for both diagnostic and 

therapeutic purposes (Figure 4.4).242  

 

Figure 4.4:  Theranostic applications of gold nanoparticles242 
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Some of the extraordinary features and advantages of gold nanoparticles are: 

▪ high level of chemical inertness: gold nanoparticles remain unoxidized in biological 

environments and are taken up by liver cells for removal from the body210, 243 

▪ facile synthesis: monodisperse gold nanoparticles of sizes ranging from 1 nm to 

150 nm and with various shapes can be synthesized244 

▪ ease of surface functionalization: gold nanoparticles can be decorated with diverse 

targeting ligands like small organic molecules, peptides, antibodies and 

oligosaccharides245 

▪ noncytotoxic: gold nanoparticles, depending upon their size, surface charge, and 

surface functionalization, have shown to not cause any detrimental effects to 

cells246 

▪ photoresponsive: gold nanoparticles can absorb light of a specific wavelength and 

efficiently convert it into heat for targeted drug release247 

The first and still the most common method to synthesize gold nanoparticles was 

developed in 1951 by John Turkevich. The original procedure simply involved the 

reduction of HAuCl4 in water using trisodium citrate; the resulting nanoparticles were about 

20 nm in diameter.248 Further modification in the synthetic procedure has led to the 

formation of gold nanoparticles with predefined sizes.249 The resulting nanostructure 

consists of a loose shell of ligands around a gold core which can act as a precursor to 

developing various gold nanoparticle-based materials.250 

The most commonly used types of gold nanoparticles for drug delivery applications are 

nanospheres, nanorods, nanoshells, and nanocages (Figure 4.5). This difference in shape 

and size of nanoparticles accounts for their distinctive electronic and optical properties.244  

 

Figure 4.5:  TEM images of most commonly used gold nanoparticles: (A) Gold 
nanospheres (~ 15 nm)251; (B) Gold nanorods (~ 20 x 45 nm)251; (C) Gold 
nanoshells (~ 100 nm)252; (D) Gold nanocages (~ 60 nm)253. Reproduced 
with permission from ref. 251 © 2010 WILEY‐VCH Verlag GmbH & Co. 
KGaA, ref 252 © 2007 American Chemical Society 
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Noble metal nanoparticles such as gold and silver possess an interesting optical property 

called Localized surface plasmon resonance (LSPR). Surface plasmon resonance refers 

to the collective oscillation of the delocalized conduction electrons of the metal upon 

interaction with the light of appropriate wavelength (Figure 4.6 a)), which in the case of 

metallic nanoparticles is very well localized.254,255 

 

Figure 4.6:  a) Schematic representation of LSPR in gold nanospheres. Reproduced 
with permission from ref. 254 © 2008 Royal Society of Chemistry254; b) 
Colours of monodispersed gold nanoparticles of different sizes 

This absorbed light can then either be scattered giving them the distinct colour (Figure 4.6 

b)) or converted into lattice vibrations (i.e. phonons) in the form of heat. Depending upon 

the size and shape of the nanoparticles, the position of the absorption maximum is 

shifted.255 Upon increasing the size of the particles, the absorption maximum can be 

shifted from the visible to the near-IR region (bathochromic shift). The absorption in the 

near-IR regions is desired for biomedical applications as this light can penetrate deeply 

into the tissue (Figure 4.7).254 

 

Figure 4.7:  Calculated effect of the geometry of gold nanorods on the optical 
properties, with different aspect ratios but equal volumes and an effective 
radius of 20 nm. The inset shows the variation of surface plasmon 
extinction maximum λmax as a function of particle size for gold 
nanospheres, gold nanorods, and gold nanoshells. Reproduced with 
permission from ref. 256. © 2006 Wiley-VCH Verlag GmbH Co. and ref. 
244. © 2012 Royal Society of Chemistry. 244, 256 
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The photothermal effect of gold nanoparticles is the phenomenon in which upon irradiation 

with visible (or near-IR), the absorbed light energy is converted into heat (Figure 4.8 a)).257 

The absorbed photons cause crystal lattice vibrations which rapidly relax leading to an 

increase in temperature and generating localized heat.255,258 This photothermal effect has 

been widely used in the treatment of cancer in a process known as photothermal therapy 

(PTT) in which hyperthermia is used directly to kill the tumour cells.245 Upon suitable 

functionalization with target molecules, the increase in temperature can also lead to 

photothermally triggered drug delivery (Figure 4.8 b)).   

 

Figure 4.8:  a) Schematic representation of the photothermal effect of gold 
nanoparticles; b) Heat-induced release of therapeutic molecules from 
loaded gold nanocages upon irradiation with near-IR LASER. 
Reproduced with permission from ref. 244. © 2012 Royal Society of 
Chemistry 244 

Drug delivery systems based on gold nanoparticles that make use of the photothermal 

effect can be designed using diverse approaches. These can be classified into three major 

categories244,255: 

1. gold nanoparticles are surrounded by a polymer matrix containing the drug 

molecules. The localized heat induces a structural change in the polymer that 

releases the drug 

2. gold nanoparticles and drug molecules are embedded in liposomes, which break 

down upon heating to release the drug 

3. drug molecules are directly attached to the gold nanoparticle surface via spacer 

molecules. Local heat that is generated is enough to break this bond and release 

the drug 

4.1.4. Photothermally triggered drug delivery systems 

Targeted drug delivery systems that make use of the heat generated at the surface of gold 

nanoparticles during the photothermal effect requires decoration of the nanoparticle 
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surface with thermally responsive systems. Such thermally responsive systems involve 

chemical reactions that are temperature sensitive and reversible. The Diels-Alder reaction 

is one such type of well-studied chemical reaction that is thermally responsive. The Diels-

Alder reaction is a reversible [4+2] cycloaddition of a diene and a dienophile used to make 

a six-membered ring, in a regio- and stereo-controlled manner (Scheme 4.2).259 Altering 

the structure of the two components (diene and dienophile) adjusts the temperature at 

which the retro/reverse reaction is activated. 

 

Scheme 4.2:  Diels-Alder reaction between Furan and Maleimide 

Among the early examples of employing Diels-Alder adducts onto gold nanoparticles were 

developed by Bakhtiari et al. in 2009. This system involved a furan terminated fluorescein 

dye that was attached via Diels-Alder reaction with the maleimide component that was 

anchored onto the silica-gold core-shell nanoparticles through Au-S bonds (Figure 4.9). 

The change in fluorescence emission from the dye molecule before and after stimulation 

was used to monitor the photothermally induced release process.247  

 

Figure 4.9:  Photothermally triggered the release of the fluorescein dye from the 
surface of silica-gold core-shell nanoparticles by inducing retro-Diels-
Alder reaction of anchored 7-oxa-bicyclo-[2.2.1]hept-5-ene-2,3-
dicarboxylic imide derivative. Reproduced with permission from ref. 247 © 
2009 WILEY‐VCH Verlag GmbH & Co. KGaA 247 
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Similar work was done by Yamashita et al. who designed and modified gold nanorods with 

polyethylene glycol (PEG) terminated with maleimide through Diels-Alder reaction with the 

furan side tethered to the gold nanorod surface by Au-S bonds. The release mechanism 

involved the retro-Diels-Alder reaction of the Diels-Alder adduct induced by the 

photothermal effect of gold nanorods (Figure 4.10).257 

 

Figure 4.10:  Photothermal release of PEG chain from the surface of gold nanorods 
modified with PEG-based Diels-Alder adduct. Reproduced with 
permission from ref. 257 © 2011 American Chemical Society 257 

In one of the recent examples, Asadirad et al. developed a system that could provide an 

ultimate “on-command” control over the photothermal release process of nanoparticles. 

The system consisted of a photoresponsive dithienylethene based chromophore which 

was synthesized as a Diels-Alder adduct of maleimide and dithienylfuran. This was then 

linked to silica-gold core-shell nanoparticles by Au-S linkages. While the chromophore is 

in its ring-closed isomer, it did not undergo any retro-Diels-Alder reaction upon irradiation 

with near-IR light to trigger the photothermal effect due to the absence of the cyclohexene 

ring. The intended release of dithienylfuran was only observed when the system was 

irradiated with visible light, to generate the ring-open isomer of the Diels-Alder adduct, and 

near-IR light to, then, activate the retro-Diels-Alder reaction by the photothermal effect 

(Figure 4.11).260 
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Figure 4.11:  Two input stimuli, visible and near-IR light, are required to bring about the 
bond-breaking and release of the desired product. Reproduced with 
permission from ref. 260 © 2015 American Chemical Society 260 

The research reported so far has involved the release of a molecule that is directly linked 

to the gold nanoparticle surface. While direct tethering of the molecule onto the 

nanoparticle surface is straightforward, there are some disadvantages to this approach of 

direct binding and release:  

1. easy desorption of ligands from the gold nanoparticle surface leading to 

decreased stability of the gold nanoparticles, thereby, increasing the chances 

of their aggregation, i.e., small ligand molecules on the gold nanoparticle 

surface undergo dynamic binding and unbinding process that can cause the 

ligand to fall off by excessive washing261 

2. the selective nature of the core material towards certain ligands which limits 

the choice of molecules that can be bound, i.e., gold nanoparticles (soft acids) 

preferentially interact with large anionic or neutral ligands (soft bases) to form 

stable soft-soft interactions241 

3. the release approach, in most cases, involves breaking of Au-S bond that 

releases free thiols which are detrimental to living cells262 

An alternative strategy to avoid the above issues would be to incorporate an additional 

molecular coating layer that can provide for the desired release in biological environments 

while trapping the less desirable elements.  

4.1.5. Polymer coatings to create stable nano-assemblies 

Decorating the gold nanoparticles with amphiphilic polymers would be a desirable 

approach to create nano-assemblies that can be dispersed in water without compromising 
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their physical and chemical properties. Amphiphilic polymers are defined as 

macromolecules that are composed of both hydrophilic and hydrophobic components 

(Scheme 4.3). In aqueous conditions, these polymers create a core-shell structure with a 

hydrophobic interior and a hydrophilic exterior.263 

 

Scheme 4.3:  Schematic representation of an amphiphilic block-co-polymer 

This dual nature of the amphiphilic polymer coating can be advantageous since:  

1. there are multiple contact points between the ligand and polymer coating, thus, 

reducing the desorption process241 

2. the coating layer is not dependent on the nature of core material and ligand as 

the binding interactions are mostly hydrophobic interactions and van der Waals 

forces241 

Also, the dual nature of the polymer shell helps to dissipate nano-assemblies in water, 

while the internal hydrophobic domain enables the entrapment of nanoparticles and 

organic molecules via ligand exchange (Figure 4.12).264,265  

 

Figure 4.12:  Amphiphilic polymer shell for encapsulation of gold nanoparticles and 
drug molecules that will utilize the photothermal effect of gold 
nanoparticles to release the desired drug 
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Wu et al. have successfully used a straightforward polymer encapsulation method to 

create numerous organic-inorganic hybrid systems based on upconverting nanoparticles 

and photoresponsive molecules without difficulty. The system neither required any 

synthetic modification of the photoresponsive molecules used nor was the ligand 

exchange on nanoparticles requisite.265 While the use of such nano-assemblies based on 

upconverting nanoparticles has been reported for in-vitro and in-vivo bioimaging, drug 

delivery, and photodynamic therapy266, there are not many examples of these nano-

assemblies based on gold nanoparticles.267,268  

In the following sections, we discuss the two different strategies of encapsulating 

biologically relevant molecules and gold nanoparticles. The release mechanism in both 

cases would be the retro-Diel-Alder reaction that is induced by the photothermal effect of 

the gold nanoparticles.
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4.2. Strategy I – direct loading of the Diels-Alder adducts 
into the nano-assembly 

This section provides a detailed description of the first strategy of encapsulation of 

biologically relevant molecules and gold nanoparticles by directly loading the Diels-Alder 

adduct of the desired molecule, in this case, Tyrphostin A8, into the polymer shell along 

with gold nanoparticles.  

4.2.1. Graphical abstract 

 

4.2.2. Tyrosine Kinase inhibitors 

Tyrosine kinase inhibitors (TKIs) are defined as a class of small molecules that block the 

action of enzymes called tyrosine kinases.269 Tyrosine kinases are the enzymes that are 

responsible for selective phosphorylation of tyrosine residues in different substrates using 

ATP.270 These enzymes are classified into two categories: Receptor Tyrosine Kinases and 

Cytoplasmic/Non-receptor Tyrosine Kinases. Receptor Tyrosine Kinases (RTK) are part 

of multiple cell functions like cell growth, migration, division, and metabolism.271 Activation 

of these enzymes is a highly controlled process, but, upon mutation, there is an 

unregulated cell growth leading to amplification of the entire cell-signalling pathway 
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(Figure 4.13).272 This overexpression of the Epidermal Growth Factor receptor (EGFR) 

can lead to cancer, diseases in the nervous system, and injury.273 

 

Figure 4.13:  Schematic representation of: a) RTK activation in a normal cell; b) 
Potential mutations in various subdomains of RTK; c) overexpression of 
RTKs leading to malignancy. Reproduced with permission from ref. 271 © 
2018 Springer Nature 271 

TKI molecules are designed to have a greater affinity toward the substrate site of the 

EGFR kinase domain and to block the autophosphorylation of the receptor that is 

dependent on EGF.274 Naturally occurring compounds like erbstatin, quercetin, genistein, 

and lavendustin A, were recognized to inhibit the EGF receptor autophosphorylation in 

certain cancer cells in the early 1980s.272,274 Early synthetic TKI molecules were based on 

the structure of benzylidene malononitrile core and closely resembled the structure of 

erbstatin and tyrosine (Scheme 4.4) and came to be known as “tyrphostins” (TYRosine 

PHOSphorylation Inhibitors).274  

 

Scheme 4.4:  Structures of some natural and synthetic TKIs 

Tyrphostin A8/AG 10 is the simplest version of this class of chemotherapeutic agents. 

While, this class of therapeutics is highly effective as anti-cancer drugs, but they cause 
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significant toxic side effects. Moreover, due to their short circulation time in the 

bloodstream, there is a requirement for a controlled and targeted delivery system.273,275  

4.2.3. Our system 

Our concept is illustrated in Scheme 4.5 where three unique environments are depicted. 

The one on the far left represents the state of the nano-assembly prior to any treatment. 

In this case, the bicyclic compound (1) is trapped in the hydrophobic layer close to the 

nanoparticle. The middle ‘cell’ would be the result when the nano-assembly is exposed to 

visible light and the photothermal effect has generated enough heat to trigger the retro-

Diels-Alder reaction producing Tyrphostin A8 and the cyclohexadiene. The far right ‘cell’ 

shows the ultimate outcome. Because the Tyrphostin A8 is less hydrophobic, it should be 

released from the nano-assembly where it can be effective. The cyclohexadiene retains 

its hydrophobic nature and should remain trapped in the nano-assembly. This last point is 

an additional advantage of our approach as it prevents any detrimental effect the by-

products of the release event may cause. 

 

Scheme 4.5:  Left cell: Bicyclic compound 1 trapped within the hydrophobic shell 
surrounding octadecylamine-coated gold nanoparticles; Middle cell: 
Retro-Diels-Alder reaction of bicyclic compound 1; Right cell: Release of 
Tyrphostin A8 ((4-hydroxybenzylidene)-malonitrile) and entrapment of 1-
methoxy-1,3-cyclohexadiene 
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4.2.4. Results and Discussion 

 Synthesis 

The bicyclic Diels-Alder adduct (1) was synthesized in modest yield by a single step Diels-

Alder reaction between the commercially available Tyrphostin A8 ((4-

hydroxybenzylidene)-malononitrile) and 1-methoxy-1,3-cyclohexadiene in 1,4-dioxane 

(Scheme 4.6). The final product structure was confirmed by 1H-NMR spectroscopy with 

the appearance of new peaks in the region of δ: 1-2 ppm for the bridging methylene 

protons and the appearance of the protons of the C=C bond at δ = 6.50 ppm (d, 1H) and 

δ = 6.90 ppm (dd, 1H) of the 6-membered adduct ring. The structure was further confirmed 

by NMR couplings and X-ray crystallography data that was obtained for a similar adduct. 

Experimental details and characterizations of 1 are provided in Section 4.5. 

 

Scheme 4.6:  Synthesis of bicyclic Diels-Alder adduct (1) 

Synthesis of the amphiphilic polymer shell (P) was conducted in a single step by ring-

opening of poly(styrene-co-maleic anhydride) (PSMA) with O-(2-aminopropyl)-O′-(2-

methoxyethyl)polypropylene glycol (JeffAmine® M-2070), both of which were 

commercially obtained (Scheme 4.7). Polymeric systems PSMA and JeffAmine® M-2070 

were chosen to ensure that the final nano-assemblies had good water dispersibility while 

maintaining a lipid-like core structure to trap hydrophobic molecules. The presence of IR 

bands at ῡ = 3000 cm-1 for amide N-H stretching, ῡ = 2865 cm-1 for styrene C-H stretching 

and ῡ = 1090 cm-1 for PEG C-O stretching indicate the opening of the anhydride ring and 

attachment of the desired PEG chains to make the polymer shell amphiphilic. 

Experimental details and characterizations of P are provided in Section 4.5. 
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Scheme 4.7:  Synthesis of amphiphilic polymer shell (P) 

Gold nanoparticles (AuNP) were prepared in an aqueous solution using the literature 

procedure276 using sodium citrate as the reducing and capping agent. The produced gold 

nanoparticles had an average diameter of 11.2 nm ± 1.2 nm as obtained from TEM. The 

UV-visible Absorption spectrum of the citrate-coated gold nanoparticles showed its sharp 

characteristic surface plasmon resonance (SPR) band centred at 519 nm (Figure 4.14 a) 

red line). The monodisperse nature of the citrate-coated gold nanoparticles was 

determined by TEM imaging (Figure 4.14b)) and Particle Size Analysis (PSA) by DLS 

measurements (Section 4.5.7). To create the desired hydrophobic environment around 

the gold nanoparticles, the citrate-coated gold nanoparticles were transferred into the 

organic phase (chloroform) by the procedure of ligand exchange with octadecylamine 

(ODA).277 The absorption spectrum for octadecylamine coated gold nanoparticles in 

chloroform (Figure 4.14 a) green line) was similar to that obtained for citrate coated gold 

nanoparticles in water with a small bathochromic shift in the λmax from 519 nm in water to 

526 nm in chloroform (difference = 7 nm), indicating that the organic dispersions of 

octadecylamine coated gold nanoparticles were stable under ambient conditions. 

 

Figure 4.14:  a) Normalized UV-vis absorption spectra of dispersions of citrate-coated 
gold nanoparticles (GNP) in water (2.55 mg/mL) (red line) and ODA-
coated gold nanoparticles (GNP) in chloroform (0.39 mg/mL) (green line); 
b) TEM image of water dispersion of citrate-coated gold nanoparticles 
(2.55 mg/mL, 11.2 ± 1.2 nm) 
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The final nano-assembly (P-AuNP-1) was prepared in the organic phase by sequential 

addition of the amphiphilic polymer (P) followed by the solution of bicyclic Diels-Alder 

adduct (1) in chloroform. After stirring the mixture for 18 h, the organic solvent was 

removed, and the self-assembled nanostructure was dispersed in water (Scheme 4.8).  

 

Scheme 4.8:  Synthesis of the nano-assembly, P-AuNP-1 

The UV-visible Absorption spectrum of the aqueous solution P-AuNP-1 shows a 

bathochromic shift in the SPR band which was now centred at 524 nm (Figure 4.15 a)). 

This shift of λmax towards longer wavelengths can be attributed to the ligand exchange 

from citrate to octadecylamine which may lead to the redistribution of charge on the 

nanoparticle surface.278 The average diameter of the P-AuNP-1 nano-assembly was 

determined using TEM and was obtained to be 10.68 nm ± 0.58 nm (Figure 4.15 b)). After 

encapsulation, the average size of the particles measured by TEM was similar to that of 

the original citrate-coated nanoparticles (11.2 nm ± 1.2 nm), but, the DLS measurements 

(Section 4.5.7), which provide an estimated size of the entire nano-assembly including the 

organic layer around the inorganic core, determined the average diameter of the nano-

assembly to be 21.34 nm. The difference in size measurements from TEM and DLS for 

the nano-assembly is due to the solvation effect of the fully extended polyethylene glycol 

chains.  
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Figure 4.15:  a) Normalized UV-vis absorption spectra of dispersions of citrate-coated 
gold nanoparticles (GNP) in water (2.55 mg/mL) (red line) and P-AuNP-1 
in water (2.66 mg/mL) (purple line); b) TEM image of water dispersion of 
P-AuNP-1 (2.66 mg/mL, 10.68 ± 0.58 nm) 

The loading of the adduct 1 within the nanoassembly P-AuNP-1 was determined using 

the UV-visible absorption spectroscopy and was estimated by determining the 

concentration of released Tyrphostin A8 in the flow-through filtrate after the 

photothermolysis and spin-filtering and comparing it to the amount of adduct 1 based on 

a 1:1 reaction ratio. The number of molecules of adduct 1 per nanoparticle is 

approximately 92 (see Table 4.5 in Section 4.5.7).  

 Thermolysis of bicyclic Diels-Alder adduct 1 

To understand the thermal behaviour of the novel bicyclic compound (1), a heat-induced 

retro-Diels-Alder reaction of the bicyclic compound (1) was conducted by heating the 

solution of 1 (4.10 x 10-3 M) in 40% DMSO in a water mixture at 90 °C (Scheme 4.9). The 

goal of this study was to determine whether any retro-Diels-Alder reaction is triggered at 

high temperatures and to provide the basis for the subsequent photothermal release 

experiment.  

 

Scheme 4.9:  Retro-Diels-Alder reaction of 1 
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The reaction progress was evaluated using UV-visible absorption spectroscopy by 

removing 0.02 mL aliquots at every measurement time interval and immediately quenched 

with ice-cold DMSO/water solution. The aliquot solutions were diluted to a final 

concentration of 8.20 x 10-5 M in 1% DMSO in water for all UV-visible absorption 

measurements (Figure 4.16 a)). After acquiring an initial spectrum for 1, the reaction was 

heated at 90°C and the spectra were recorded every 30 seconds for the first 5-minute 

reaction interval. During this time a small band centred at 415 nm began to appear. After 

10 minutes of heating, the band at 415 nm became stronger in intensity. The band at 415 

nm continued to increase in intensity up to 60 minutes of heating. At the 30-minute heating 

interval, a new band began to appear at 330 nm. The band at 330 nm continued to 

increase in intensity upon further heating (Figure 4.16 b)). The results obtained from the 

initial thermolysis experiment suggest that Tyrphostin A8 may not be released in the form 

suggested in Scheme 4.9 and that the released molecule undergoes some chemical 

transformation upon extended heating. 

 

Figure 4.16:  a) Changes in the UV-vis absorption spectrum when a solution of 1 (8.2 x 
10-5 M) in 1% DMSO in water was heated at 90 °C for a total of 180 
minutes; b) Kinetic plot summarizing the changes in the absorbance 
values at λmax = 330 nm and λmax = 415 nm upon heating the adduct 1 
over time 

The Tyrphostin A8 molecule can exist in both phenolic and phenoxide forms. The proton 

transfer between the phenol and the phenoxide form of Tyrphostin A8 is a highly solvent 

specific phenomenon and is known to occur in solvents like DMSO and water due to the 

strong solute-solvent interactions occurring in these solvents.279 Additionally, the presence 

of electron-withdrawing dicyanovinyl group at the para position to the OH group of the 

phenol results in a strong through-resonance interaction between the oxygen and the 

dicyanovinyl group in the structure that results in the better stabilization of the phenoxide 
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form of (4-hydroxybenzylidene)malononitrile (Tyrphostin A8).280 The net result is a strong 

intramolecular charge transfer (ICT) band observed at λmax = 415 nm in our spectrum 

(Figure 4.16 a)).279  

Moreover, the Tyrphostin A8 belongs to the class of compounds called 

arylmethylenemalononitriles that tend to undergo facile hydrolysis under aqueous 

conditions to form their corresponding aldehydes along with the removal of 

malononitrile.281,282 The possible mechanism for the retro-Diels-Alder reaction of 1 to 

release Tyrphostin A8 and its hydrolysis to form p-hydroxybenzaldehyde is shown in 

Scheme 4.10.  

 

Scheme 4.10:  The retro-Diels-Alder reaction of compound 1 releasing Tyrphostin A8, 
which can deprotonate and/or hydrolyze to benzaldehyde. The retro-
Diels-Alder and hydrolysis reactions are portrayed as irreversible given 
the dilute condition of all components. 

To further review the products of thermolysis of 1, i.e., the bands at 330 nm and 415 nm, 

authentic solutions of Tyrphostin A8 and its hydrolysis product p-hydroxybenzaldehyde 

were prepared (1.00 x 10-5 M, water with 40% DMSO) and analyzed using UV-visible 

absorption spectroscopy. The initial measurement showed λmax at 353 nm for Tyrphostin 

A8 and 285 nm for the aldehyde (Figure 4.17 a)). The solutions were then gently heated 

in a water bath at 50°C for a total of 5 minutes. Upon acquiring the spectra after 5 minutes, 

the band for Tyrphostin A8 at 353 nm completely shifted towards 430 nm. A similar 

bathochromic shift in the absorbance for the aldehyde to 337 nm was also observed 

(Figure 4.17 b)). This shift in λmax towards longer wavelengths has been described as a 

result of the solvation of the phenolic molecules and is brought on by heating and/or by 
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changes in pH.279 Additionally, this solvation is highly sensitive to the solvent ratio as λmax 

of Tyrphostin A8 shifts from 415 nm in water with 1% DMSO to 430 nm in water with 40% 

DMSO. Nonetheless, the results of the thermolysis experiment do suggest that authentic 

Tyrphostin A8 was released into the solution. However, it also indicates that hydrolysis to 

the benzaldehyde occurs before the release of Tyrphostin A8 was complete as the peak 

corresponding to the aldehyde appeared to be significantly higher in intensity from 1 to 3 

hours. Because the extinction coefficients are of a similar magnitude (Figure 4.17 a) was 

shown at equimolar concentrations) release of Tyrphostin A8 continued after 1 hour and 

was not complete before the first appearance of benzaldehyde. The appearance of 

benzaldehyde must therefore be from the hydrolysis of (4-

hydroxybenzylidene)malononitrile as compound 1 has no aldehyde present in the 

structure nor would the retro-Diels Alder be capable of preparing such a molecule.  

 

Figure 4.17:  a) UV-vis absorption spectra of a 1.00 x 10-5 M solution of Tyrphostin A8 
in 60% DMSO in water (blue lines) and a 1.00 x 10-5 M solution of 
benzaldehyde in 40% DMSO in water (red lines) upon heating at 50°C for 

0 min (solid lines), 1 min (dashed lines), and 5 min (dotted lines); b) 
Kinetic plot summarizing the changes in the absorbance values for 
Tyrphostin A8 at λmax = 353 nm and λmax = 430 nm (top) and p-
hydroxybenzaldehyde at λmax = 285 nm and λmax = 337 nm (bottom) upon 
heating over time 

The results for the thermolysis experiment were further corroborated by analyzing the 

reaction progress by 1H NMR spectroscopy.  After obtaining the initial 1H NMR spectrum 

for 1 (6 x 10-5 g in 1% DMSO-d6 in D2O), the tube was heated at 90°C for 4.5 h with 1H 

NMR spectra being recorded every hour. After 1 h of heating, the peaks for the protons of 

the C=C bond at δ = 6.50 ppm (d, 1H) and δ = 6.90 ppm (dd, 1H) of the 6-membered 
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adduct ring disappeared completely. While the aromatic protons corresponding to 

Tyrphostin A8 ((4-hydroxybenzylidene)-malononitrile) appear at δ = 7.45 ppm, the peak 

for the alkene proton connected to the nitrile groups is not observed. Instead, a sharp 

singlet is seen at δ = 9.70 ppm in the region of resonance of aldehyde protons (Figure 

4.18). 

 

Figure 4.18:  Changes in the 1H NMR spectrum when a solution of 1 (6 x 10-5 g) in 1% 
DMSO-d6 in D2O was heated at 90 °C; after 1 h of heating the alkene 
protons of the adduct (red dashed box) disappear indicating the 
occurrence of retro-Diels-Alder reaction followed by further hydrolysis of 
the released Tyrphostin A8 to yield 4-hydroxybenzaldehyde indicated by 
the appearance of aldehyde proton at δ = 9.70 ppm (green dashed box) 

Therefore, the thermolysis of adduct 1 under aqueous conditions led to the formation of 

hydrolyzed products instead of retro-Diels-Alder products. 

 Photothermolysis of nano-assembly P-AuNP-1  

The photothermal release of Tyrphostin A8 triggered by the retro-Diels-Alder reaction of 1 

encapsulated in the nano-assembly P-AuNP-1 was also assessed using UV-visible 

absorption spectroscopy. The minimum power of the 532 nm nanosecond pulsed laser 

that is required to trigger the retro-Diels-Alder reaction to release Tyrphostin A8 was 
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determined by irradiating the P-AuNP-1 nano-assembly with different laser powers for a 

time interval of 1 minute. Upon acquiring an initial spectrum for P-AuNP-1, the aqueous 

dispersion of P-AuNP-1 (2.66 mg/mL) was irradiated with a 532 nm nanosecond pulsed 

laser (10 Hz, 5 mJ/pulse, 10 ns) at 100 mW/cm2 for 1 minute followed by increasing the 

power density by 100 mW/cm2, and the spectra of the solution being acquired after each 

power density increment until no further change in the spectrum were observed. No 

change in the spectrum was observed upon increasing the power density up to 700 

mW/cm2. A new peak in the region of 380-440 nm, corresponding to released Tyrphostin 

A8, began to appear at the power density of 800 mW/cm2 and continued to increase upon 

increasing the power to 1 W/cm2after which no change in the spectrum was observed.  

In a similar experiment, the photothermal release of Tyrphostin A8 from the 

nanoassembly, P-AuNP-1, was observed by irradiating an aqueous dispersion of P-

AuNP-1 (2.66 mg/mL) with a nanosecond pulsed laser (10 ns, 532 nm) at 800 mW/cm2 

(Not all of the light is absorbed by the sample. The absorbed power is 230 mW/cm2. The 

remainder of the light is transmitted or absorbed by the cuvette. See Table 4.8 in section 

4.5.7) in 1-minute intervals. After acquiring an initial spectrum for P-AuNP-1, an immediate 

increase in the intensity of the band centred at 415 nm was observed upon irradiation 

(Figure 4.19a)). This band corresponds to the phenoxide form of Tyrphostin A8 released 

from bicyclic compound 1 through a retro-Diels-Alder reaction like the results illustrated in 

the thermolysis experiments. The retro-Diels-Alder reaction assisted by the photothermal 

effect of the gold nanoparticles was shown to be a quick process, with the completion of 

the retro-Diels-Alder reaction in 5 minutes possibly due to the migration of the adduct 

closer to the gold nanoparticle core within the polymeric shell.283 Additionally, no bands 

for hydrolyzed products were observed upon photothermolysis indicating that even though 

the nano-assembly was dispersed in water, the local interior environment where the 

adduct resided within the amphiphilic nanoassembly, consisting of the hydrophobic chains 

of the amphiphilic polymer and the ODA ligands coating the gold nanoparticles, lacked 

enough water for the hydrolysis reaction to occur.265, 283, 284 Furthermore, the released 

product was almost entirely obtained in the flow-through (supernatant) after centrifugation 

and filtration of the nanoassembly as no peak for the released Tyrphostin A8 at 415 nm 

was observed for the redispersed pellet. Mass spectrometry analysis of the flow-through 

confirmed the presence of Tyrphostin A8 (Figure 4.19 d)). Notably, the stability of the 

nano-assembly was mostly retained after irradiation with the 532 nm pulsed laser as 
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observed from the TEM images before and after irradiation (Figure 4.19 b), c)). Moreover, 

the SPR band for gold nanoparticles was seen to shift from 524 nm to 517 nm after the 

irradiation without any peak broadening. This shift towards shorter wavelengths can be 

attributed to possible fragmentation and vaporization of gold nanoparticles, which is a 

direct consequence of the fact that the gold nanoparticles absorb laser energy leading to 

high temperatures inside them with low heat transfer to the surrounding solvent.285,286,287 

 

Figure 4.19:  a) Changes in the UV-vis absorption spectrum when an aqueous solution 
of P-AuNP-1 is irradiated with a nanosecond pulse laser (10 ns, 532 nm) 
at 800 mW/cm2. The dotted line corresponds to released Tyrphostin A8 in 
the supernatant after centrifugation; b) TEM image of an aqueous 
dispersion of P-AuNP-1 before irradiation with 532 nm pulsed laser light 
(10 Hz, 5 mJ/pulse, 10ns); c) TEM image of an aqueous solution of P-
AuNP-1 after irradiation with 532 nm pulsed laser light (10 Hz, 5 
mJ/pulse, 10 ns) for a total of 5 min; d) High-resolution mass spectrum 
analysis of the flow-through confirms the presence of Tyrphostin A8. ESI-
MS: m/z 169.0403 (M-H) Calc. C10H5N2O- 169.0407. 

4.2.5. Conclusion summary 

In this section, the creation of hybrid organic-inorganic nano-assembly based on gold 

nanoparticles, P-AuNP-1, using hydrophobic bicyclic Diels-Alder adduct, 1, was 

successfully demonstrated. It was illustrated that upon exposure to 532 nm pulsed laser, 



142 

1 encapsulated inside the nano-assembly underwent a retro-Diels-Alder reaction to 

release Tyrphostin A8, a simple chemotherapeutic drug, via the photothermal heating 

process. The ability of the amphiphilic polymer shell to create water dispersibility while 

retaining local hydrophobicity can make this method optimal to design systems that can 

be used in biological conditions.  

4.3. Strategy II – tethering of the Diels-Alder adducts onto 
the amphiphilic polymer 

In this section, a detailed discussion on the unique second strategy is provided, which is 

a proof-of-concept, for encapsulation of biologically relevant molecules and gold 

nanoparticles by covalently tethering the Diels-Alder adducts of the desired molecule, in 

our case, N-ethylmaleimide, onto the polymer shell and then wrapping this modified 

amphiphilic polymer assembly onto the gold nanoparticles to create nanoassemblies that 

are stable in aqueous environments.  

4.3.1. Graphical abstract 
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4.3.2. Polymeric systems for Drug delivery 

Diels-Alder based “click chemistry”288 has gained much attention recently, for the 

development of drug delivery systems and biomaterials. Hydrogels and polymeric 

nanoparticles based on amphiphilic polymers have been developed for biomedical 

applications.289 Some of the key advantages of Diels-Alder chemistry include: 

1. ease of access to suitable diene-dienophile pairs289 

2. facile functionalization of molecules of interest with reactive groups289 

3. free from side reactions and by-products259 

4. readily proceeds in water290,291 

5. can proceed under mild conditions, but, at a slower reaction rate292,293 

Araújo et al. have successfully incorporated Diels-Alder chemistry for ligation reactions of 

peptides and proteins using a peptide-based on hexadienyl ester and another peptide-

functionalized with maleimide group (Figure 4.20).294 

 

Figure 4.20:  Diels-Alder cycloaddition for ligation of peptides at room temperature in 
water. Reproduced with permission from ref. 294 © 2006 WILEY‐VCH 
Verlag GmbH & Co. KGaA 294 

Self-assembled amphiphilic polymer nanoparticles as delivery payloads have the benefit 

of having higher drug loading and composition that allows for functionalization. Shoichet 

et al. have synthesized furan-functionalized co-polymers295 and have successfully 

employed them as self-assembled polymer nanoparticles for targeted delivery of 

antibodies296 and chemotherapeutic drugs297 (Figure 4.21).  
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Figure 4.21:  Schematic representation of the self-assembly of furan-functionalized co-
polymer into micellar nanoparticles and Diels-Alder reaction between the 
nanoparticles: a) maleimide-functionalized antibodies. Reproduced with 
permission from ref. 296 © 2007 WILEY‐VCH Verlag GmbH & Co. KGaA 
296; b) maleimide-functionalized Doxorubicin (Dox). Reproduced with 
permission from ref. 297 © 2009 WILEY‐VCH Verlag GmbH & Co. KGaA 
297 

Nimmo et al. have been able to efficiently crosslink hydrogels based on hyaluronic acid 

by employing furan and maleimide based Diels-Alder reaction that can be employed in 

applications based on Tissue engineering (Figure 4.22).298 

 

Figure 4.22:  Diels-Alder reaction-based crosslinking of hyaluronic acid to form 
hydrogels. Reproduced with permission from ref. 298 © 2011 American 
Chemical Society 298 

While the covalent attachment of drug molecules onto polymer shells is a promising 

technique, much of the current systems are susceptible to premature drug release, which 

can have toxic and adverse effects.289 Moreover, such polymeric systems have not been 

explored in combination with inorganic nanoparticles. We believe that the use of inorganic 

nanoparticles can resolve some of these issues. 
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4.3.3. Our system 

We represent our proof-of-concept in Scheme 4.11 where three distinct domains are 

depicted. Domain one on the far left represents the state of the nano-assembly prior to 

any treatment. In this case, the bicyclic Diels-Alder adduct (2) is covalently attached via 

an amide linkage to the amphiphilic polymer shell creating the hydrophobic layer, with the 

adduct close to the gold nanoparticle. The middle ‘cell’ would be the result when the nano-

assembly is exposed to visible light and the photothermal effect has generated enough 

heat to trigger the retro-Diels-Alder reaction releasing a functionalized maleimide, in this 

case, N-ethylmaleimide. The far right ‘cell’ shows the ultimate outcome. Because 

maleimide is less hydrophobic, it should be released from the nano-assembly where it can 

be effective. Furan remains attached to the polymer backbone and should remain trapped 

in the nano-assembly. This latter aspect is an additional advantage of our approach as it 

prevents any detrimental effect the by-products of the release event may cause. 

Furthermore, tethering an ‘on-command’ release system onto a polymer shell would 

create systems that contain defined loading proportions. For our system prototype, the 

choice of furan as the diene and N-ethylmaleimide as the dienophile components is of 

particular interest as the retro-Diels-Alder temperature of the Diels-Alder adduct of furan-

maleimide systems is well above the body temperature,~100°C, so that the reaction does 

not occur spontaneously but is low enough to be achieved by external stimuli.259 
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Scheme 4.11:  Left cell: Bicyclic Diels-Alder adduct 2 tethered to the polymer backbone 
creating the hydrophobic shell surrounding octadecylamine-coated gold 
nanoparticles; Middle cell: Retro-Diels-Alder reaction of bicyclic Diels-
Alder adduct 2; Right cell: Release of functionalized maleimide while the 
furan remains attached to the polymer backbone [R = -C2H5] 

4.3.4. Results and Discussion 

 Synthesis 

The synthesis of the amphiphilic polymer shell grafted with the Diels-Alder adduct, 2-P, 

was carried out in three steps starting with commercially available poly(styrene-co-maleic 

anhydride) (PSMA) (Scheme 4.12). Starting with poly(styrene-co-maleic anhydride) 

(PSMA), the pendent furan functionality is appended via ring-opening reaction of the 

maleic anhydride groups on the polymer chain with 2-aminomethylfuran in chloroform in 

a 1:3 equivalent ratio (relative to the maleic anhydride moiety on PSMA) to yield I. A 

subsequent Diels-Alder reaction of I with N-ethylmaleimide in toluene formed II. The final 

addition of JeffAmine® M-2070 to a solution of II in chloroform yielded the desired Diels-

Alder adduct grafted amphiphilic polymer shell, 2-P. The presence of IR bands at ῡ = 3000 

cm-1 for amide N-H stretching, ῡ = 2865 cm-1 for styrene C-H stretching, ῡ = 1697 cm-1 for 

C=O stretching of N-ethylmaleimide and ῡ = 1090 cm-1 for PEG C-O stretching indicate 
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the opening of the anhydride ring and attachment of the Diels-Alder adduct 2 and desired 

PEG chains to make the polymer shell amphiphilic. Further experimental details and 

characterizations of compounds are provided in Section 4.5.  

 

Scheme 4.12:  Synthesis of Diels-Alder (2) adduct grafted polymer system, 2-P 

The thermal stability of 2-P and physical and chemical transitions taking place in 2-P upon 

heating from 25°C to 650°C were explored using thermogravimetric analysis (TGA) 

(Figure 4.23). 6.09 x 10-3 g of 2-P was dissolved in a minimum amount of chloroform and 

carefully deposited in the sample pan and was air-dried to remove the solvent. 

 

Figure 4.23:  Thermogravimetric analysis (TGA) of 2-P (6.09 x 10-3 g) a) curve for 
weight loss of 2-P vs heating temperature at a constant heating rate of 
5°C/min under inert atmosphere; b) the corresponding curve for weight 
loss derivative (1st) of 2-P as a function of heating temperature with peak 
maxima representing maximum decomposition rate temperatures 
(inflection points) for each transition 
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The TGA curve for 2-P displayed a four-step degradation process with transitions A & B 

occurring consecutively. Initial weight loss corresponding to transition A begins to occur 

immediately upon heating and is primarily attributed to the loss of volatile organics and 

residual water. Total weight loss % for transition A was determined to be 11 % with a 

maximum decomposition occurring at 72°C and was attributed to the loss of residual 

chloroform. A concurrent transition B was seen from 125°C to 270°C with a weight loss % 

of 9.5%. This transition was assigned to the possible retro-Diels-Alder reaction of N-

ethylmaleimide and furan-attached to the polymer backbone.247,299,300,301 Similar transition 

temperature range was observed for the TGA curve of the Diels-Alder adduct 2 (see 

section 4.5.6). Major weight loss % of about 56% was observed for transition C where 

most of the poly(styrene-co-carboxylate) backbone decomposed. Finally, transition D was 

consistent with the region of degradation of PEG chains.302,303 Table 4.1 below provides a 

summary of the thermal transitions observed for 2-P.  

Table 4.1:  Summary of thermal properties of 2-P 

The loading of the tethered bicyclic compound 2 onto the amphiphilic polymer P was 

determined using the thermogravimetric analysis and was estimated by determining the 

% weight loss for N-ethylmaleimide by retro-Diels-Alder reaction and comparing its 

theoretical contribution in 2-P. Based on the theoretical calculations and TGA data, the 

expected loading of the adduct 2 was determined to be approximately 8.6% per chain. 

(see Table 4.3 in section 4.5.6) 

Gold nanoparticles (AuNP) were prepared in an aqueous solution using the literature 

procedure276 using sodium citrate as the reducing and capping agent. The produced gold 

nanoparticles had an average diameter of 11.2 nm ± 1.2 nm as obtained from TEM. The 

UV-visible Absorption spectrum of the citrate-coated gold nanoparticles showed its sharp 

characteristic surface plasmon resonance (SPR) band centred at 519 nm (Figure 4.24 a)). 

The monodisperse nature of the citrate-coated gold nanoparticles was determined by TEM 

imaging (Figure 4.24b)) and Particle Size Analysis (PSA) by DLS measurements. To 

create the desired hydrophobic environment around the gold nanoparticles, the citrate-

Transition Onset temperature Inflection point % wt. loss 

A 25°C 72°C 11% 

B 125°C 143°C 9.5% 

C 275°C 352°C 56% 

D 420°C 490°C 14% 



149 

coated gold nanoparticles were transferred into the organic phase (chloroform) by the 

procedure of ligand exchange with octadecylamine (ODA).277  

 

Figure 4.24:  a) Normalized UV-vis absorption spectra of dispersions of citrate-coated 
gold nanoparticles (GNP) in water (2.55 mg/mL) (red line) and ODA-
coated gold nanoparticles (GNP) in chloroform (0.39 mg/mL) (green line); 
b) TEM image of water dispersion of citrate-coated gold nanoparticles 
(2.55 mg/mL, 11.2 ± 1.2 nm) 

The final nano-assembly (2-P-AuNP) was prepared in the organic phase by the addition 

of the Diels-Alder adduct grafted amphiphilic polymer (2-P) in chloroform. After stirring the 

mixture for 18 h, the organic solvent was removed, and the self-assembled nanostructure 

was dispersed in water (Scheme 4.13). 

 

Scheme 4.13:  Synthesis of the nano-assembly, 2-P-AuNP 

The UV-visible Absorption spectrum of the aqueous solution 2-P-AuNP shows a 

bathochromic shift in the SPR band which was now centred at 532 nm (Figure 4.25 a)). 
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This shift of λmax towards longer wavelengths can be attributed to the ligand exchange 

from citrate to octadecylamine which may lead to the redistribution of charge on the 

nanoparticle surface.278 The average diameter of the 2-P-AuNP nano-assembly was 

determined using TEM and was obtained to be 11.60 nm ± 1.50 nm (Figure 4.25 b)). After 

encapsulation, the average size of the particles measured by TEM was similar to that of 

the original citrate-coated nanoparticles (11.20 nm ± 1.20 nm), but, the DLS 

measurements (Section 4.5.7), which provide an estimated size of the entire nano-

assembly including the organic layer around the inorganic core, determined the average 

diameter of the nano-assembly to be 21.04 nm. The difference in size measurements from 

TEM and DLS for the nano-assembly is attributed to the solvation effect of the fully 

extended polyethylene glycol chains. The loading of the tethered bicyclic compound 2 onto 

the amphiphilic polymer P within the nanoassembly was determined using the UV-visible 

absorption spectroscopy and was estimated by determining the concentration of released 

N-ethylmaleimide after Photothermolysis and spin-filtering and comparing it to the amount 

of adduct 2 based on 1:1 reaction ratio. The number of molecules of adduct 2 tethered 

onto the polymer P per nanoparticle is approximately 532 (see Table 4.7 in Section 4.5.7).  

 

Figure 4.25:  a) Normalized UV-vis absorption spectra of dispersions of citrate-coated 
gold nanoparticles (GNP) in water (2.55 mg/mL) (red line) and 2-P-AuNP 
in water (0.48 mg/mL) (blue line); b) TEM image of water dispersion of 2-
P-AuNP (0.48 mg/mL, 11.6 ± 1.5 nm) 

 Thermolysis of Diels-Alder adduct grafted amphiphilic polymer 2-P 

To determine the thermal behaviour of the Diels-Alder adduct grafted polymer (2-P), a 

heat-induced retro-Diels-Alder reaction of the Diels-Alder adduct grafted amphiphilic 

polymer 2-P was evaluated by heating a solution of 2-P in DMSO at 110°C (Scheme 4.14). 
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1H NMR spectroscopy and UV-visible absorption spectroscopy were employed to analyze 

the reaction progress. The objective of this analysis was to determine whether high 

temperatures could initiate any retro-Diels-Alder reaction without any degradation of the 

polymer itself and to provide the rationale for the subsequent photothermal release 

experiment. 

 

Scheme 4.14:  Retro-Diels-Alder reaction of 2-P 

After acquiring an immediate 1H NMR spectrum of a solution of 2-P in DMSO-d6 (1.00 x 

10-3 M), the tube was heated at 110°C for 3h with 1H NMR spectra being recorded every 

hour. The initial 1H NMR spectrum for 2-P showed a broad peak in the δ = 7.00 – 7.50 

ppm region corresponding to the styrene protons on the polymer backbone, a large singlet 

at δ = 3.50 ppm for the methoxy protons of the PEG chains, a weak multiplet in the δ =3.40 

– 3.46 ppm region due to the overlap of methylene protons of -CONH- linker and the 

maleimide ring, a sharp singlet at δ = 3.32 ppm for the methylene groups in the backbone. 

The broadness of the styrene proton peaks for the polymer 2-P is due to the overlapping 

of the resonance signals from the repeating units which, in turn, is the result of weak 

molecular rotation across the backbone and repeating units being situated in only slightly 

different chemical environments.304,305,306 After 1 h of heating, a singlet appears at δ = 7.00 

ppm corresponding to HC=CH protons for N-ethylmaleimide while no change in the signals 

for the polymer are observed (Figure 4.26, marked as a). Further heating of the solution 

led to no further changes in the spectra of N-ethylmaleimide. However, a new peak was 

observed at δ = 2.08 ppm possibly due to slight degradation of the polymer that led to 

cleavage of the end-groups from polymer. The results obtained from the initial thermolysis 

experiment suggest that the retro-Diels-Alder reaction to release N-ethylmaleimide occurs 

within 1 h of heating of the 2-P solution without any visible polymer degradation. 
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Figure 4.26:  Changes in 1H NMR spectrum corresponding to N-ethylmaleimide proton 
a (δ = 7.00 ppm) when a solution 2-P in DMSO-d6 (1.00 x 10-3 M) is 
heated at 110°C for 3h 

Similarly, upon acquiring an initial UV-visible absorption spectrum of a solution of 2-P in 

DMSO (2.3 x 10-3 M), the solution was heated at 110°C, and spectra were acquired every 

20 minutes for 1.00 mL aliquot of the sample for a total of 3 h. After 20 minutes of heating, 

a broad band centred at 305 nm began to appear. This band can be attributed to free N-

ethylmaleimide and it continued to increase in intensity upon further heating. No further 

changes in the spectrum were observed after 3h of heating (Figure 4.27). Thus, the 

thermolysis of 2-P under aqueous conditions led to a complete retro-Diels-Alder reaction 

with the desired release of N-ethylmaleimide. 
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Figure 4.27:  Changes in the UV-vis absorption spectrum when a solution of 2-P in 
DMSO (2.30 x 10-3 M, stock) was heated at 110 °C, 5.00 x 10-3 M solution 
of N-ethylmaleimide in DMSO was used for comparison (dotted line) 

 Photothermolysis of the nano-assembly 2-P-AuNP 

The minimum power of the 532 nm nanosecond pulsed laser that is required to trigger the 

retro-Diels-Alder reaction to release N-ethyl maleimide was determined by irradiating the 

2-P-AuNP nano-assembly with different laser powers for a time interval of 1 minute. The 

release was monitored by UV-visible Absorption spectroscopy. Upon acquiring an initial 

spectrum for 2-P-AuNP, the aqueous dispersion of 2-P-AuNP (0.48 mg/mL) was 

irradiated with a 532 nm nanosecond pulsed laser (10 Hz, 5 mJ/pulse, 10 ns) at 100 

mW/cm2 for 1 minute followed by increasing the power density by 100 mW/cm2, and the 

spectra of the solution being acquired after each power density increment until no further 

change in the spectrum were observed (Figure 4.28 a)). After a minute of exposure of 2-

P-AuNP with 100 mW/cm2 pulsed laser, the broad band for gold nanoparticles SPR at 532 

nm became sharper and shifted towards a shorter wavelength centred at 526 nm. At the 

same time, a new peak in the region of 270-310 nm. This band corresponds to N-ethyl 

maleimide released from 2-P through a retro-Diels-Alder reaction as illustrated in our 

thermolysis experiments. The intensity of the peak in the 270-310 nm region continues to 

increase upon increasing the power to 400 mW/cm2 after which no change in the spectrum 

was observed.  

In a similar experiment, the retro-Diels-Alder reaction triggered release of N-

ethylmaleimide from the nanoassembly, 2-P-AuNP, was observed in 10 minutes, after 
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which no changes in the spectrum were observed, when the aqueous dispersion of 2-P-

AuNP (0.48 mg/mL) was irradiated with a nanosecond pulsed laser (10 ns, 532 nm) at 

200 mW/cm2 (Not all of the light is absorbed by the sample. The absorbed power is 58 

mW/cm2. The remainder of the light is transmitted or absorbed by the cuvette. Details in 

section 4.5.7) in 1-minute intervals. A corresponding shift in the gold nanoparticle SPR 

band was also observed from 532 nm to 520 nm without any peak broadening. The retro-

Diels-Alder reaction assisted by the photothermal effect of the gold nanoparticles took 

more time in the case of 2-P-AuNP as compared to P-AuNP-1, possibly due to the 

covalent attachment of the adduct onto the hydrophobic chains of the polymer resulting in 

a lack of migration of the adduct closer to the gold nanoparticle core within the polymeric 

shell.283 Additionally, the lower laser power used for 2-P-AuNP suggests that fewer 

photons will be absorbed by the gold nanoparticles in case of 2-P-AuNP that would lead 

to a different localized temperature than in case of P-AuNP-1. 

Furthermore, the released product was almost entirely obtained in the flow-through 

(supernatant) after centrifugation and filtration of the nanoassembly as no peak for the 

released N-ethylmaleimide in the region of 270-310 nm was observed for the redispersed 

pellet. Mass spectrometry analysis of the flow-through confirmed the presence of N-

ethylmaleimide (Figure 4.28 d)). Notably, the present nanoassembly also retained its 

stability after irradiation with the 532 nm pulsed laser, similar to the results in the case of 

release of Tyrphostin A8 from the nanoassembly, as observed from the TEM images 

before and after irradiation (Figure 4.28 b), c)). 
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Figure 4.28:  a) Changes in the UV-vis absorption spectrum when an aqueous solution 
of 2-P-AuNP is irradiated with a nanosecond pulse laser (10 ns, 532 nm) 
for 1 min; The dotted line corresponds to released N-ethylmaleimide in 
the supernatant after centrifugation; b) TEM image of an aqueous 
dispersion of 2-P-AuNP before irradiation with 532 nm pulsed laser light 
(10 Hz, 5 mJ/pulse, 10ns); c) TEM image of an aqueous solution of 2-P-
AuNP after irradiation with 532 nm pulsed laser light (10 Hz, 5 mJ/pulse, 
10 ns) for a total of 10 min; d) High-resolution mass spectrum analysis of 
the flow-through confirms the presence of N-ethylmaleimide. ESI-MS: m/z 
126.05549 (M+H) Calc. C6H8NO2 126.04768. 

4.3.5. Conclusion summary 

Herein, a successful demonstration of the construction of a modified amphiphilic polymer 

shell with covalently attached N-ethylmaleimide-based Diels-Alder adduct, 2-P, capable 

of releasing N-ethylmaleimide upon heating was reported. This amphiphilic polymer shell 

was employed for wrapping the gold nanoparticles to create an aqueous stable 

nanoassembly, 2-P-AuNP. It was demonstrated that upon exposure to 532 nm pulsed 

laser, 2, tethered as a pendent group, inside the nano-assembly underwent a retro-Diels-

Alder reaction to release N-ethylmaleimide, a standard biomarker for sulfhydryl groups, 

via the photothermal heating process. Our amphiphilic polymer, 2-P, can act as a 
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prototype to create polymer systems that are tailor-made for desired biomedical 

applications.  

4.4. Future prospects 

The release approaches described in this chapter aim to work as a foundation to build 

targeted carrier systems that can be placed in active sites inside cell membranes and 

release ‘on-command’ the therapeutic drug. Such a delivery mechanism can help 

circumvent the potentially fatal side effects of the most common chemotherapeutic drugs 

like Doxorubicin. Aldoxorubicin is being tested as a potential anti-cancer drug and has 

proven to address the limitations of Doxorubicin. Aldoxorubicin consists of a maleimide-

terminated hydrazide linkage that is acid sensitive (Figure 4.29).307 Maleimide group can 

act as a dienophile for Diels-Alder reaction with the furan modified PSMA polymer I. The 

process of releasing the active drug would involve a retro-Diels-Alder reaction induced by 

the photothermal effect of the gold nanoparticles followed by the cleavage of the hydrazide 

in the acidic environment of the tumour. 

 

Figure 4.29:  Structure of Aldoxorubicin which is a maleimide-terminated hydrazide of 
Doxorubicin 

Similarly, maleimide derivatized fluorophores can be encapsulated as Diels-Alder adduct 

with simple furfuryl amine or the furan modified polymer inside the gold nanoassembly. 

The Diels-Alder adduct would remain non-fluorescent until the retro-Diels-Alder reaction 

triggered by the photothermal effect of gold nanoparticles occurs (Scheme 4.15). Such 

systems can be employed for the detection and imaging of thiol-containing biomolecules. 
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Scheme 4.15:  Schematic fluorescent imaging using maleimide modified fluorophore like 
fluorescein 

One of our systems uses high laser power of 800 mW/cm2 to generate the heat required 

for the retro-Diels-Alder reaction which is induced by the photothermal effect of gold 

nanoparticles. Such high powers are considered detrimental for living cells and thus too 

high for use in biological conditions. To develop systems that can operate at lower laser 

powers, we need to consider: 

1. how far the heat is conducted from the gold nanoparticle surface inside the 

hydrophobic pocket 

2.  the heat generated is enough to drive the chemical reaction 

Nanoassemblies of gold nanoparticles capped with alkylamines of varying chain length (n) 

that have terminally attached furan-maleimide-based Diels-Alder adduct and 

encapsulated in amphiphilic polymer P can be employed to potentially determine the 

extent of heat conduction from the gold nanoparticle surface inside the hydrophobic pocket 

(Scheme 4.16). Theoretically, capping agents with shorter chain lengths should undergo 

retro-Diels-Alder reaction faster than those with longer chain lengths. As a result, the total 

exposure time to laser for complete release would be further reduced.  
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Scheme 4.16:  Schematic representation of nanoassemblies with alkylamine-based 
capping agents that have varying chain length (n) and are terminated with 
furan-maleimide Diels-Alder adduct 

Alternatively, changing the diene-dienophile pair would result in modifying the temperature 

of the retro-Diels-Alder reaction. Incorporation of such systems could also enable the use 

of lower powers of the laser. Moreover, creating nanoassemblies based on gold nanorods 

instead of nanoparticles would shift the absorption in the near-IR regions resulting in 

deeper tissue penetration which is desired for biomedical applications. 

4.5. Experimental   

4.5.1. General 

All reagents and solvents, unless otherwise stated, were from MilliporeSigma, Alfa Aesar 

(Thermo Fisher Scientific), or ACP Chemical Inc. and were used as received. Solvents for 

NMR analysis were purchased from Cambridge Isotope Laboratories and used as 

received. Poly(styrene-co-maleic anhydride) (PSMA), average Mn ~ 1700 Da, was 

obtained from MilliporeSigma. Poly(propylene glycol)bis(2-aminopropyl ether) 

(Jeffamine® M-2070) was procured from Huntsman International LLC. Column 

chromatography was performed using silica gel 60 (230–400 mesh) from Silicycle Inc. 
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4.5.2. Instrumentation 

1H NMR and 13C NMR characterizations were performed on the Bruker Avance-400 

instrument with a 5 mm inverse probe operating at 400.13 MHz for 1H NMR and 100.61 

MHz for 13C NMR. 1H NMR and 13C NMR characterization of bicyclic compound 1 were 

performed on a Bruker QNP 600 cryoprobe working at 600.13 MHz for 1H and 150.92 MHz 

for 13C. Chemical shifts (δ) are reported in parts per million (ppm) relative to 

tetramethylsilane using the residual solvent peak as a reference. Coupling constants (J) 

are reported in Hertz. Multiplicities are reported as: s = singlet, d = double, t = triplet, q = 

quartet, m = multiplet. UV–visible absorption spectroscopy was performed using a Varian 

Cary 300 Bio spectrophotometer. IR spectroscopy measurements were conducted on a 

PerkinElmer Spectrum Two™ IR spectrometer equipped with a universal ATR accessory 

with a 9-bounce diamond top-plate. Mass Spectroscopy (HRMS) measurements were 

performed using an Agilent 6210 TOF LC/MS in ESI-(+) mode. The thermo-gravimetric 

analysis was performed using a Shimadzu TGA50 instrument. The weight loss was 

analyzed by heating the samples from room temperature to 650°C at the rate of 5°C/min 

under an inert (N2) atmosphere. Melting points were measured using a Gallenkamp 

melting point apparatus and are uncorrected. 

4.5.3. Transmission Electron Microscopy (TEM) 

TEM images were obtained using a Hitachi 8100 Scanning Transmission Electron 

Microscope operating at 200 keV. Dilute colloids of the AuNPs (approximately 0.1 wt-%) 

dispersed in water (0.01 mL) were placed on thin, carbon formvar-coated copper grids 

held by anti-capillary tweezers (Ted Pella, Part # 501-4). The grids were slowly dried under 

reduced pressure in a vacuum desiccator. The shape and size of the gold nanoparticles 

and nanoassemblies were evaluated from the collected TEM images. The size of the 

nanoparticles was calculated from over 100 particles located in different areas of the TEM 

grid.  

4.5.4. Dynamic Light Scattering (DLS) 

DLS measurements were carried out using a Malvern Zetasizer Nano-ZS. The colloidal 

samples were held in a 1 cm path length square glass cuvette (Starna Cells, Part 76 # 
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23/G/10). A nanoparticle concentration of ~0.6 mg/mL was employed for the 

measurements. All DLS measurements were conducted at 25 °C. 

4.5.5. Photolysis 

All photolysis experiments were carried out using a nanosecond pulse laser (10 ns, 532 

nm) with a tuneable power. A power setting of 200 and 800 mW/cm2 was used for the 

photothermal release experiments. Aqueous suspensions of citrate-coated nanoparticles 

or the nanoassemblies (P-AuNP-1, 2-P-AuNP) were irradiated in a quartz cuvette with a 

path length of 1 cm. Nanoparticles were irradiated in one-minute intervals for the duration 

of time specified.  

4.5.6. Synthesis 

 

Synthesis of bicyclic compound 1. A suspension of Tyrphostin A8 ((4-

hydroxybenzylidene)-malononitrile) (0.25 g, 0.00147 mol) in 1,4-dioxane (0.75 mL) was 

treated with 1-methoxy-1,3-cyclohexadiene (0.696 g, 0.00411 mol), and heated at 80 °C 

for 16 h. The solvent was removed under vacuum and the residue was purified by column 

chromatography on silica gel (25–30% ethyl acetate/hexanes) to yield a yellow solid, 

which was further recrystallized in warm CHCl3 to afford 0.133 g (32% yield) of compound 

1 as a white solid.  

m.p: 153-157.5 °C (decomposed)   

1H NMR (600 MHz, DMSO-d6) δ 7.05 – 7.02 (m, 2H), 6.90 (dd, J = 8.8, 6.5 Hz, 1H), 6.77 

– 6.73 (m, 2H), 6.50 (d, J = 8.8 Hz, 1H), 3.81 (s, 1H), 3.46 (s, 3H), 2.84 (dt, J = 6.4, 2.7 

Hz, 1H), 2.01 (ddd, J = 12.6, 9.8, 2.9 Hz, 1H), 1.98 – 1.92 (m, 1H), 1.79 – 1.73 (m, 1H), 

1.36 (tdd, J = 12.3, 5.9, 2.5 Hz, 1H). 
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13C NMR (151 MHz, DMSO-d6) δ 157.53, 137.00, 130.18, 129.66, 129.10, 117.01, 115.92, 

114.67, 81.69, 53.61, 52.71, 33.98, 26.34, 21.80. 

ESI-MS: m/z (M+Na) calculated for C17H16N2O2Na: 303.1104, found: 303.1112.  

 

Synthesis of amphiphilic polymer P. A solution of poly(propylene glycol)bis(2-

aminopropyl ether) (Jeffamine® M-2070) (1.300 g, 6.5 x 10-4 mol) and poly(styrene-co-

maleic anhydride) (PSMA) (0.194 g, 1.14 x 10-4 mol) in 20 mL of chloroform was stirred at 

25°C for 16 h.  

1H NMR (400, DMSO-d6) δ 8.31 (s from the aromatic group of PSMA), 3.51 (s from OCH2 

of Jeffamine® M-2070), 3.24 (s from CH2 of PSMA), 1.05 - 1.03 (s from CH3 of Jeffamine® 

M-2070) 

FT-IR (diamond ATR): ῡ (cm-1) 3000 cm-1 (N-H stretch), 2865 cm-1 (C-H stretch, aromatic), 

1090 cm-1 (C-O stretch), 747 cm-1 (C-H bend, oop) 

 

Synthesis of Diels-Alder adduct grafted amphiphilic polymer 2-P. A solution of 

poly(styrene-co-maleic anhydride) (PSMA) (0.499 g, 2.94 x 10-4 mol) in chloroform was 

treated with 2-aminomethylfuran (0.08566 g, 8.82 x 10-4 mol) and the resulting mixture 
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was refluxed for 16 h. The reaction mixture was cooled to room temperature and the 

solvent was removed under reduced pressure. The residue I was re-dissolved in toluene 

and was treated with N-ethylmaleimide (0.11 g, 8.82 x 10-4 mol). The mixture was heated 

at 75°C for 16 h in a temperature-controlled oil bath. The reaction mixture was cooled to 

room temperature and the solvent was evaporated under reduced pressure. The residue 

II was re-dissolved in chloroform and was charged with poly(propylene glycol)bis(2-

aminopropyl ether) (Jeffamine® M-2070) (0.588 g, 2.94 x 10-4 mol). The resulting mixture 

was stirred at room temperature for 16 h followed by evaporation of the solvent. The 

resulting polymer was purified by dialysis.  

1H NMR (500, DMSO-d6) δ 7.50 - 7.00 (bs from the aromatic group of PSMA), 3.50 (s from 

OCH2 of Jeffamine® M-2070), 3.46 – 3.40 (bm from CH2 connected to -CONH- linker and 

CH2 of N-ethylmaleimide) 3.32 (s from CH2 of PSMA), 1.30 (s for CH3 of N-ethylmaleimide) 

1.05 - 1.03 (bm from CH3 of Jeffamine® M-2070) 

FT-IR (diamond ATR): ῡ (cm-1) 3000 cm-1 (N-H stretch), 2865 cm-1 (C-H stretch, aromatic), 

1697 cm-1 (C=O stretch), 1090 cm-1 (C-O stretch), 699 cm-1 (C-H bend, oop) 

Estimating the stoichiometry of components of 2-P 

The results of the theoretical calculations to determine the ratio of all components on the 

amphiphilic polymer 2-P suggest that each polymer chain contains furan: Jeffamine: 

unreacted maleic anhydride in the ratio of 3:1:1.5. 

MW of PSMA (g/mol) ~ 1700  

MW of styrene (g/mol) = 104.15  

MW of maleic anhydride (g/mol) = 98.06  

Ratio of styrene:maleic anhydride in PSMA‡ = (0.68)/(0.32)† = 2.1:1 

Average MW of repeat unit = (2.1)*(104.15)+(98.06) = 316.78 

Number of repeat units per polymer = (1700)/(316.78) = 5.36 

Moles of PSMA used (mol) = 2.94 x 10-4  

Moles of maleic anhydride present (mol) = (5.36)*( 2.94 x 10-4) 1.57 x 10-3 

Moles of 2-aminofuran used (mol) = 8.82 x 10-4  

Moles of Jeffamine® M-2070 used (mol)  = 2.94 x 10-4  

Table 4.2:  Calculation of stoichiometry of components of polymer 2-P 

‡vendor designation of 68 % styrene and 32% maleic anhydride 
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According to the theoretical calculation for weight %, N-ethylmaleimide was estimated to 

approximately make up 8.6% of the total weight % of the polymer 2-P This was similar to 

the % wt. loss observed in the region of the retro-Diels-Alder reaction of 9.5%. 

Mass of PSMA used (g) = 0.499  

Mass of 2-aminofuran used (g) = 0.086  

Mass of N-ethylmaleimide used 
(g) 

= 0.110  

Mass of Jeffamine® M-2070 
used (g) 

= 0.588  

Total mass (g) = (0.499)+(0.086)+(0.110)+(0.588) = 1.283 

Wt. % of N-ethylmaleimide = [(0.110)/(1.283)]*100 = 8.6 

Table 4.3:  Estimation of wt. % of N-ethylmaleimide with respect to polymer 2-P 

IR spectra of amphiphilic polymer shells 

FT-IR spectra of amphiphilic polymer P (top) and Diels-Alder adduct grafted amphiphilic 

polymer 2-P (bottom). 
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TGA data of N-(2-furylmethyl)acetamide and N-ethylmaleimide Diels-Alder adduct 

(2) 

 

4.5.7. Preparation of gold nanoparticles and nano-assemblies 

Synthesis of citrate-coated gold nanoparticles. The citrate-coated gold nanoparticles 

were synthesized according to the literature.277 A solution of HAuCl4•(H2O)3 (1.00 x 10-3 M 

in ultrapure water) was heated to reflux in a 250 mL round-bottom flask. At this 

temperature, the solution was treated with warm aqueous sodium citrate (1% w/v in 

ultrapure water, 80 °C) with vigorous stirring. The resulting mixture was heated at reflux 

for 10 min to obtain a deep red coloured solution. This solution was allowed to cool to 

room temperature. This dispersion was stored and used without any further purification. 

The UV-visible absorption spectrum of citrate-coated gold nanoparticles showed an 

intense absorption band centred at 519 nm.  The TEM images of these nanoparticles 

showed that they have an average size of 11.20 ± 1.20 nm. The concentration of citrate-

coated gold nanoparticles was estimated by drying 1.00 mL of the nanoparticle solution 

under a high vacuum and weighing the residue. This afforded a value of 2.55 mg/mL. 

Synthesis of octadecylamine (ODA)-coated gold nanoparticles. The citrate-coated 

gold nanoparticles were transferred from the aqueous phase to the organic phase 

according to the literature procedure.277 Briefly, the aqueous solution of citrate-coated gold 

nanoparticles (2.00 mL) was cautiously layered over a solution of 7.50 x 10-4 M 

octadecylamine solution in chloroform (4.00 mL) in a centrifuge tube, followed by the 

addition of ultrapure water (2.00 mL). The two-phase mixture was mixed vigorously for 3 

min using a vortex. The organic layer was carefully removed, and its volume reduced to 
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half using a rotary evaporator. This solution of octadecylamine-coated gold nanoparticles 

was used without any further purification. The UV-vis spectrum of this chloroform solution 

showed an intense absorption band centred at 525 nm. The TEM images of these 

nanoparticles showed that they have an average size of 14.60 ± 0.90 nm. The 

concentration of octadecylamine-coated gold nanoparticles was estimated by drying 1.00 

mL of the nanoparticle solution under a high vacuum and weighing the residue. This 

afforded a value of 0.39 mg/mL. 

 

Synthesis of nano-assembly P-AuNP-1. A stirring solution of 2 mL of octadecylamine-

coated gold nanoparticles was treated with 2 mL of the solution of polymer P over 1 min, 

followed by the bicyclic compound 1 (0.001 g, 3.50 x 10-6 mol) dissolved in 1.00 mL of 

chloroform. The resulting mixture was stirred for 18 h at ambient temperature (22 °C), at 

which time the solvent was removed under vacuum until a red viscous residue was 

obtained. This residue was treated with alkaline water (1.00 mL, pH 13, adjusted with 0.1 

M aqueous NaOH), and the resulting mixture was sonicated for approximately 30 s. The 

volume of the red emulsion was reduced using a rotary vacuum until a clear colloid formed. 

The colloid was centrifuged at 20600 rpm for 20 min and the flow-through was discarded. 

The remaining pellet was re-dispersed in 2.00 mL of ultrapure water to obtain a final stock 

solution of P-AuNP-1 for further use. 
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Synthesis of nano-assembly 2-P-AuNP. A stirring solution of 2.00 mL of 

octadecylamine-coated gold nanoparticles was treated with the solution of Diels-Alder 

adduct grafted amphiphilic polymer 2-P (0.0031 g) in 1.00 mL of chloroform. The resulting 

mixture was stirred for 18 h at ambient temperature (22 °C), at which time the solvent was 

removed under vacuum until a red viscous residue was obtained. This residue was treated 

with alkaline water (1.00 mL, pH 13, adjusted with 0.1 M aqueous NaOH), and the resulting 

mixture was sonicated for approximately 30 s. The volume of the red emulsion was 

reduced using a rotary vacuum until a clear colloid formed. The colloid was centrifuged at 

20600 rpm for 20 min and the flow-through was discarded. The remaining pellet was re-

dispersed in 2.00 mL of ultrapure water to obtain a final stock solution of 2-P-AuNP for 

further use. 

Particle Size Analysis (PSA) of nanoassemblies 

Size distribution of AuNP in water (a) (average size 11.70 nm); AuNP in chloroform (b) 

(average size = 4.85 nm); 2-P-AuNP (c) (average size = 21.04 nm); P-AuNP-1 (d) (21.34 

nm). The Average size values were obtained directly from the DLS instrument using 

Malvern General Purpose & Multiple Narrow Mode NNLS (non-negative least squares) 

algorithm to treat the autocorrelation equation of the intensity trace describing sample 

intensity fluctuation recorded during the experiment. 
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Estimating the loading of bicyclic compound 1 in P-AuNP-1 

Quantification of the bicyclic compound 1 that was encapsulated inside the amphiphilic 

nanoassembly P-AuNP-1 was achieved by determining the concentration of released 

Tyrphostin A8 in the flow-through filtrate after the photothermolysis and spin-filtering using 

UV-vis absorption spectroscopy. The assumption is that all Tyrphostin A8 is released from 

the nano-assembly. The mass of a single gold nanoparticle was calculated using the size 

determined by TEM and assuming that the nanoparticles are perfectly spherical. 

Average radius of one particle 
(cm) 

= 5.6 x 10-7  

Volume of a particle, 
V = 4/3πr3 (cm3) 

= 4/3*(3.14)*(5.6 x 10-7)3 = 7.35 x 10-19 

Density of gold (g/cm3) = 19.30  

Mass of a single particle (g) = (19.30)*(7.35 x 10-19) = 1.42 x 10-17 

Weight of residue of P-AuNP-1 
(g) 

= 8.4 x 10-5  

Number of AuNP in 1 mL of P-
AuNP-1 

= (8.4 x 10-5)/(1.42 x 10-17) = 5.92 x 1012 
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Table 4.4:  Calculated molecules of gold nanoparticles in 1 mL of P-AuNP-1 

Concentration of P-AuNP-1 
(μg/μL) in water 

2.66 x 10-6  

ATyr (415 nm) 3.2 x 10-2  

ε of released Tyrphostin (415 nm) 
(M–1cm–1) 

3.5 × 104  

Volume of sample (L) 1 x 10-3  

Concentration of released 
Tyrphostin (M) 

= (3.2 x 10-2)/(3.5 x 104) = 9.14 x 10-7 

Moles of released Tyrphostin = (9.14 x 10-7)*(1 x 10-3) = 9.14 x 10-10 

Molecules of released Tyrphostin = (9.14 x 10-10)*(6.022 x 1023) = 5.5 x 1014 

Molecules of Adduct 1 in the 
sample, based on 1:1 reaction 

ratio 
= 5.5 x 1014  

Loading of Adduct 1 per particle = (5.5 x 1014)/(5.92 x 1012) = 92 

Table 4.5:  Calculated loading of adduct 1 in 1 mL of P-AuNP-1 

Estimating the loading of Diels-Alder adduct 2 in 2-P-AuNP 

Determination of the bicyclic compound 2 that was tethered onto the amphiphilic polymer 

P for the nanoassembly 2-P-AuNP was done by determining the concentration of released 

N-ethylmaleimide after Photothermolysis and spin-filtering using UV-vis absorption 

spectroscopy. The assumption is that all N-ethylmaleimide is released from the nano-

assembly. The mass of a single gold nanoparticle was calculated using the size 

determined by TEM and assuming that the nanoparticles are perfectly spherical. 

Average radius of one particle 
(cm) 

= 5.6 x 10-7  

Volume of a particle, 
V = 4/3πr3 (cm3) 

= 4/3*(3.14)*(5.6 x 10-7)3 = 7.352 x 10-19 

Density of gold (g/cm3) = 19.30  

Mass of a single particle (g) = (19.30)*(7.352 x 10-19) = 1.42 x 10-17 

Weight of residue of 2-P-AuNP 
(g) 

= 1.3 x 10-2  

Number of AuNP in the sample = (1.3 x 10-2)/(1.42 x 10-17) = 9.1 x 1014 
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Table 4.6:  Calculated molecules of gold nanoparticles in 1 mL 2-P-AuNP 

Concentration of 2-P-AuNP 
(mg/mL) in water 

0.48 x 10-3  

ANEM (298 nm) 1.36 x 10-1  

ε of released NEM (298 nm) 
(M–1cm–1) 

1.68 x 102  

Volume of sample (L) 1 x 10-3  

Concentration of released N-
ethylmaleimide (M) 

= (1.36 x 10-1)/(1.68 x 102) = 8.09 x 10-4 

Moles of released N-
ethylmaleimide 

= (8.09 x 10-4)*(1 x 10-3) = 8.09 x 10-7 

Molecules of released N-
ethylmaleimide 

= (8.09 x 10-7)*(6.022 x 1023) = 4.87 x 1017 

Molecules of Adduct 2 in the 
sample, based on 1:1 reaction 

ratio 
= 4.87 x 1017  

Loading of Adduct 2 per particle = (4.87 x 1017)/(9.1 x 1014) = 532 

Table 4.7:  Calculated loading of tethered adduct 2 in 1 mL 2-P-AuNP 

Verification of Tyrphostin A8 and N-ethyl maleimide in the supernatant liquid  

To verify that compound had been released and liberated from the nanoparticles it was 

essential to separate the nanoparticles from the solution. The sample after photolysis 

experiments was centrifuged using Amicron® Ultra-0.5 centrifugal filter devices (10 kDa) 

as per the recommendations of the manufacturer. The resulting supernatants were 

extracted and analyzed via UV-vis spectroscopy and mass spectrometry. 

Determination of absorbed power by nanoassemblies 

To verify the net absorbed power by the nanoassembly, power measurements were 

conducted and compared with the power transmitted by the empty quartz narrow channel 

cuvette used for UV-visible absorption measurements and power transmitted by the 

cuvette containing the nanoparticle solution.  

 P-AuNP-1 2-P-AuNP 

Incident power (mW) 800 200 

Power transmitted by the empty 
cuvette (mW) 

680 170 

Power transmitted by 1 mL of 
solution (mW) 

450 112 

Net power absorbed (mW) 230 58 

Table 4.8:  Calculated net absorbed power by nanoassemblies 
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Chapter 5.  
 
Conclusion 

The growth and development of technologies that can provide superior control over 

material properties have led to the rise in popularity of novel smart materials which are 

responsive towards the light. The applicability of light as the external stimulus is further 

advantageous as it offers superior spatial and temporal control, together with its non-

invasive nature and the ability to control its magnitude, and effect. Therefore, molecular 

systems that respond to light are finding a better scope of application in the areas ranging 

from biochemistry, medicine, bioimaging, to data storage, chemical synthesis, and 

polymer science. These photoresponsive systems could dramatically influence chemical 

reactivity by improving the efficiency of the reaction or reducing the formation of undesired 

side-products. Nonetheless, designing intelligent systems that are capable of controlling 

a chemical process requires effective communication of the photoresponsive moiety with 

light and is potentially challenging, as these systems are required to efficiently absorb 

specific wavelengths of light and undergo excited-state deactivation via a preferred 

pathway. The dithienylethene-based molecular switches are especially suitable to 

minimize these constraints as they have well-behaved photoresponsive properties as well 

as the better thermal stability of both isomers compared to other systems. The electronic 

and structural differences of the two isomers of DTEs can influence and regulate their 

chemical reactivity. Alternatively, the modification of geometric and electronic 

configuration, the presence or absence of competing mechanisms, or the creation or 

destruction of the photoresponsive architecture by the means of secondary chemical 

reactions or interactions can allow for control of their photochromic properties.   

This thesis illustrated and discussed, by providing examples, multiple strategies that can 

be employed to integrate chemical reactivity and light either directly, by using small 

photoresponsive dithienylethenes (DTEs), or indirectly, by the means of metal-based 

nano-assemblies. The applicability of this gated reactivity approach was demonstrated in 

the areas of catalysis and on-command drug delivery. The photoresponsive 

dithienylethene framework was destroyed upon interaction with reactive chemical 

reagents. The DTE-based detectors for hydrazine and other toxic industrial chemicals with 
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this modified 1,3,5-hexatriene system and turned “off” photochromism were used to 

present the gated photochemistry approach. 

The concept of direct gating of chemical reactivity using light was introduced in Chapter 

2. A carefully constructed and modified DTE system including an electron-deficient alkene 

in the main 1,3,5-hexatriene motif was presented and tested to act as a light-initiated 

trigger for the inhibition of the catalytic activity of Karstedt’s catalyst. It was demonstrated 

that light of appropriate wavelength resulted in a rearrangement of the central 1,3,5-

hexatriene system that induced variations in the electronic properties of the DTE-based 

photoresponsive inhibitor. Furthermore, it was shown that these changes in electronic 

properties directly led to alterations in the inhibitor’s coordination ability towards the metal 

centre of the catalyst. The differences in the binding strength of the two photoisomers 

were shown to vary the kinetics of a simple hydrosilylation reaction catalyzed by Karstedt’s 

catalyst. While the presented system was limited by its moderate photostationary state, 

the fundamental structure of the inhibitor, the inhibition mechanism, and the inhibition 

detection methodology offered, provide the necessary foundation towards redesigning the 

photoresponsive inhibitor scaffold to create fully gated “on-off” catalytic systems.  

In Chapter 3, the concept of reactivity-gated photochromism was discussed to create a 

molecular system that can act as a multi-processing detector upon interaction with 

external chemical reagents. The presented nitrile functionalized DTE system freely 

underwent bidirectional transformation upon exposure to light of specific wavelengths. The 

nitrile functionality of the system displayed reactivity towards hydrazine in both solution 

and vapour phases that resulted in the permanent quenching of the photoresponsive 

activity of the molecule due to the destruction of the 1,3,5-hexatriene structure. The 

irreversible structural change in the DTE motif in the presence of hydrazine led to a change 

in the molecule’s optical response. Furthermore, it was presented that the system served 

as a dual-mode detector (both colour and emission) for detecting and entrapping 

hydrazine. The concept of the modification of DTE design in the presence of external 

chemicals generating a paired output signal could lead to the development of simple 

detection systems.  

The approach of gating chemical reactivity with light was further explored in Chapter 4, 

described by employing gold-nanoparticle-based nanoassemblies for potential drug 

delivery applications. The described nanoassemblies that were created consisted of a gold 
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nanoparticle core and an amphiphilic polymer shell and were shown to be stable under 

aqueous conditions. Simple thermoresponsive Diels-Alder adducts were either loaded 

inside the amphiphilic polymer shell or were covalently attached as a pendent group onto 

the shell itself. It was further demonstrated that the photothermal effect of the gold 

nanoparticles generated enough heat in the vicinity of the nanoparticles and caused a 

retro-Diels-Alder reaction that resulted in the rapid release of the dienophiles outside the 

shell. The nanoassemblies were shown to be stable under the LASER conditions and no 

release of by-product diene was observed. These systems can be regarded as prototypes 

of photogated reactivity whereby light triggers the generation of heat inside the nano-

system that results in the initiation of a chemical reaction and represents a novel strategy 

for the development of photorelease technologies. In addition, visible light is used to 

activate the release reaction which is doubly advantageous as there would be minimal 

biological damage and an increased penetration depth. The presented study provides 

appropriate details for modification of the thermoresponsive systems that are incorporated 

for the development of controlled-release applications that allow for the release of complex 

therapeutic reagents on demand. 

In summary, this thesis exemplified the integration of light and chemical reactivity in 

molecular systems based on dithienylethenes and gold nanoparticles. The creation of a 

functionalized DTE structure was shown to efficiently gate the chemical reactivity of the 

two isomers towards external chemical species by altering their electronics. Alternatively, 

the DTE structure could be modified structurally in the presence of external chemical 

species such that the photochromism and emission of the system were modulated 

effectively. In addition, elaborate nanoassemblies based on gold nanoparticles 

represented systems that displayed conversion of light energy to heat to facilitate and 

bring about chemical reactions inside nanoreactors. Overall, the integration of light and 

chemical reactivity using molecular systems presents promising approaches for the 

development of functional materials for usage in controlling the chemical process, drug 

delivery applications, and chemical detection. Several strategies have already been 

presented at the end of each chapter to mitigate these limitations. 
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Appendix.   
 
NMR spectra of compounds 

Compounds from Chapter 2 

 

Figure A 1:  1H NMR spectrum (400 MHz) of 3,5-dibromo-2-methylthiophene in CDCl3 

 

Figure A 2:  13C NMR spectrum (101 MHz) of 3,5-dibromo-2-methylthiophene in CDCl3 
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Figure A 3:  1H NMR spectrum (400 MHz) of 3-bromo-2-methyl-5-phenylthiophene in 
CDCl3 

 

Figure A 4:  13C NMR spectrum (101 MHz) of 3-bromo-2-methyl-5-phenylthiophene in 
CDCl3 
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Figure A 5:  1H NMR spectrum (400 MHz) of 2-methyl-5-phenylthiophene-3-
carbaldehyde in CDCl3 

 

Figure A 6:  13C NMR spectrum (101 MHz) of 2-methyl-5-phenylthiophene-3-
carbaldehyde in CDCl3 
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Figure A 7:  1H NMR spectrum (400 MHz) of 3-(bromomethyl)-2-methyl-5-
phenylthiophene in CDCl3 

 

Figure A 8:  13C NMR spectrum (101 MHz) of 3-(bromomethyl)-2-methyl-5-
phenylthiophene in CDCl3 
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Figure A 9:  1H NMR spectrum (400 MHz) of 2-(2-methyl-5-phenylthiophen-3-yl) 
acetonitrile in CDCl3 

 

Figure A 10:  13C NMR spectrum (101 MHz) of 2-(2-methyl-5-phenylthiophen-3-yl) 
acetonitrile in CDCl3 
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Figure A 11:  1H NMR spectrum (400 MHz) of 2,3-bis(2-methyl-5-phenylthiophen-3-yl) 
maleonitrile (ring-open isomer) in CDCl3 

 

Figure A 12:  13C NMR spectrum (101 MHz) of 2,3-bis(2-methyl-5-phenylthiophen-3-yl) 
maleonitrile (ring-open isomer) in CDCl3 
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Figure A 13:  1H NMR spectrum (400 MHz) of 2,3-bis(2-methyl-5-phenylthiophen-3-yl) 
maleonitrile (ring-closed isomer) in CDCl3 

 

Figure A 14:  13C NMR spectrum (101 MHz) of 2,3-bis(2-methyl-5-phenylthiophen-3-yl) 
maleonitrile (ring-closed isomer) in CDCl3 



198 

Compounds from Chapter 3 

 

Figure A 15:  1H NMR spectrum (600 MHz) of 3,4-bis(2-methyl-5-phenylthiophen-3-yl)-
1H-pyrazol-5-amine in CDCl3 

 

Figure A 16:  13C NMR spectrum (151 MHz) of 3,4-bis(2-methyl-5-phenylthiophen-3-yl)-
1H-pyrazol-5-amine in CDCl3 
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Compounds from Chapter 4 

 

Figure A 17:  1H NMR spectrum (600 MHz) of (1S,3S,4S)-3-(4-hydroxyphenyl)-1-
methoxybicyclo[2.2.2]oct-5-ene-2,2-dicarbonitrile in DMSO-d6 

 

Figure A 18:  13C NMR spectrum (151 MHz) of (1S,3S,4S)-3-(4-hydroxyphenyl)-1-
methoxybicyclo[2.2.2]oct-5-ene-2,2-dicarbonitrile in DMSO-d6 
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Figure A 19:  1H NMR spectrum (400 MHz) of amphiphilic polymer (P) in DMSO-d6 

 

Figure A 20:  1H NMR spectrum (500 MHz) of Diels-Alder adduct tethered amphiphilic 
polymer (2-P) in DMSO-d6 




