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DUTCH SUMMARY 

Sinds de vorming van onze planeet hebben fotochemische reacties, d.w.z. reacties waarbij licht nodig is om 

door te gaan, een cruciale rol gespeeld bij het in stand houden van het leven op aarde. Mensen hebben 

sindsdien bewust en onbewust gebruik gemaakt van de kracht van fotochemische reacties. Enkele van de 

grootste voordelen van fotochemische reacties zijn het op afstand besturen van chemische processen met 

ruimtelijke en tijdsafhankelijk precisie. Bij het nastreven van steeds fijnere controle hebben scheikundigen veel 

verschillende fotochemische reacties ontdekt, waaronder omkeerbare fotocycloaddities, die een overvloed aan 

mogelijkheden voor dynamisch en adaptief materiaalontwerp ontgrendelde. Eén van dergelijke toepassingen 

is in lichtgevoelige dynamische materialen van zachte materie, waar omkeerbare fotocycloaddities kunnen 

worden gebruikt om de polymeernetwerkstructuur en de resulterende mechanische eigenschappen te 

veranderen. Gedetailleerde controle over die mechanische eigenschappen is zeer wenselijk voor 

toepassingen van dynamische polymeermaterialen, bijvoorbeeld bij het ontwerpen van aanpasbare scaffolds 

voor celbiologie. Om de kracht van fotochemisch omkeerbare cycloaddities volledig te benutten, moet een 

uitgebreid wiskundig model worden ontwikkeld om de dynamische polymeernetwerkstructuur en 

veranderingen daarvan onder lichte bestraling te verbinden met de weergegeven mechanische 

eigenschappen. Het huidige proefschrift heeft tot doel de basis te leggen voor zo een uitgebreid model voor 

een goed gekozen referentiesysteem. De basis is gelegd door de complexiteit van het model stapsgewijs te 

vergroten. 

Eerst wordt in Hoofdstuk 2 een model ontwikkeld om de kinetiek van een antraceen fotocycloadditiereactie 

in oplossing te voorspellen. De afgeleide kinetische uitdrukking modelleert exclusieve antraceen 

fotocycloadditie met behulp van een vereenvoudigd reactieschema. Een eenvoudig modelkader werd bereikt 

door een schijnbare snelheidscoëfficiënt in te voeren. De schijnbare snelheidscoëfficiënt bestaat uit 

snelheidscoëfficiëntverhoudingen, waardoor het niet nodig is om de individuele snelheidscoëfficiënten te 

bepalen. Er werd een eenvoudige methode voorgesteld om de snelheidscoëfficiëntverhoudingen van de 

fotoreactie te bepalen door een reeks korte tijd (i.e. tot slechts een lage conversie) experimenten te gebruiken. 

Het geïntroduceerde modelraamwerk zou mogelijk verder kunnen worden uitgebreid tot andere 

fotocycloadditiereacties. Bovendien biedt het model een uitgebreide hoeveelheid informatie aan op 

gemakkelijke wijze, bijvoorbeeld integrale en differentiële kwantumopbrengsten of een fractie van het door het 
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antraceen geabsorbeerde licht. De golflengte-afhankelijkheid van antraceen fotocycloadditie werd onderzocht 

in het golflengtebereik van 375 nm tot 430 nm via een zogenaamde “actieplot”. De “actieplot” onthulde dat de 

omzetting van de antraceen-fotocycloadditiereactie zelfs bij 430 nm, d.w.z. in een zichtbaar lichtbereik, 

detecteerbaar is. De reactiviteit van antraceen in het zichtbare lichtbereik is gunstig omdat het helpt om schade 

door UV-licht te voorkomen. 

Vervolgens breidt Hoofdstuk 3 het model uit om competitieve antraceen fotocycloadditie en antraceen 

fotocycloreversie te voorspellen, door de aanwezigheid van antraceendimeer op te nemen in het model en 

fotocycloreversie van dit dimeer in het reactieschema op te nemen. De kinetische uitdrukkingen werden 

afgeleid om antraceendimeersplitsing te modelleren met behulp van een vereenvoudigd reactieschema, 

gevolgd door het afleiden van een model voor competitieve antraceen-fotocycloadditie en  

antraceendimeersplitsing. Een eenvoudig modelkader werd opnieuw bereikt door de schijnbare 

snelheidscoëfficiënten te introduceren, één schijnbare snelheidscoëfficiënt voor fotocycloadditie en één voor 

fotocycloreversie. Beide schijnbare snelheidscoëfficiënten bestaan opnieuw uit verhoudingen van 

snelheidscoëfficiënten. De methodologie schetste de experimentele procedure die nodig is om stapsgewijs (in 

twee stappen) de snelheidscoëfficiëntverhoudingen te bepalen voor competitieve antraceenfotocycloadditie 

en antraceendimeersplitsing. Ten eerste werden de snelheidscoëfficiëntverhoudingen voor 

antraceenfotocyclo-additie bepaald met behulp van korte tijd (lage conversie) experimenten en uitgaande van 

exclusieve antraceen fotocycloadditie zoals in Hoofdstuk 2. Ten tweede werd de 

snelheidscoëfficiëntverhouding voor antraceen fotocycloreversie bepaald, tevens met behulp van korte tijd 

(lage conversie) experimenten. De golflengte-afhankelijkheid van beide reacties werd onderzocht in het 

golflengtebereik van 260 nm tot 330 nm via actieplots. De schijnbare antraceenreactiviteit bleek af te nemen 

naar een kortere golflengte, terwijl de schijnbare antraceendimeerreactiviteit optimaal bleek te zijn bij een 

golflengte van 280 nm. 

Vervolgens stelt Hoofdstuk 4 een uitbreiding van het model in Hoofdstuk 2 voor, die kan worden toegepast 

voor het vouwen van nanodeeltjes met één enkele keten (single-chain nanoparticle, SCNP). Dit zijnmisschien 

wel de eenvoudigste soort polymeernetwerken, waarbij antraceengroepen aan een polymeerketen zijn 

verankerd, wiens volume vervolgens instort door crosslinking. Het model voor SCNP's gebruikt de 

snelheidscoëfficiëntverhoudingen uit Hoofdstuk 2 en een correctiefactor, die rekening houdt met de 

beperkingen die worden opgelegd door de verankering op en de architectuur van de polymeerketens. Het 

model kan de voortgang van de intramoleculaire fotocycloadditie reactie berekenen op een gemiddelde wijze 
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voor een gemiddelde keten. Net als in de Hoofdstukken 2 en 3 levert het model informatie over een groot 

aantal parameters op, b.v. integrale en differentiële kwantumopbrengsten. Bovendien konden exacte 

gegevens over antraceenposities binnen elke afzonderlijke keten worden verkregen door de RAFT-

polymerisatie te modelleren via een in-house ontwikkeld kinetische Monte Carlo (kMC) model. Bovendien kan 

het kMC model de intramoleculaire fotocycloadditiereactie van antracenen, die aan een polymeerketen zijn 

verankerd, voorspellen. De polymeerketens konden vervolgens in elk stadium van het vouwproces in 3D 

worden gevisualiseerd. Er werd een experimentele methodologie voorgesteld om aanvullende parameters te 

bepalen die de macromoleculaire opsluiting van de fotoreactie weerspiegelen. 

Ten slotte vat Hoofdstuk 5 de in de literatuur gerapporteerde snelheidscoëfficiënten samen voor het 

modelleren van dynamische polymeernetwerken verkregen via direct laserschrijven (DLS). Helaas zijn de 

meeste coëfficiënten van de polymerisatiesnelheid niet gekend in de wetenschappelijke literatuur, daarom 

werden ook enkele afschattingen voorgesteld en hoe zij kunnen geimplementeerd worden. Het potentiële 

modelraamwerk om het DLS-proces te modelleren met behulp van een in house kinetische Monte Carlo (kMC) 

model werd besproken, waarbij een stapsgewijze toename van de complexiteit werd voorgesteld. Ten eerste, 

het modelleren van alleen de kinetiek van de polymerisatiereactie op een gemiddelde wijze. Vervolgens werd 

de methodologie besproken om een ruimte - en tijdsafhankelijkheid van de reactieve species tijdens de DLS 

in het model te modelleren met behulp van een in-house kinetisch Monte Carlo model. Geïnspireerd door de 

parallelle kMC-benadering, kon een één-dimensionale ruimtelijke resolutie van de reactieve species tijdens de 

DLS worden bereikt. Analoog zou de 2D- en ten slotte de 3D-resolutie geïmplementeerd kunnen worden. Een 

implementatie voor antraceen fotocycloreversiereactie tijdens DLS werd voorgesteld. Verdere uitbreiding van 

het anthraceen fotocycloadditiereactiemodel uit Hoofdstuk 4 om fotocycloadditie van antraceen verankerd 

aan een polymeernetwerk te voorspellen, werd ook onderzocht. 

Samenvattend, dit proefschrift legt de basis voor de ontwikkeling van een model dat de fotoresponsieve 

structuur van dynamische polymeermaterialen, geproduceerd via DLS, en de resulterende mechanische 

eigenschappen verbindt. Er wordt een modelraamwerk geïntroduceerd om op antraceen gebaseerde 

omkeerbare fotocycloaddities in eerste instantie in oplossing te voorspellen, gevolgd door een methodologie 

voor de uitbreiding van het model die de voorspelling mogelijk maakt van de eigenschappen van omkeerbare 

fotocycloaddities van antraceen verankerd aan een polymeerketen of ingebed in een polymeernetwerk. Ten 

slotte onderzoekt het proefschrift beschikbare snelheidscoëfficiënten en mogelijke modelleringsstrategieën om 

de productie van DLS-gebaseerde dynamische polymeermaterialen te modelleren via kMC. 
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ENGLISH SUMMARY 

Since the formation of our planet, photochemical reactions, i.e. reactions that require light to proceed, have 

played a vital role in sustaining life on Earth. Humans have since consciously and subconsciously harnessed 

the power of photochemical reactions. Some of the greatest benefits of photochemical reactions include 

enabling remote control of chemical processes with spatial and temporal precision. In pursuit of ever-finer 

control, chemists have discovered many different photochemical reactions including reversible 

photocycloadditions, which unlocked a plethora of possibilities for dynamic and adaptive material design. One 

such application is in light-responsive dynamic soft matter materials, where reversible photocycloadditions can 

be used to change the polymer network structure and the resulting mechanical properties. Intricate control 

over those mechanical properties is highly desirable for applications of dynamic polymeric materials, e.g., in 

designing adaptable scaffolds for cell biology. To fully harness the power of photochemically reversible 

cycloadditions, a comprehensive mathematical model needs to be developed to connect the dynamic polymer 

network structure and changes thereof under light irradiation with the displayed mechanical properties. The 

current thesis aims at constructing the basis for such a comprehensive model for a well-chosen reference 

system. The basis was constructed by increasing the model complexity incrementally step-by-step. 

First, Chapter 2 develops a model to predict the kinetics of an anthracene photocycloaddition reaction in 

solution. The derived kinetic expression models exclusive anthracene photocycloaddition using a simplified 

reaction scheme. A simple model framework was achieved by introducing an apparent rate coefficient. The 

apparent rate coefficient consists of rate coefficient ratios, thus eliminating the need for determining the 

individual rate coefficients. A simple methodology was proposed to determine the photoreaction rate coefficient 

ratios by using a series of short time (i.e. low conversion) experiments. The introduced model framework can 

be further adapted to other photocycloaddition reactions. Additionally, an extensive amount of information is 

easily retrievable from the model, for example, integral and differential quantum yields or a fraction of light 

absorbed by the anthracene. The wavelength-dependency of anthracene photocycloaddition was probed in 

the 375 nm to 430 nm wavelength range via an action plot. The action plot revealed that conversion of 

anthracene photocycloaddition reaction is detectable even at 430 nm, i.e. in a visible light range. The visible 

light range reactivity of anthracene is advantageous because it helps to avoid UV light related damage.  
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Next, Chapter 3 expands the model to predict competitive anthracene photocycloaddition and anthracene 

photocycloreversion, by including anthracene dimer photocycloreversion into the reaction scheme. The kinetic 

expressions were first derived to model anthracene dimer cleavage using the simplified reaction scheme, 

followed by deriving a model for competitive anthracene photocycloaddition and anthracene 

photocycloreversion. A simple model framework was once again achieved by introducing the apparent rate 

coefficients, one apparent rate coefficient for photocycloaddition and one for photocycloreversion. Both 

apparent rate coefficients consist of rate coefficient ratios. The methodology outlined the experimental 

procedure requires the determination of the rate coefficient ratios for competitive anthracene 

photocycloaddition and anthracene dimer cleavage in two steps. First, rate coefficient ratios for anthracene 

photocycloaddition were determined using short time (low conversion) experiments and assuming exclusive 

anthracene photocycloaddition like in Chapter 2. Second, the rate coefficient ratio for anthracene 

photocycloreversion was determined using short time (low conversion) experiments. The wavelength-

dependency of both reactions was probed in the 260 nm to 330 nm wavelength range via action plots. The 

apparent anthracene reactivity was found to be decreasing towards a shorter wavelength, while the apparent 

anthracene dimer reactivity was found to be optimal at a wavelength of 280 nm.  

Subsequently, Chapter 4 proposes an extension of the model in Chapter 2, which can be applied for single-

chain nanoparticle (SCNP) folding – perhaps the simplest form of polymer networks – where anthracene 

moieties are attached to a polymer chain, which subsequently collapses in volume by crosslinking. The model 

for SCNPs uses rate coefficient ratios from Chapter 2 and a correction factor, which accounts for the 

restrictions enforced by the attachment to and the architecture of the polymer chains. The model allows to 

calculate the reaction progress of the intramolecular photocycloadditions on average for an average chain. 

Just as in Chapters 2 and 3, information regarding an extensive amount of parameters is retrievable, e.g. 

integral and differential quantum yields. Furthermore, exact data on anthracene positions within every single 

chain could be accessed by modelling the RAFT polymerisation via an in-house kinetic Monte Carlo (kMC) 

model. Additionally, the kMC model predicted the intramolecular photocycloaddition reaction of anthracenes 

attached to a polymer chain. The polymer chains were subsequently visualised in 3D at any stage of the folding 

process. An experimental methodology was proposed to determine additional parameters that reflect the 

macromolecular confinement of the photoreaction. 

Finally, Chapter 5 summarizes the rate coefficients known in the literature for modelling dynamic polymer 

networks obtained via direct laser writing (DLW). Unfortunately, the majority of the polymerisation rate 
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coefficients are not known, therefore, some approximations and their implementation were also suggested. 

The potential framework to model the DLW process using an in-house kinetic Monte Carlo (kMC) model was 

discussed, proposing a stepwise increase in complexity. First, modelling only the kinetics of the polymerization 

reaction on average. Subsequently, the methodology to achieve a spatial and temporal variation of the reactive 

species during the DLW in the model was discussed. Inspired by the parallel kMC approach, a 1D spatial 

resolution of the reactive species during the DLW was proposed to be achieved in future work. Analogously, 

the 2D and, finally, the 3D resolution may be implemented. An implementation for anthracene 

photocycloreversion reaction during DLW was suggested. Further extension of the anthracene 

photocycloaddition reaction model from Chapter 4 to predict photocycloaddition of anthracenes attached to a 

polymer network was also explored. 

In conclusion, the current thesis prepares the basis for the development of a model connecting the 

photoresponsive structure of dynamic polymeric materials generated via DLW and the resulting mechanical 

properties. A model framework is introduced to predict reversible anthracene-based photocycloadditions 

initially in solution, followed by a methodology for the extension of the model enabling the prediction of the 

reversible photocycloaddition properties of anthracenes attached to a polymer chain or embedded into a 

polymer network. Finally, the thesis explores available rate coefficients and potential strategies to model the 

production of DLW dynamic polymeric materials via kMC.  
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LIST OF SYMBOLS 

 

Symbol Units  Definition 

A - anthracene 

A2 - anthracene dimer 

1A - anthracene in a singlet excited state 

3A - anthracene in a triplet excited state 

AA1 - anthracene excimer 

1A2 - anthracene dimer in a non-relaxed singlet excited state  

c mol L-1 molar concentration  

Epp J pulse-1 energy per pulse 

Eλ J photon-1 the energy of a single photon of wavelength 𝜆 

f pulses s-1 frequency of laser pulses 

g - Zimm and Stockmayer contraction factor 

gA and gA2 - auxiliary functions 

i - chain length 

I mol s-1 the overall rate of photon absorption 

J mol L-1 s-1 photon volumetric absorption rate 

k+app s-1 A dimerization apparent rate coefficient 

k-app mol L-1 s-1 A2 cleavage apparent rate coefficient 

k-1 s-1 A de-excitation rate coefficient 

k-4 s-1 A2 de-excitation rate coefficient 

k2 L mol-1 s-1 dimerization rate coefficient 

k3 L mol-1 s-1 concentration quenching rate coefficient 

k5 s-1 dimer cleavage rate coefficient 

L cm light path length 𝑀𝑖  g mol-1 the molar mass of a polymer chain of length i 𝑀̅𝑛  g mol-1 number average molecular weight 
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𝑀̅𝑤  g mol-1 weight average molecular weight 

n mol number of moles 

NA mol-1 Avogadro number 

N - number of molecules/units 𝑁𝑖  mol moles of the polymer chain of length i 

R dm radius 

r mol s-1 rate of reaction 

t s time 

Tλ - glass transmittance 

V L volume 𝑤  g total weight of a polymer sample 𝑤𝑖  - mass fraction of molecules with chain length i 

w - SCNP fitting parameter for chain flexibility  

X - fractional conversion 

z - confinement factor 

   

Đ - dispersity of a polymer 

ε L mol-1 cm-1 molar attenuation coefficient 𝜆  nm wavelength ρ  - crosslinking density, i.e. mol crosslinks per mol monomer units 

Φdiff - differential or instantaneous quantum yield 

Φint - integral or cumulative quantum yield 

 

  



List of symbols 

 

17 
 

Abbreviations 

DLW direct laser writing 

kMC kinetic Monte Carlo 
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QSSA quasi-steady-state approximation 
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1 CHAPTER 1. INTRODUCTION 

1.1 Introductory statement 

Photochemical reactions are chemical reactions that are enabled by the absorption of light.1 Photochemical 

reactions are an integral part of nature, where many processes are driven by light. Examples of these 

processes include photosynthesis in plants,2 the synthesis of vitamin D in humans3 as well as the rhodopsin 

photoisomerization reaction enabling vision.4-5 On the other hand, photochemical reactions are also known to 

be the cause of phytophotodermatitis, where skin contact with furocoumarin present in specific plants in 

combination with UV light exposure leads to skin burns.6 Exposure to UV light may also cause significant DNA 

disruption.7  

Humans have employed photochemistry for their own benefit for centuries. For example, hundreds of years 

ago Egyptians used to treat leukodermia (a skin depigmentation) by using the Ammi majus L. plant in 

combination with sun exposure.8-10 Photochemistry has also enabled the development of photography when 

Louis Daguerre discovered silver-based photography in 1835.11 Ciamician envisioned a grand future for 

photochemistry in his 1912 publication, proposing vast applications in industry to conduct a wide range of 

reactions from polymerizations to isomerizations as well as substituting coal with light as a source of energy 

for the future.12 Today, there is a large number of photochemical reactions available, one of which, reversible 

photocycloadditions, will be considered in the current thesis.13-14 

Reversible photocycloadditions have particularly interesting applications in dynamic polymeric materials, 

where they can function as dynamic covalent bonds. Under exposure to external stimuli, e.g. light, dynamic 

bonds and interactions can be initiated or disturbed, enabling dynamic changes of mechanical properties in 

polymer materials. Dynamic polymer materials have high application potential in a variety of fields including 

cell biology.15-16 Using light as an external stimulus has a major advantage, as light allows intricate control over 

the reaction, both spatially and temporally.17 In addition, using light-gated triggers in dynamic polymer materials 

for cell biology research is beneficial since light, especially long-wavelength, has a minimum impact on cells.18-

19 

The mechanical properties of the synthesised polymer structures define their application scope. The 

mechanical properties of the polymer structures are dependent on the polymer network structure. Therefore, 

it is important to correlate the polymer network structure and its changes under a specific stimulus with the 

displayed mechanical properties. The challenge here lies in the development of a simple, but a comprehensive 
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model for kinetic modelling of reversible photocycloadditions in complex environments, i.e. polymer networks. 

Such a model would allow obtaining the highly desirable intricate control over the outcome of the 

photochemical reaction and thus, the changes in the mechanical properties of the dynamic polymeric materials.  

The current thesis aims to lay the groundwork for the generation of such a comprehensive model that will 

ultimately correlate the polymer network structure and its changes under a specific stimulus with the displayed 

mechanical properties. The thesis explores the model development in a step-wise approach of increasing 

complexity. As the physical systems are highly complex, we isolate physical phenomena by designing 

dedicated reaction conditions, e.g. small-molecule systems, free of any interference of polymer matrix effects. 

Initially, a model is presented for predicting experimental data during the reversible photocycloaddition in 

solution using the example of anthracene photocycloaddition, starting with exclusive photodimerization (Fig 

1-1 Step 1 and Chapter 2) and subsequently adding the photocleavage reaction (Fig 1-1 Step 2 and Chapter 

3). Next, the complexity of the model is increased by incorporating the adaptation of the anthracene 

photocycloaddition model to the intramolecular crosslinking of single polymer chains (Fig 1-1 Step 3 and 

Chapter 4). The model adapts to the polymer chain environment by correcting the rate coefficients for the 

confinement effects. The last chapter (Fig 1-1 Step 4 and Chapter 5) discusses the approach that could be 

taken to build the model for generating dynamic polymer networks formed via direct laser writing (DLW). DLW 

is considered here as it is a powerful additive manufacturing technique, for example, able to generate micro-

scaffolds studying the behaviour of single cells.15 Chapter 5 further discusses the available kinetic data and 

how the kinetic model for reversible anthracene photocycloaddition developed in the current thesis could be 

adapted for use in dynamic polymer networks. 

In the next subsections of this thesis chapter, an introduction is provided to photochemistry (§1.2) with a focus 

on the reversible photocycloaddition of anthracene. An introduction into polymerization reactions (§1.3) follows. 

The application of reversible cycloadditions lies in dynamic polymer materials, which are introduced in §1.4. 

Finally, insight into kinetic modelling techniques is presented in §1.4. The contents of the following chapters 

are outlined in §1.6. 
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Fig 1-1 Schematic overview of the research methodology governing the current thesis. The thesis aims 
to lay the groundwork for the generation of a comprehensive model that will ultimately correlate the 
polymer network structure and its dynamic molecular changes under a specific light stimulus with the 
displayed mechanical properties. The following steps were taken to construct the groundwork. Step 
1: a model for exclusive anthracene photocycloaddition in solution. Step 2: a model for competitive 
anthracene photocycloaddition and cleavage in solution. Step 3: model proposal for the exclusive 
intramolecular photocycloaddition of anthracenes attached to a polymer chain. Step 4: discussion of 
the approach that could be taken to build the model for generating dynamic polymer networks and 
subsequent adaptation of the kinetic model for anthracene photocycloaddition for use in dynamic 
polymer networks.  
 

Step 1

Step 2

Step 3

Step 4

• Free solution small molecule study

• Exclusive anthracene dimerization

• Free solution small molecule study

• Simultaneous anthracene dimerization and 

dimer cleavage 

• Intramolecular dimerization of polymer 

tethered anthracenes

• Exclusive anthracene dimerization

• Full scale dynamic polymer network system

A A2
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1.2 Photochemistry 

Photochemical reactions are processes that proceed after the absorption of light.1 These reactions play a 

significant role in everyone’s life – in fact enabling life itself – and are instrumental in a range of processes, 

starting from the synthesis of vitamin D,3 enabling vision via photoreceptors,4-5 to being responsible for DNA 

disruption.7 The use of light for conducting a reaction offers exceptional advantages, such as the ability to 

precisely and remotely control the reaction without the involvement of heat, thus enabling very mild reaction 

conditions. The wide range of different photochemical reactions that are available (in terms of wavelength and 

light intensity) increases the potential of photochemical reactions for application in various fields. Some of the 

examples of the many implemented photochemical reactions include photo-isomerization, cleavage and 

hydrogen abstraction as well as reversible cycloaddition.20 Isomerization of rhodopsin, responsible for colour 

vision, is a vivid example of a photo-isomerization reaction.4 Cleavage and hydrogen abstraction reactions are 

integral in photoinitiated polymerisations,21 while reversible cycloaddition reactions are employed for use in 

light-responsive materials.13 Photochemical reactions take are central to the current thesis, as the kinetics of 

the reversible photocycloaddition reaction of anthracene is explored in-depth, with the view to providing the 

basis for modelling the time-dependent behaviour of dynamic soft matter materials (§1.4), particularly in the 

context of photo-initiated polymerisation reactions that are used for the construction of intricately controlled 3D 

polymer structures on sub-micron levels via direct laser writing (§1.3.3). To introduce the foundations of the 

photochemical reactions, first, basic concepts such as Beer-Lambert’s law and quantum yields are introduced 

(§1.2.1). Next, an example of a photochemical reaction – a reversible cycloaddition reaction - is showcased 

(§1.2.2) with an emphasis on the anthracene reversible dimerization (§1.2.3), as this entities form the basis of 

the current thesis. 

 General photochemistry  

Light plays a fundamental role in a photochemical reaction as photons need to be absorbed for the reaction to 

proceed. Absorption of light by molecules occurs in a nonlinear fashion following the famous Beer-Lambert 

law: 𝐼𝑙 = 𝐼0(1 − 10−𝜀𝑐𝑙)  eq 1-1 

with 𝐼𝑙 being the intensity of light at wavelength 𝜆 absorbed by the species at pathlength 𝑙, 𝜀 - molar attenuation 

coefficient of the absorbing species at wavelength 𝜆, L mol-1 cm-1, 𝑐 - concentration of the absorbing species, 

mol L-1, 𝑙 - path length, cm. The molar attenuation coefficient, 𝜀, varies with wavelength, giving rise to the 
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absorbance spectrum specific to each molecule (for example Fig 1-4). A higher 𝜀 indicates that more light will 

be absorbed.  

According to the well known Stark-Einstein Law, a single photon, once absorbed, leads to excitation of one 

molecule only.2, 22 However, multi-photon absorption is also possible, i.e. one molecule is excited by two or 

more photons simultaneously.2 Depending on the employed wavelength, 𝜆, the energy contained in one 

photon, 𝐸𝛾, varies and is described by: 𝐸𝛾 = ℎ𝑐𝜆   eq 1-2 

with Planck constant ℎ (6.63 × 10-34 J s), c - speed of light (3 × 108 m s-1) and 𝜆 - wavelength, m. 

Once an electron has been excited within the molecule by the photon energy and reached a higher electronic 

state, molecules can undergo a variety of transformations. These transformations are often illustrated using a 

Jablonski diagram (Fig 1-2).23 Upon excitation, a molecule enters a singlet excited state (an excited state 

where the electron spin quantum number is 0, i.e. paired electrons have opposite spins).1, 22 Molecules can 

transition from a singlet excited state to a triplet excited state (an excited state where the electron spin quantum 

number becomes 1, i.e. paired electrons have parallel spins) via the radiationless (no photon emitted) process 

of intersystem crossing (ISC).1, 22 Molecules in either singlet or triplet excited states can de-excite back to the 

ground state radiationlessly or by emitting a photon. For the de-excitation with emission of a photon, two cases 

can be distinguished: in the case of a singlet excited state, the process is termed fluorescence and, in the case 

of triplet excited state, de-excitation is known as phosphorescence.1 In addition to radiative de-excitation, two 

types of radiationless de-excitation, known as internal conversion and vibrational relaxation, can also occur. 

Vibrational relaxation is the de-excitation of molecules due to collisions with other molecules.1 Internal 

conversion, i.e. radiationless de-excitation, on the other hand, occurs by molecules moving to a different 

electronic state of the same multiplicity (i.e. spin angular momentum has the same number of possible 

orientations).23 Finally, and most importantly for this thesis, molecules in the excited states can also participate 

in a reaction. 
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Fig 1-2 Illustration of Jablonski diagram depicting a variety of transformations that the excited molecule could 
undergo. Adapted with permission from Springer Nature and Copyright Clearance Center: Springer Nature. 
Calculation of Excited States: Molecular Photophysics and Photochemistry on Display by Luis Serrano-Andrés, 
Juan José Serrano-Pérez [COPYRIGHT] 2017 

The rate of a chemical reaction is given by a rate law. First, a non-photochemical reaction will be introduced 

as an example. Here, reaction rate laws are defined depending on the order of the reaction. A 0th order reaction 

rate, 𝑟, is concentration-independent - 𝑟 = 𝑘, in which k is the rate coefficient of the chemical reaction. The 

rate of a 1st order reaction is given by 𝑟 = 𝑘𝑐B and, hence, is dependent on the concentration of species B (cB). 

Analogously, the rate of a 2nd order reaction is often expressed as 𝑟 = 𝑘𝑐B𝑐C in case of an asymmetric reaction 

or 𝑘𝑐B2 in case of a symmetric one, and, therefore, also depends on the concentration of the reaction partners, 

species B (cB) and species C (cC). According to the law of Arrhenius, the reaction rate coefficient k critically 

depends on temperature. The definitions above are typical for thermally induced chemical reactions. However, 

in the case of a photochemical reaction, light also controls the reaction rate, thus the usual rate coefficient, k, 

is not sufficient to describe the reaction kinetics. Thus, to incorporate light absorption into the description, the 

quantum yield, 𝛷, is introduced for the description of the effectiveness of photochemical reactions. In the 

current thesis, the term quantum yield will exclusively be used to refer to the quantum yield of the 

photochemical reaction, i.e. it does not denote the quantum yields for ICS, fluorescence, etc. The definition of 

the quantum yield for a photochemical reaction depends on the reaction in question and typically exhibits 

values between 0 and 1.24-27 However, examples of quantum yield values above 1 are possible in the case of 

chain reactions.24-27 The International Union of Pure and Applied Chemistry (IUPAC) defines two types of 

quantum yield, i.e. integral and differential quantum yields.1 Therefore, in the case of a photochemical reaction, 

the integral quantum yield can be defined as:  𝛷int = 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑  𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑    eq 1-3 

or  

S0

S1

S2

T1

ISC

VR

F P

VR

IC

IC

ISC

photon absorption 10-15 s

VR vibrational relaxation 10-14-10-11 s

IC internal conversion 10-12-10-6 s

ISC intersystem crossing 10-8-10-2 s

F fluorescence 10-9-10-6 s

P phosphorescence 10-3-102 s
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timescale
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𝛷int = 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑  𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑  eq 1-4 

The integral quantum yield represents an averaged quantum yield of the reaction over a period of irradiation, 

t. The difference between eq 1-3 and eq 1-4 is that in the case of fragmentation reaction (e.g. A → B + C), eq 

1-3 is used and, in case of an addition reaction (e.g. A + B → C), eq 1-4 is required. On the other hand, the 

differential quantum yield, 𝛷diff, represents the rate of change in the number of moles of molecules over the 

rate of photon absorbtion, i.e. Δ𝑡 → 0, and would, therefore, be defined as: 𝛷diff = 𝑑(𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑒𝑑 𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑)/𝑑𝑡𝑑(𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑)/𝑑𝑡   eq 1-5 𝛷𝑑𝑖𝑓𝑓 may also be estimated experimentally by measuring conversion at short irradiation times, Δ𝑡, such that 

the conversion is small. The differential quantum yield is important in the evaluation of the kinetics of 

photochemical reactions, as it provides a more accurate picture of the reaction rate at any given moment in 

time as opposed to the integral quantum yield, which reflects the averaged reaction rate over the entire time 

period. Such knowledge is of key importance when one wishes to explore the potential of photochemical 

reactions for remote-control materials, where the ability to control reactions will directly influence the prospects 

of the material. Chapter 2 of the current thesis will explore the differential and integral quantum yields in more 

detail. 

 Reversible cycloadditions  

One of the interesting examples of photochemical processes is reversible cycloaddition reactions.28 These 

reactions have shown potential in a variety of dynamic polymeric materials e.g. photoresponsive hydrogels, 

self-healing materials and nanocarriers.13, 17, 19, 28-33 Most prominent examples of reversible 

photocycloadditions, also shown in Fig 1-3, include cycloadditions of coumarin,34-38 thymine,39-41 stilbene,42-43 

cinnamic acid30-31, 44-45, styrylpyrene,46-47 and anthracene,13, 32, 47 as well as their derivatives. 

Cycloadditions can proceed symmetrically, i.e. reacting with the same species,48-49 as well as in an asymmetric 

way, i.e. by reacting with other species.50-52 Different cycloaddition reactions can proceed at different 

wavelengths, thus two different reactions could be triggered mostly independently of each other.47-48 Therefore, 

two such cycloaddition reactions could be used in combination with each other with minimal interference, 

constituting a 𝜆-orthogonal system.48, 53 Ideally for 𝜆-orthogonal reactions, the different reactions should be 

triggered completely independently, i.e. in any sequence, and without any interference. However, often only 

one of the reactions can be triggered independently, as the wavelength region for the second reaction overlaps 

with the first one.17 Light intensity could also be employed to favour different reactions, i.e. an asymmetric 
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reaction over a symmetric one, based on their respective quantum yields at a given wavelength.50 In these 

systems, when high light intensities are applied, the number of molecules in the ground state is reduced, and 

thus the reaction between two molecules both in excited states is not allowed, so the excited molecules have 

no option but to react asymmetrically with another species in the ground state.50 Furthermore, the shift of the 

window in which the cycloaddition reaction can be triggered is possible using different substitutes on the 

molecule. A shift towards longer wavelengths is referred to as red- or bathochromic shift and a shift towards 

shorter wavelengths – blue- or hypsochromic shift. A red-shift of the reaction is especially desirable, as harsh 

UV light is often not ideal due to UV light damaging effects.54 A red-shift for the peak wavelength of the 

anthracene absorption spectra was observed by introducing substituents with increasing electron-donating 

power.7 Such flexibility and versatility of reaction control makes these cycloadditions strong candidates for 

remotely controlled dynamic materials and a subject of intense research interest.28, 31, 55 

 

             

Fig 1-3 Examples of molecules capable of reversible photocycloaddition reactions. a: coumarin; b: thymine; c: 
stilbene; d: cinnamic acid; e: styrylpyrene; f: anthracene. 

During a cycloaddition, a molecule absorbs a photon and reaches an excited state. The excited molecule 

subsequently reacts with another molecule in the ground state forming covalent bonds.56 The use of the 

optimum wavelength for irradiation is desirable to ensure, for example, that the highest quantum yield is 

observed (§1.2.1). One may instinctively look at the UV-VIS spectrum of the absorbing molecule, however, the 

quantum yield of the reaction does not necessarily mimic the shape of the UV-VIS spectrum of the absorbing 

molecule.3 UV-VIS spectrum corresponds only to the photon absorption by the molecule (labelled “+ hv” in Fig 

1-2), while the transitions that follow (e.g. ISC) may not necessarily be most efficient at the same wavelength 

as the maximum absorption wavelength.4 An experimental assessment of the reactivity of a specific molecule 

at a range of wavelengths is necessary for obtaining a complete picture of the reaction potential of said 

molecule. For this purpose, so-called “action plots” were devised.46, 53, 57-59 Action plots are obtained using the 

a

b

c

d

e

f
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following method: a solution with a photoreactive molecule is irradiated with the same number of photons at 

different (monochromatic) wavelengths and the conversion is measured, thus establishing wavelength 

dependency of the conversion or product yield.46, 53, 57-59  

Action plots, however, do not use kinetic expressions derived from the reaction schemes and do not yield 

reaction rate coefficients, hence, they are not able to fully describe the kinetics of the concentration-dependent 

reactions. Therefore, action plots are not sufficient for obtaining a complete picture of the reaction kinetics 

when considering concentration-dependent reactions, in particular anthracene photocycloaddition. Knowledge 

of reaction kinetics, however, is important for establishing control over the reaction. The best way to approach 

this challenge is to develop a model capable of predicting reaction kinetics. Once the developed model has 

been benchmarked against the experiment, the number of experiments required to deduce the ideal conditions 

and irradiation time for achieving the desired reaction conversion can be reduced, thus saving tedious 

experimental work and resources. However, the knowledge of the reaction mechanism is required to 

implement the rate laws of the sub-reactions and, ultimately, to model the reaction kinetics of the reversible 

photocycloadditions. In addition, the ability to determine the rate coefficients of these rate laws under the 

conditions of interest is required to estimate the influence of the reaction environment (e.g. different solvents, 

molecules are attached to a chain or network). 

Accounting for the environment in which the reaction proceeds, as mentioned above, is important, since it 

affects the kinetics of the reaction.36 For instance, as was illustrated by Kehrloesser et al., the photostationary 

state of the coumarin photocycloaddition was affected due to spatial confinement on the nanoparticle, as 

opposed to the coumarin reaction in free solution.36 Importantly, some of the coumarin dimers were shielded 

from irradiation by the nanoparticles themselves.36 These considerations may have a large impact on the 

values of the rate coefficients.  

Therefore, the main challenges (§1.1) of the current thesis are accessing the orthogonality of the reversible 

photochemical cycloaddition reaction of choice (i.e. anthracene, vide infra) and the development of a model 

capable of describing the kinetics of the reversible photocycloaddition. The kinetic model will account for the 

reaction environment, starting with reactions in solution for simplicity. In the next stage, the model will be 

translated to the compaction, i.e. intramolecular crosslinking, of single polymer chains as a simplistic model 

and, perspectively, to a full network environment. For the current work, the reversible cycloaddition of 

anthracene was selected, the mechanism of which will now be discussed in more detail.  
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 Anthracene driven photochemistry 

One of the most prominent molecules capable of reversible [4+4] photocycloadditions is anthracene. 

Anthracene reversible photocycloaddition is a powerful tool for remote control of materials where repeated 

cycloaddition and cleavage is desired.55 Anthracene photodimerization occurs predominantly at irradiation 

above 300 nm (Fig 1-4) and its quantum yield depends on the concentration of anthracene in the solution.49, 

60-61 Anthracene dimer photocleavage occurs at wavelengths below 300 nm, where the dimer starts to absorb 

(e.g. refer to Fig 1-4).49, 60 The mechanisms of photodimerization and cleavage are complex and involve 

multiple competing side routes.49, 61-63 The progress was carefully reviewed by Bouas-Laurent et al.49 and a 

simplified summary of dimerization and dimer cleavage mechanisms is provided below (Fig 1-5).  

 

Fig 1-4 An example of UV-VIS spectra of anthracene and its dimer. Republished with permission of Royal Society 
of Chemistry, from “Photodimerization of anthracenes in fluid solutions: (part 2) mechanistic aspects of the 
photocycloaddition and of the photochemical and thermal cleavage” Bouas-Laurent, H. et al. 30, 4, 2001; 

permission conveyed through Copyright Clearance Center, Inc.49  

The anthracene photodimerization reaction mechanism has been examined in a plethora of studies and will 

be initially considered. Dimerization reactions normally proceed via two possible routes: a singlet excited state 

(1A) forming an excimer (1AA), or via triplet-triplet annihilation (TTA) (Fig 1-5a). For the singlet excited state 

route, upon absorption of a photon, an anthracene molecule (A) is excited into a singlet excited state (1A). 1A 

can subsequently either de-excite via a variety of routes or form an excimer (1AA) with another anthracene in 

the ground state.61, 64-69 The excimer in turn can dissociate to recover two anthracene units in the ground state 

via different routes or form an anthracene dimer (A2). 61, 64-69 

The triplet-triplet annihilation (TTA) route can proceed when sensitized.63, 73 In the TTA route, first, anthracene 

in a singlet excited state undergoes intersystem crossing forming anthracene in the triplet excited state (3A).63 

Next, two anthracenes in a triplet excited state form a two triplet encounter pair (3A3A). The two triplet encounter 

pair then, in turn, either forms an excimer or dissociates back into two anthracenes via various routes.63 The 
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resulting excimer can subsequently form a dimer or dissociate back into two anthracenes.63 The triplet-triplet 

annihilation route is eliminated by the presence of oxygen and at anthracene concentrations above 0.005 mol 

L-1 due to self-quenching (i.e. quenching of the anthracene in the triplet state due to interaction with another 

anthracene in the ground state).1, 49, 63 Light intensity influences the rate of the TTA route, i.e. higher-intensity 

– faster TTA.63 When the TTA route is sensitised and oxygen is present in the reaction mixture, endoperoxide 

can be formed as a side product.49  

 

Fig 1-5 Simplified mechanisms of a: anthracene dimerization61, 64-69 and b: anthracene dimer cleavage.62, 70-72 

The mechanism of anthracene dimer (A2) cleavage is less clear than the mechanism of anthracene 

dimerization (Fig 1-5b).49 The anthracene dimer is capable of dissociating thermally and photochemically. 

Photochemical dissociation of the anthracene dimer depends on the wavelength and takes place in the 

wavelength range where dimerization is also possible. Irradiation, therefore, leads to a photostationary state, 

where the rates of dimerization and dimer cleavage are equal.49 Menter and Forster have stated in their work 

that the majority of dimer photocleavage proceeds via a diabatic route (i.e. via radiationless transition to 

another potential surface), where excited dimer (1A2) is cleaved directly into two anthracenes.62 The minority 

of cleavages proceeds via two adiabatic routes (those of which the resulting products are on the same potential 

surface as the reactants), either through direct cleavage of excited dimers or via excimers.62  
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Aside from a dependency on the wavelength, the mechanism of dimer photocleavage is also known to be 

temperature-dependent.70-71 Yamamoto et al. differentiated three temperature regimes of anthracene 

cleavage: high (300-220 K), intermediate (190-120 K) and low (110-77 K).71 In their work, these authors noted 

that cleavage in the low-temperature regime proceeds via a triplet state, in the intermediate temperature 

regime via an excimer, and in the high-temperature regime via a hypothetical intermediate (the nature of which 

was not exactly determined).70-72 In their later work, they proposed the existence of an electronically tight 

complex as an intermediate through which the majority of the reaction proceeds at 293 K.70 Iannone et al. 

noted that the low-temperature triplet state route also showed higher yield under two different wavelength 

absorptions as opposed to when the single wavelength was used.72 

In the current thesis, the kinetics of the anthracene photochemical reaction will be explored using a pulsed 

laser. A laser can provide monochromatic irradiation with minimal divergence, which is ideally suited for 

detailed kinetic studies over a range of wavelengths. In addition to wavelength specificity, the low divergence 

means that the laser also enables good control over the amount of irradiation received by a sample.  

When it comes to tracking the reaction conversion, the two most straightforward experimental techniques 

available are UV-Visible spectroscopy (UV-VIS) and nuclear magnetic resonance (NMR). Quantifying 

conversion via UV-VIS measurements requires different absorbance spectra of the product and reactant. UV-

VIS has the benefit of being a sensitive and quick technique. In the case of anthracene, the absorption 

spectrum of the anthracene dimer is distinct from the anthracene absorption spectrum, particularly for 

wavelengths above 300 nm, where dimer absorption is minimal, providing an ideal window to track the 

conversion. On the other hand, UV-VIS measurements are extremely sensitive to changes in concentration.  

Therefore, care must be taken during the transfer and dilution of the sample in preparation for measurement, 

as the possibility of additional error is high. Nuclear magnetic resonance (NMR) spectroscopy, in contrast, 

does not pose this challenge of concentration dependency, however, the required concentrations for 

measurement are much higher. 1H-NMR resonance shifts for anthracene and its dimer are clearly 

distinguishable in the NMR spectrum, allowing the conversion to be readily traced using a well-pronounced 

shift from close to 8.6 ppm to around 5.6 ppm (Fig 1-6 (a to a’)).74 Furthermore, NMR spectroscopy provides 

more information on the molecular structure than UV-VIS, i.e. indicating clearly whether contamination or side 

reactions are present. For these reasons, 1H NMR spectroscopy was used in the current work, whenever 

possible, to determine anthracene monomer to dimer conversions. 
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Fig 1-6 A well-pronounced shift in the 1H-NMR spectra during anthracene photocycloaddition (a to a’). Reprinted 
with permission from Yamamoto et al.74 Copyright 2021 American Chemical Society. 

1.3 Polymerisation 

In the current thesis, the anthracene reversible photodimerization is modelled with an application for dynamic 

polymer materials in mind. Dynamic or reprogrammable materials (§1.1 and §1.4) are materials capable of 

changing their mechanical properties upon an external stimulus, e.g. light, using reversible bonds.13, 31 This 

ability is of key interest for a range of applications, such as self-healing materials.31, 75 The presence of the 
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reversible bonds in dynamic materials can be realised with the help of anthracene reversible photodimerization. 

To model reversible photodimerization of anthracene in dynamic materials, representation of the influence of 

the reaction environment is important, i.e. attachment to the polymer chain backbone which constitutes the 

dynamic materials. Consideration of how these single polymer chains, or networks, are generated is vital to 

model the kinetics of the reversible photodimerization of anthracenes attached to these chains or networks.  

Polymerisation reactions can be divided into two groups depending on the mechanism involved - step growth 

and chain growth  polymerisations. Step growth polymerizations occur by reaction between the functional 

groups of the reacting species.5 Chain growth polymerisations reaction involves a reactive centre where the 

polymer chain growth occurs by the addition of the monomers to the reactive centre.5 Depending on the type 

of the reactive centre, chain growth polymerisation reactions are divided into ionic and radical polymerisations.5 

In ionic polymerisations reactive centre is either a positively or negatively charged ion/radical ion hence dividing 

ionic polymerizations into cationic and anionic polymerizations respectively.5 In radical polymerization the 

reactive centre is radical.5 Radical polymerisations can be free radical polymerisations (FRP) and controlled 

(also known as living) radical polymerisations.6 Controlled radical polymerisations, as could be deduced from 

the name, allow better control over the polymerisation reaction in comparison to FRP resulting in the synthesis 

of more defined polymers.6 Different types of controlled radical polymerizations include atom-transfer radical 

polymerization (ATRP), stable free-radical polymerization (SFRP) and finally reversible addition-fragmentation 

transfer (RAFT).5 ATRP introduces reversible chain termination reaction by creating dormant chains through 

the use of organic halide and catalyst containing a transition metal.5 In SFRP, stable radicals are used to 

replace active propagating radicals instead.5 Finally, RAFT is employing chain transfer agents which take part 

in reversible chain transfer.5 

The dynamic materials, the model for which is discussed in the current work (Chapter 5) can be synthesized 

via radical polymerisation reactions. Radical polymerisation is particularly suited for the synthesis of functional 

polymers, as it allows the use of a wide range of monomers that otherwise would need to be chemically 

protected for polymerisation (i.e. in ionic polymerisation more polar functional groups can react with the 

propagating reactive centre and terminate the polymerisation reaction).5 Therefore, in this section, a brief 

introduction to polymerisation reactions relevant for the synthesis of polymer chains or networks in this work 

is presented. First, free radical polymerisation (FRP) (§1.3.1) is introduced, then reversible 

addition−fragmentation chain-transfer polymerisation (RAFT) polymerisation (§1.3.2) (suggested for the 

synthesis of polymer chains for single-chain nanoparticles in Chapter 4 and §1.4.2). Finally, in §1.3.3 direct 
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laser writing (DLW) method for generating dynamic polymer network structures in Chapter 5 & §1.4.1 is 

discussed.  

 Free radical polymerisation  

Polymers are macromolecules formed through a chemical reaction where many molecules, termed monomers 

are combined.76 Such chemical reactions are called polymerisations. Free radical polymerisation is an 

important polymerisation mechanism in which the reactive species are radicals, i.e. species containing 

unpaired electrons.77  

The mechanism of free radical polymerisation consists of (at least) four steps (Fig 1-7): initiation, propagation, 

termination and chain transfer. During the initiation step, an initiator molecule is cleaved to form, usually, a pair 

of potentially initiating radicals. Several types of initiators exist. Thermal initiators dissociate with heat, while 

photoinitiators are cleaved with the use of light.77 Other initiators rely on redox reactions, ionising radiation or 

persulfate decomposition in an aqueous solution.77 The resulting initiator radical fragments consequently react 

with a monomer to form oligomeric radicals. The formed radicals participate in propagation reactions, where 

the radicals keep reacting with new monomers, increasing the length of the polymer chain. The polymer chain 

continues to grow until two radicals meet and react in a so-called termination reaction, in which the growth of 

the chains stop. Termination reaction can occur in two ways: combination or disproportionation. During the 

combination termination reaction, two radical chains are combined into one dead polymer chain, while, during 

disproportionation, two dead polymer chains are formed. A chain transfer can also occur, where the radical 

centre is transferred to either a small molecule (another monomer, a solvent molecule, a chain transfer agent) 

or a polymer chain.76 

The synthesised polymer chains are not identical but contain a distribution of lengths.76 Characterising a 

distribution of polymer chains mathematically is non-trivial and several different methods exist to describe the 

distribution of lengths of polymer chains. Some of the frequently used methods include number average 

molecular weight and weight average molecular weight. These average molecular weights differ in the way 

they are calculated. 
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Fig 1-7 Illustration of the main reaction steps of the free radical polymerisation mechanism. 

Number average molecular weight, 𝑀̅n, is defined as:76 𝑀̅n = 𝑤∑𝑁𝑖  eq 1-6 

where 𝑤 is the total weight of polymers in grammes and ∑𝑁𝑖 - moles of polymer chains in total in moles. 

Weight average molecular weight, 𝑀̅w, in turn, is defined as:76 𝑀̅w = ∑𝑤𝑖𝑀𝑖  eq 1-7 

where 𝑀𝑖 - molar mass of molecules with chain length 𝑖, g mol-1 and 𝑤𝑖 represents mass fraction of molecules 

with chain length 𝑖, which can be calculated as: 𝑤𝑖 = 𝑖𝑁𝑖∑𝑖𝑁𝑖  eq 1-8 

The ratio of the weight average molecular weight and the number average molecular weight is defined as the 

dispersity of the polymer, Đ, (eq 1-9). If all the polymer chains are identical in chain length, then Đ=1, otherwise 

- Đ>1. 76 Đ = 𝑀̅w/𝑀̅n  eq 1-9 
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Typical dispersities for FRP polymers range from Đ=1.5, with exclusively recombination occurring, to Đ=2 for 

purely disproportionation modes in ideal cases (e.g. perfect mixing, isothermic, no side-reaction, no gel effect 

etc.), whereas any non-idealities (e.g. non-ideal mixing, non-isothermic, side-reactions, gel effect, etc.) will 

increase the dispersity to higher values than 1.5-2. The FRP mechanism forms the basis of the RAFT 

polymerisation mechanism, which is introduced in the next section (§1.3.2). FRP is commonly employed in 

direct laser writing to generate crosslinked networks (§1.3.3). 

 RAFT polymerisation 

The reaction mechanism of reversible addition−fragmentation chain-transfer polymerisation (RAFT) features 

thermal initiators and vinyl monomers, similar to free radical polymerisation. However, for a RAFT 

polymerisation, a RAFT agent is also added to the mixture. The addition of the RAFT agent (also termed a 

chain transfer agent) allows control over the polymer chain growth, thus producing polymers with narrow 

molecular weight distributions.76 The mechanism of the RAFT polymerisation includes initiation, propagation 

and termination steps, identical to a conventional FRP, but with the addition of 2 equilibrium steps involving 

the RAFT agent. These equilibrium steps are illustrated in Fig 1-8 below. The main RAFT equilibrium occurs 

between the dormant chain, which has a RAFT agent attached to one of its terminal groups and a radical 

chain.78 The RAFT pre-equilibrium step occurs between the initial RAFT agent and a radical chain.78 Most 

polymer chains are dormant during RAFT and only a few polymer chains are radicals at any given time, the 

polymer chains “take turns” in adding ca. 1-10 monomer units at a time, leading to rather uniform growth of all 

chains and (ideally) to a dispersity close to 1. 

 

 
Fig 1-8 Steps of RAFT polymerisation mechanism associated with the RAFT agent.76 

The ability to prepare well-defined versatile polymers makes RAFT polymerisation an ideal candidate for 

synthesizing stimuli-responsive polymers.79 RAFT is actively used for the synthesis of polymer chains 

containing moieties capable of undergoing photochemical reactions. The photoreactive moieties then form 
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crosslinks under irradiation, hence, folding these polymer chains into single-chain nanoparticles (SCNPs).35, 

47-48, 80 In Chapter 4 of the current thesis, RAFT polymerisation is used to synthesise polymer chains as 

precursors for SCNPs. 

 Direct laser writing (DLW)  

Direct laser writing (DLW) is an important technique for fabricating 3D polymeric structures on the sub-micron 

range, including dynamic materials.13 The current thesis aims to explore dynamic materials (§1.4) fabricated 

via DLW. Therefore, in this section, the basics of the DLW techniques are explored. 

DLW relies on the use of a femtosecond pulsed laser to generate sub-micron scale 3D polymeric structures.81-

82 A simple illustration of the DLW set-up is shown in Fig 1-9a. The basic principle of DLW involves a high-

intensity pulsed laser beam that is tightly focused forming a narrow focal point.81, 83 At the focal point, the 

photon flux is sufficiently high that two low energy photons produced by the laser can simultaneously be 

absorbed providing sufficient energy to decompose a photoinitiator (see §1.3.1) and hence start a 

polymerisation reaction.81, 83 Since this phenomenon is only contained to the focal point of the laser beam, the 

localised polymerisation reaction leads to the formation of a so-called 3D voxel (smallest volume element) (Fig 

1-9a-b).21, 81, 83 As the liquid, a so-called ‘photoresist’, is translated relative to the focus of the laser beam, the 

desired 3D polymer structure is realised (Fig 1-9b).83 

In DLW, the polymerisation reaction usually occurs via a conventional free radical polymerisation (FRP) 

mechanism (§1.3.1) or cationic polymerisation.21 For purposes of the current thesis, only free radical 

polymerisation is considered. Photoresists for DLW (Fig 1-9a) consist primarily of a photoinitiator and a 

monomer.83 The initiation reaction during DLW proceeds via a two-photon absorption process, which implies 

a simultaneous absorption of two photons by the photoinitiator.84 The energy transferred via absorption of two 

photons with wavelength 𝜆 and energy E is equivalent to the energy contained in the absorption of one photon 

with wavelength 𝜆/2 and energy 2E.85 However, the probability of the simultaneous absorption of two photons 

exhibits a quadratic dependence to the laser beam intensity, and thus is only viable in the high intensities 

located at the focal point. Fig 1-9c presents an illustration of the difference between single and two-photon 

absorption. The number of molecules excited through two-photon absorption per pulse, 𝑛(2), can be calculated 

using the following expression: 

𝑛(2) = 12 𝜎2PA, λ𝑁g ( 𝐼ℎ𝜈)2
  

eq 1-1085-86 

where 𝐼 – light intensity (W cm-2), 𝑁g - number of molecules in the ground state, ℎ𝜈 - photon energy, J, and, 

finally, 𝜎2PA,λ - two-photon absorption cross-section at wavelength 𝜆, GM (1𝐺𝑀 = 10−50cm4 s photon−1). A two-
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photon absorption cross-section represents the probability of the two-photon absorption event for a given 

molecule at a wavelength 𝜆.87 𝜎2PA,λ can be measured experimentally using, for example, a Z-scan technique, 

where transmittance through the sample is measured.88 

  

Fig 1-9 DLW. a: A direct laser writing (DLW) setup. A drop of the resist is placed on the substrate and the laser 
beam is then focused inside the resist forming a focal point, where polymerisation reaction forms a voxel;83 b: the 
steps involved in the DLW process; c: the difference in resolution of single and two-photon absorption. SPA – 
single-photon absorption, TPA – two-photon absorption.21 

This quadratic absorption dependence in two-photon absorption reduces the area where the polymerisation 

threshold is reached, below which there is insufficient polymerisation to form a polymer network.21, 81, 83-84, 89 

Therefore, two-photon absorption enables 3D resolved structures.21, 81, 83-84, 89 In addition, two-photon 

absorption minimises the unwanted absorption, thus widening the depth range accessible for writing.85 The 

drawback of two-photon absorption, however, is the need for high laser intensity. High intensities are required 

because photoinitiators typically have low two-photon absorption cross-sections, which is correlated with the 

absorption coefficient of the photoinitiator.90-91  
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Fig 1-10 Examples of two-photon adsorption initiators. a: Norrish I cleavage mechanism of IRG 369;92-93 b: Norrish 
II initiation mechanism of H-NU 470 and DIDMA.94 

Photoinitiators used in two-photon absorption can be divided into two types: Norrish I and II.21 Norrish I 

photoinitiator molecules dissociate directly from the excitation via α-cleavage and forms two radicals.1, 92 An 

example of such an initiator, considered in this work, is Irgacure 369 (IRG369) (Fig 1-10a). In contrast to 

Norrish I initiators, Norrish type II initiators are used in tandem with a co-initiator.95 The reaction, in this case, 

proceeds via hydrogen abstraction from the co-initiator (an example is illustrated in Fig 1-10b).1, 92, 95 

After the generation of the initiator radicals, polymerisation is initiated by the addition of the monomer (Fig 

1-7), here multi-functional acrylates such as pentaerythritol tetraacrylate (PETA) are often used.83, 96 As the 

polymerisation proceeds, a voxel starts to form. The resulting voxel dimensions depend on the key writing 

parameters of the DLW process including the laser power, the exposure time,82 the numerical aperture, 

molecular diffusion and the reaction kinetics.97-99 An increase in the laser power increases the size and aspect 

ratio of the focal point, which in turn leads to a change in voxel sizes and dimensions.100 This phenomenon is 

named focal spot duplication (Fig 1-11a).100 Numerical aperture (NA), which defines how tightly the laser beam 

is focussed, also contributes to the dimensions of the voxel.99 An increase in the exposure time results in an 

increase of the voxel size due to the molecular diffusion of the radical out of the focal point (voxel growth Fig 

1-11b).100 Aside from the outward molecular diffusion of the radical, oxygen diffusion into the focal point is also 

an important phenomenon to consider.101 Oxygen terminates radicals in FRP thus impacting polymerisation 

progress during long exposure times (Fig 1-11b).101 If the selected laser power is too low, no polymer network 

structures will be formed regardless of the exposure time.101 Consequently, mechanical properties of the 

written polymer network structures, e.g. hardness, also depend on key writing parameters, such as laser 
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intensity and writing speed, as they will influence the reaction kinetics.32 Therefore, obtaining a very detailed 

kinetic description of polymerisation in DLW is imperative for the prediction of the structure and the mechanical 

properties of the DLW 3D structures. The kinetics of polymerisation in DLW will be explored in Chapter 5 of 

the current thesis. 

 

Fig 1-11 Illustration of a: focal spot duplication and b: voxel growth and oxygen diffusion into the focal point. As 

adapted from Ref100. 

1.4 Application in dynamic polymeric materials  

The reversible photocycloaddition of anthracene has applications in dynamic polymeric materials as it provides 

dynamic covalent bonds. Dynamic polymeric materials, i.e. materials capable of changing their properties in 

response to an external trigger, have a wide range of potential applications, from self-healing materials to 

catalysis. Examples of dynamic polymeric materials are discussed in the following section, starting from 

polymer networks (§1.4.1) and followed by nanoparticles or, more specifically, single-chain nanoparticles 

(SCNP) (§1.4.2). 

 Dynamic networks  

Dynamic networks are polymer networks capable of breaking and reforming their bonds upon external stimuli, 

which enables desirable abilities such as self-healing,31, 102-105 shape memory,31, 102, 104 degradability,106-109 

malleability110 as well as mechanically adaptable properties.13, 32 Common external stimuli for dynamic 

networks include changes in pH,75, 111 temperature104, 110, 112-113 and light.13, 31 Specific requirements of a 

particular target application, e.g. stability under ambient conditions, dictate the choice of reaction, and thus the 

Oxygen diffusion

Radical diffusion

a b
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associated trigger controlling the dynamic response of the material. For example, light-triggered dynamic 

materials are of critical interest when remote control is desired and temperature changes are not suitable as a 

trigger.31 For biomedical applications, biocompatibility is key and mild triggers are preferable,106 along with 

additional functional features, such as biodegradability.75  

  

Fig 1-12 Schematic illustrations of the three different types of dynamic polymer networks: dissociative, 
supramolecular and associative. 114-115 

Dynamic polymer networks can be divided into dissociative, associative, and supramolecular polymer networks 

depending on the type of chemical bonds that are susceptible to the external stimulus, and whether the overall 

number of crosslinks in the polymer network remains constant (Fig 1-12).115 First, we will discuss dissociative 

networks, then the supramolecular networks, and finally associative networks. 

The first type of network polymers, i.e. dissociative polymer networks (Fig 1-12), break and reform their bonds 

upon an external stimulus, changing the number of crosslinks present.115 Examples of the reactions used for 

dissociative polymer networks are Diels-Alder reactions,104, 116-117 transalkylations,113 [4+4] 

photocycloadditions13, 32, 118 and [2+2] photocycloadditions.31, 102 Dissociative polymer networks possess self-

healing abilities allowing the ability to extend the lifetime of the polymeric material,117 as well as enabling shape-

memory abilities.31 Dissociative polymer networks can widen the functionality of polymer actuators, which find 

applications in emerging areas such as artificial muscles.119-120 For instance, light-induced reconfiguration of a 

polymer actuator was possible with the help of reversible anthracene photocycloaddition.121 Anthracene dimers 

embedded into a uniaxially aligned liquid crystal polymer network (LCN) were selectively photocleaved using 

UV irradiation leading to decrosslinked areas of the polymer film (i.e. non-actuation domains). Through spatially 

resolved UV irradiation of these polymer films, from either the top or the bottom, it was possible to control the 

distribution of actuation and non-actuation domains, which induced bending of the film upon order-disorder 

Dissociative network

Associative network

Supramolecular network
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phase (Fig 1-13).121 Furthermore, anthracene fluorescence could be used for crack detection in the polymer 

networks under stress as demonstrated in Fig 1-14.10 Incorporation of anthracene moieties into micrometre 

scale structures via DLW (§1.3.3) permitted post-writing adjustments of the mechanical properties of the written 

polymer network structures, e.g. Fig 1-15.13, 32 In this case, the DLW writing process opened anthracene 

crosslinks, which led to a softening of the material. Subsequent LED irradiation ( = 415 nm) induced the re-

formation of anthracene crosslinks, enabling an on-demand hardening of the material through an increased 

number of crosslinks in the underlying polymer network. 3D polymer structures written via DLW are envisioned 

for use in medical research in the construction of micro-scaffolds for studying the behaviour of single cells.15, 

122-126 Fig 1-16 illustrates one of such examples where the written DLW structures allowed to measure the 

force exerted by the cells using the visible deflection of the beam.8 Design of the tailored cell niches is of critical 

importance as they form the cell’s microenvironment, which has a strong effect on cell behaviour. A number of 

studies suggest that cells can be sensitive to the elasticity and stiffness of the environment they are in.15, 122, 

127-130 Light in the visible range is deemed to be a highly suitable external trigger, as light - especially low 

energy, long-wavelength light - has a minimal impact on cells.18-19 Finally, due to the ability to change the 

number of crosslinking points, dissociative polymer networks could be capable of dissociating the entire 

polymer network and reforming it,131 which is an attractive feature e.g. for recyclability of polymeric materials. 

The second type of network polymers, i.e. supramolecular polymer networks (Fig 1-12 change the number of 

crosslinking points upon an external stimulus), is similar to dissociative polymer networks. The only difference 

compared to dissociative polymer networks is that supramolecular polymer networks use non-covalent 

interactions, e.g. hydrogen bonding and π-π interactions.115, 132 Incorporating supramolecular polymer 

networks into hydrogels have already shown promise in the fields of tissue engineering, drug delivery and 3D 

cell scaffolds, due to (i) their superior ability to mimic cell environments, (ii) shear-thinning and (iii) self-healing 

ability under mild/no external stimulus.132-133 Shear-thinning is an especially attractive feature of 

supramolecular hydrogels resulting from the rapid dynamic exchange of the underlying bonds. Shear-thinning 

makes the hydrogel injectable, therefore, enabling injection at the target location with a needle, after which the 

hydrogel hardens. This approach avoids the need for more invasive methods of delivering the material (e.g. 

drugs, proteins or cells).132-133 Self-integration properties of hydrogels, where two hydrogels carrying different 

materials form one polymer network (as illustrated in Fig 1-17), show promise for 3D printing composite 

scaffolds for the reconstruction of complex tissues.133-134  
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Fig 1-13 Illustration of the reprogrammable self-folding 3D origami by sequentially making a plane (b), a bull (c) 
and a frog (d). Crosslinked and decrosslinked areas display different contraction/extension behaviours enabling 
the folding of the actuator. Reprinted with permission from Ref.121 
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Fig 1-14 Anthracene fluorescence was used for crack detection and partial self-healing when incorporated into 
multi-network elastomers. Anthracene fluorescence is visible along the edges where the applied stress resulted 
in cleaving anthracene dimers. Reproduced from Ref. 10 with permission from the Royal Society of Chemistry.  

 

 

 

 

 

Fig 1-15 a: DLW written structure containing 60% anthracene dimer as a bifunctional monomer and 40% 
pentaerythritol triacrylate (PETA) as a trifunctional monomer; b: DLW written structure made up entirely of 
anthracene dimer as a bifunctional monomer; c: decrease in fluorescence of the DLW structures as they are 
irradiated with 415 nm LED indicating anthracene dimerization reaction; d-f: change various measured mechanical 
properties for anthracene containing structures after irradiation with 415 nm LED (in black) and reference blank 
samples (in red) written with poly(ethylene glycol) diacrylate (PEG-DA). Mechanical properties were measured 
using nano-DMA (nanoscale Dynamic Mechanical Analysis). Reprinted with permission from Ref. 9. 
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Fig 1-16 Illustration of one of the examples where DLW was used to perform research on biological cells. a,b: DLW 
writing process; c: SEM image of the written structure; d,e: cells on the scaffold; f: images of the cell bending the 
beam; g: measurement of the bending of the beam using grey levels along the red lines in f. Reprinted with 
permission from Ref. 8. 
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Fig 1-17 Illustration of the self-integration properties of hydrogel based on hydrogen bonds between Ureido-
pyrimidinone functionalised dextran polymers. Same hydrogel, one in the original colour and one dyed pink, 
integrated into one polymer network, generating different shapes. Reprinted with permission from Ref.133  

The third type of polymer networks, i.e. associative polymeric networks (Fig 1-12), break and reform their 

bonds upon external stimuli while maintaining the same number of crosslinks, e.g. via disulphide chemistry107 

and transesterifications.110 A constant (yet dynamic) number of crosslinks enables the rearrangement of the 

topology of the polymer network and gives rise to a whole new class of polymers and vitrimers, which display 

self-healing and shape memory properties.135 The addition of conducting capabilities in self-healing and 

recyclable vitrimers shows promise for vitrimer use in fuel cells, batteries and membranes.113 Vitrimers became 

an attractive topic of research due to their potential to be reprocessed, recycled and synthesised from bio-

based resources.135-136 Associative polymeric networks have also been used in actuators.137-138 Polyanhydride-

based polymer networks are one example of associate networks that possess thermally controlled shape 

memory capabilities (Fig 1-18). In combination with their biocompatibility and degradability, polyanhydride 

polymer networks have shown potential in biomedical applications, such as degradable implants or controllable 

localised drug delivery.139-141 They show potential as polyanhydride polymer networks can predictably degrade 

over time, slowly releasing the drug at the target location in the body, preventing unnecessary damage to other 

organs and eliminating the need for extra surgical intervention.142 Self-healing of associate polymer networks 

have been demonstrated to operate at mild temperature triggers (37 C) using sterically hindered urea bonds105 

and at ambient conditions without external stimulus by utilising diarylbibenzofuranone-based bonds.103, 143 
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Fig 1-18 Illustration of shape memory and reconfiguration capabilities of polyanhydride/poly(ε-caprolactone) 
polyurethane composite. (i) The sample can be temporarily deformed, yet subsequently (ii) the original shape can 
be restored. (iii-iv) the material can be reprogrammed and a new permanent shape (a ring) can be fixed, which 
again can be restored after temporary deformation. Adapted with permission from Ref141. Copyright 2021 
American Chemical Society 

A combination of network types described above and triggers can offer additional advantages for dynamic 

polymer networks.131 For example, the use of two photoreactive groups, which are triggered by a different 

wavelength of light (i.e. orthogonally), can offer additional control over the reaction.48 Experiments using a 

combination of dynamic covalent and hydrogen bonds in a polymeric network showed that covalent bonds 

restricted creep, while the hydrogen bonds offered partial self-healing at ambient conditions.104 Polymer 

networks containing a combination of disulphide bonds and hydrogen bonds display excellent self-healing 

properties under ambient conditions.144 Furthermore, using an interpenetrating polymer network containing the 

two different bond types results in a material that displays superior mechanical properties compared to when 

both types of dynamic bonds are integrated into one single polymer network.116  

Knowledge of the polymer network structure and mechanical property relationship in the polymer network is 

key for the successful use of dynamic materials.139 Both the molecular structure of a polymer network and the 

externally controlled dynamic changes impact the final mechanical properties of the dynamic polymer 

network.139, 145-147 Thus, a comprehensive model of the dynamic polymer network is required to predict 

mechanical properties. Therefore, one of the ultimate challenges in dynamic polymeric materials lies in the 

ground-up construction of an extensive theoretical framework, which connects the desired mechanical 

properties of the dynamic polymeric material to the conditions required (e.g. temperature, time, monomer type) 

to synthesise the polymer network. 
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The use of dynamic bonds is not limited to large scale polymeric networks, but can also be used to construct 

single-chain nanoparticles (SCNP). Herein, the synthesis and folding of SCNPs will be considered, because 

they are envisioned to be a stepping stone for the construction of an extensive model connecting the changes 

in the structure of the dynamic polymeric materials with the dynamic fission and formation of bonds (i.e. 

anthracene reversible photocycloaddition (§1.2.3)). Tracking the reaction progress during the intramolecular 

crosslinking of single polymer chains in solution is simpler than for large scale polymer networks. SCNPs are 

introduced in detail in the section below (§1.4.2).  

 Single-chain nanoparticles  

Analogous to dynamic polymer networks, dynamic bonds can be used to form polymeric nanoparticles. These 

nanoparticles can be formed in two ways: intermolecular cross-linking of several chains giving rise to star-like 

nanogels148-154 and polymeric micelles75, 155-156 or intramolecular cross-linking of one chain giving rise to SCNPs 

(Fig 1-19).35, 157-164  

 

Fig 1-19 Illustration of different polymeric nanoparticles a: polymeric micelle; b: star-like nanogel; c: SCNP. 

Star-like nanogels have an interesting architecture, which can be formed in a variety of ways, including 

crosslinking linear diblock copolymers at the core.165 Using dynamic crosslinks for the core makes these star-

like nanogels especially desirable as nanocarriers in drug delivery systems, as the dynamic bonds introduce 

a controllable degradability function.152, 165 Polymeric micelles, formed by self-assembled block copolymers, 

are also of interest as sensors, as well as in drug delivery, where they respond to triggers resulting in the 

micelle disassembly.75, 156, 165  

SCNPs are nanoparticles that are formed from a single polymer chain, which is capable of intramolecularly 

folding with the help of crosslinkers. The folding of SCNPs can be realised via a variety of reaction types 

a b c
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including photocycloadditions (§1.2.2). SCNPs are of interest due to their potential applications in a wide range 

of fields, for example as nanoreactors, or in catalysis.35, 157-162, 166-170  

The ability to control the size and conformation of the folded SCNP is critical for the intended application.35, 171-

174 For example, when SCNP is used as a nanoreactor for gold nanoparticle formation, a higher amount of 

crosslinks in the SCNP leads to a faster rate of gold nanoparticle formation, hence altering the number of 

crosslinks enables control over particle formation kinetics.35 The SCNP size can also influence the catalytic 

activity, for example, Perez-Baena et al. showed that smaller nanoparticles exhibited higher catalytic activity 

in the reduction of α-diketones.171 The products of the reduction of α-diketones are important in the further 

synthesis of complex molecules.175 

The design of the desired SCNP can be manipulated using several key synthesis and process conditions 

parameters: initial polymer chain length,176-177 architecture of its crosslinkers (functionality, spacer length, etc.), 

environment during folding (e.g. solvent),174, 177-178 and the number of crosslinks formed.176-177, 179-182 The size 

of SCNP decreases with the decreasing polymer average molar mass.177 SCNP contraction increases with 

increasing crosslinking density.177 A simultaneous increase in (i) the polymer chain average molar mass and 

(ii) the amount of crosslinker leads to stronger reductions of the SNCP size (as illustrated in Fig 1-20).176 When 

it comes to the architecture and type of the crosslinkers used, flexible, trifunctional crosslinkers produce more 

compact nanoparticles in comparison to bifunctional crosslinkers due to a higher amount of crosslinks that can 

be formed.181 The use of longer crosslinkers and multifunctional precursors increases loop sizes in the SCNPs 

leading to more spherical nanoparticles.180 Finally, solvent also has an important effect on the SCNP folding 

behaviour. The SCNP contraction was found to be higher in a poor solvent than in a good solvent for a similar 

amount of crosslinks due to a higher probability of larger loops being formed.177 Different solvents were used 

to change the catalytic site distribution in SCNPs.174 Notably, good solvents result in an even distribution of 

the catalytic sites, while a more selective solvent (good solvent for some parts of the molecule and poor solvent 

for the other parts) results in clusters of catalytic sites.174 Additionally, for polymers containing a mix of 

solvophilic units and solvophobic crosslinkers, the solvent helps to avoid intermolecular reactions during 

folding.183  

Modelling of the SCNP folding will be explored in more detail in Chapter 4. Chapter 4 aims to establish control 

over the kinetics of the SCNP folding and estimating the average size of the SCNP at different stages of folding. 
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Fig 1-20 Visualization of the influence of the average molecular weight of the polymer chains and percentage of 
crosslinker (benzocyclobutene (BCB)) present on those polymer chains on the contraction of the single-chain 
nanoparticles. Triangles stand for polymers with Mw ~44 000 g mol-1, squares - ~110 000 g mol-1 and circles - ~230 
000 g mol-1. Polymers with higher molecular weight and a higher percentage of the crosslinker present experience 
higher contraction. Reprinted with permission from Harth, E. et al.176 Copyright 2021 American Chemical Society. 

1.5 Kinetic modelling techniques 

To understand chemical reactions, and polymerisations specifically, experiments, simulations or a combination 

of both can be carried out to gain the most insight into the reaction. Such simulations rely on mathematical 

modelling of the reaction kinetics, as an example. For modelling polymerisation kinetics specifically, two 

classes of methods exist deterministic methods and stochastic methods. The deterministic method employs 

continuous-time progress and requires solving a set of differential equations.184 The stochastic method 

employs a reaction probability density function.184 Time progresses discretely in a random–walk manner in the 

stochastic method.184 In reality chemical reactions happen discretely, i.e. reaction event by reaction event, 

therefore, the stochastic method is more representative of reality than the deterministic method. The 

deterministic method approximates a discrete reality, i.e. the change in the number of reactive molecules, with 

a continuous mathematical function, which is affordable if the number of reactive molecules is sufficiently large. 

Note that neither the stochastic nor the deterministic methods for prediction of kinetics explicitly describe 

collisions of molecules before they react, as this would require molecular dynamics (MD) simulations, which 

are typically not used to predict reaction kinetics. The next sections present an introduction to both methods 

(§1.5.1-1.5.2). We focus mostly on the stochastic methods as they are envisioned for use in Chapters 4 and 

5 of the current thesis to model RAFT polymerisation of SCNP (§1.3.2) and DLW writing of polymer networks 

(§1.3.3), respectively. 
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 Deterministic methods 

As mentioned above, modelling a reaction via a deterministic method involves solving a set of differential 

equations. In the case when the reaction involves a large number of species, such as in polymerisations, a 

large number of differential equations are required. These large sets of differential equations can generally not 

be solved analytically.185-186 Therefore, to solve the problem of a large number of differential equations, 

numerical methods are often required.186 One of the most famous numerical methods, originally developed by 

Bamfort et al., is the method of moments.187 The method of moments allows to significantly simplify the set of 

differential equations by representing the distribution of polymer species by their statistical averages.188-190 

This speed improvement, however, comes at the cost of losing the information about the entire polymer 

distribution, instead only yielding information about average chain properties.188-190 Because of this, the method 

of moments is not highly suitable to account for chain length dependence of reactions (and their rate 

coefficients), although some work has been carried out to resolve this restriction.188  

An additional challenge for a deterministic method presents itself in a form of stiffness of the system of the 

differential equations, which arises due to the presence of different time scales on which various reactions 

proceed.191 In the case of the polymerisation reaction, significantly more propagation events happen in a given 

time than termination events, even though the rate coefficient for the termination reaction is always higher than 

the rate coefficient for the propagation reaction.2 The actual rate of the propagation reaction is higher than the 

termination reaction because the reaction rates are a product of both the rate coefficients and concentration 

of the reactant species. Part of the stiffness issue can also originate from (some of the) rate coefficients being 

dependent on the length of the chain.186 As a compromise between reducing the number of differential 

equations, and eliminating stiffness, the assumption of the quasi-steady state can be used.191, 193-194  

Apart from the method of moments, numerous other deterministic methods exist.195-199 For example, another 

popular method, discretized Galerkin h-p method, is commercially implemented in the PREDICI® modelling 

software.200-201 The method can provide more information on the polymer chains, e.g. average composition as 

a function of chain length. 200 The fixed pivot method achieves simplification of the system of the equations by 

grouping chains within the same chain length range together and representing the group by an average chain, 

called “the pivot”.201 The challenge for both methods regarding the simulation time, however, remains, because 

as soon as the complexity of the system is increased, the simulation time also increases.200-201 The 

deterministic methods will not be discussed further as the current thesis is concerned with stochastic methods 

(see next section).  
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 Stochastic methods 

Stochastic modelling methods have become increasingly popular since the early 1990s and continue to gain 

importance as computational power increases year by year. Stochastic methods can be used for a variety of 

physical processes, including chemical reactions. One of the most commonly applied techniques in stochastic 

modelling of chemical kinetics is the so-called kinetic Monte Carlo (kMC) method which derives from Daniel 

Gillespie’s algorithm published in 1977.184 The original Gillespie algorithm, developed for a simple reaction, 

transforms reaction rates into probabilities and uses the following steps to proceed (also illustrated in Fig 

1-21):184 

1. The input of initial conditions and amounts. 

2. Calculation of reaction probabilities for given conditions. 

3. Generation of two random numbers between 0 and 1.  

a. The first is correlated to the time step in which the reaction occurs.  

b. The second decides which reaction will occur in this step. 

4. Update all the conditions and amounts and return to step 2. 

The iterations through these four basic steps continue until the end criteria are satisfied (e.g. until the algorithm 

reaches a certain time or conversion). A challenge associated with kMC is that the number of molecules in the 

simulation needs to be within an optimum range. If the number of molecules in the reaction system is too low, 

noisy or inaccurate results are obtained, if too high, computational costs become too high. To a certain extent, 

a low number of molecules in the reaction system could be compensated for by running the code several times, 

which, of course, increases the computational time, otherwise, an increase in the number of molecules is 

required.185 To overcome this challenge, and increase the effectiveness and speed of the simulation, a variety 

of methods have been developed.  

The first method is 𝜏-leaping, originally developed by Gillespie for general chemical reactions, which allows 

shortening the simulation time via the establishment of time subintervals in which the probabilities of reactions 

do not change considerably. Since the set of reactions is known, the calculation of each reaction step (step 

3b) can be skipped within the subintervals.202 The time subintervals need to be carefully selected because 𝜏-

leaping comes at a cost of accuracy.203 The 𝜏-leaping method was later applied to polymerisation reactions by 

Brandão et al.,203 because initiation and termination probabilities do not change strongly after tens or hundreds 
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of propagation reaction events. Various forms of the method were developed to adapt the model according to 

the stiffness of the reaction system and to speed up the calculations.191, 204  

 

Fig 1-21 Summary of the main kMC steps. 

Several other methods have also been introduced to improve the speed of the simulation. The first is the 

parallel Monte Carlo method, which involves the division of the reaction system into several smaller sections 

(volumes), which can be modelled separately.205 Occasional synchronisation of the whole reaction system 

homogenizes (i.e. mixes) all the sections.205 Another method is the scaling relationship method, which 

improves the simulation speed by reducing the reaction system size below the normal minimum number and 

employing scaling factors.206 Scaling factors are applied to the radical reaction rate coefficients to compensate 

for the changes in the propagation-termination reaction rate proportions.206 

Finally, in an attempt to combine the best of the two worlds, hybrid methods combine elements of deterministic 

and stochastic methods.186 For example, for free radical polymerisation propagation, the steps normally 

occupying a large part of the kMC simulation time, i.e. propagation, could be solved via deterministic methods, 

while the rest, i.e. initiation and termination, could be sampled via stochastic methods.192, 207 
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Storage methods 

The storage of information plays an incredibly important role in any stochastic simulation. The method of 

information storage defines the level of detail that will be available about the individual polymer chains. 

Information about polymers can be stored in binary trees or matrixes. 

Binary trees (Fig 1-22a) allow for the effective storage of not only information on the polymer chains,208 but 

also on the reaction probabilities.205 In binary trees, leaf nodes contain information on, for instance, the number 

of chains with length i, where the number of the leaf nodes (bottom row in Fig 1-22a) corresponds to the 

number of different chain lengths.208 The binary trees are stored in the form of arrays in the code.208 While 

binary trees achieve efficient storage of information, the information stored only reflects distributional 

properties, e.g. chain length (and sometimes composition), without detailing monomer connectivity along the 

backbone. To store detailed information on the specific monomer sequences in the polymer chain, matrices 

are required.209-210 Matrices can directly record the unit sequences, as illustrated in Fig 1-22b, and 

subsequently, visualize them.209-210 Information on the position of radicals or other chemical species of interest 

can be effectively stored in separate arrays.211 If the polymer chain is a copolymer (i.e. polymer chain consisting 

of two different monomers) a shorthand can be used, where the number of repeating units is recorded rather 

than a marker for the monomer.212 Furthermore, encoding the sequence via a binary number system is also 

possible.213 Matrices can store additional information on the polymer chains, for example, the total number of 

units, certain monomers, or even the number of the reaction events simulated.214 The matrix-based method of 

information is considered in Chapter 4 to access detailed information on the monomer sequences in single-

chain nanoparticles.  

The information storage methods described above are insufficient for polymer networks or branched chains 

due to an inability to record the information about branching. Thus, more sophisticated methods need to be 

used for these more complex polymer systems. For instance, one method employed for branched chains uses 

topology arrays to store all the information on the polymer chain topology.216 Specifically, each column 

represents a polymer chain and each row position corresponds to a particular property of the polymer chain, 

such as size, total chain length, number of branches, the position of branches, or number of units in the polymer 

chain backbone.216  
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Fig 1-22 Illustration of a: example of a binary tree illustrated for storage of chain of different length, note this 
illustration is an artist’s impression, the tree is not limited to 4 leaf nodes; b: the matrix for storage of explicit 
monomer sequence for linear polymer chains; c: matrix for a polymer network.208-209, 215  

Another method capable of explicitly recording polymer network structure (illustrated in Fig 1-22c) uses a 

topology matrix in combination with connectivity arrays - where the topology matrix records the sequence of 

the monomer units, while connectivity arrays record the connection points.215 Such an arrangement allows for 

an explicit recording of the polymer network structure that can be visualised at a later stage.215 This method is 

envisioned for use in Chapter 5 to record the DLW polymer network structure. 

The benefit of using kMC is substantial, as it affords the ability to obtain in-depth insights into the molecular 

structure of the individually formed polymer chains/segments/molecules, as opposed to a deterministic 

approach.207, 217-218 A deterministic approach requires less computational effort compared to kMC but does not 

have the benefit of the availability of the explicit molecular structures of individual chains and, as a result, is 

challenging to incorporate radical length-dependent diffusion coefficients.207, 217-218 

  Modelling of SCNP synthesis 

The modelling of SCNP particle synthesis via kMC can be divided into two levels. The first level is modelling 

the synthesis of the polymer chains, and the second is modelling the folding of the polymer chain via crosslink 

formation. Using the matrix-based stochastic method described in Section §1.5.2, the synthesis of polymer 

chains via RAFT polymerisation (§1.3.2) can be modelled. This provides access to detailed information about 
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the resultant polymer chains, including individual chain lengths and the exact positions of the crosslinkers 

along the backbone.  

The knowledge of the individual chain lengths makes it possible to visualise the individual chains in 3D space 

via a random walk.216 In turn, the placement of a polymer chain in a 3D space enables a straightforward 

calculation of the size of the polymer chain, which is critical knowledge for potential SCNP applications (§1.4.2). 

The size of the polymer chain is expressed via radius of gyration, Rg, which is defined as: 

where 𝑟𝑖,𝑗 is the centre of mass of monomers i or j and (𝑁 + 1) is the total number of monomer units. 

Knowledge of the individual monomer positions gives an insight into segment length distribution, i.e. the 

distribution of the distances between two crosslinkers. Segment length between the crosslinker units is 

envisioned to be critical for the second step of the kMC SCNP modelling, where the folding via anthracene 

dimerization reaction is modelled. A method for kMC modelling of RAFT polymer synthesis and subsequent 

folding of the SCNP is proposed in Chapter 4 of the current thesis. 

  Modelling of polymerisation via DLW 

Very few detailed modelling studies have been undertaken regarding the network formation during DLW 

(§1.3.3). Two examples of such detailed polymerisation modelling for DLW are the studies of Pikulin et al.220 

and Uppal et al.97 Pikulin et al. theoretically studied how molecular diffusion of the radical affects the resolution 

limits of the resulting 3D structures.220 The model considered several consecutive approximations: (i) 

neglecting molecular diffusion, (ii) accounting for the diffusion of species consisting of only a single monomer, 

(iii) accounting for the diffusion of species consisting of up to two monomers, and so on, allowing for a step-

by-step approach to assess diffusion effects of different radicals on the resulting material.220 One drawback of 

this study is that heat transport and non-local effects, e.g. contraction, were not considered.220 On the other 

hand, Uppal et al. developed a model using MATLAB®, which investigated spatial temperature variation across 

the focal point at the end of a dark time, as well as spatial distributions of radical, photoinitiator, monomer and 

inhibitor within the duration of the light pulse and dark time. This model also considered two pulse rates, which 

allowed for insights into the effects that pulse frequency has on the dynamics of polymerisation and the 

resulting voxel size.97 These studies underline the importance of carefully considering the influence of diffusion, 

and light pulse configurations when modelling such reactions. Therefore, the establishment of a correlation 

between the DLW conditions, like laser power and writing speed, and the written networks formed as a result, 

𝑅g2 = 12(𝑁+1)2 ∑ 〈(𝑟i − 𝑟j)2〉𝑁𝑖,𝑗=0   eq 1-11 219 
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is an important challenge when it comes to modelling polymer networks formed via DLW. Modelling of the 

polymerisation reaction during DLW is discussed further in Chapter 5 of the current thesis. 

1.6 Thesis outline 

Connecting and predicting the chemical structure of dynamic polymer networks with the resulting mechanical 

properties is a highly complex challenge. Therefore, the challenge needs to be segmented into smaller steps. 

The current thesis is divided into several chapters, which are organised in increasing complexity, starting from 

the exclusive dimerisation reaction of anthracene solution, subsequently adding the dimer cleavage reaction 

and, finally, modelling the reaction in a complex environment (i.e. anthracenes are attached to a polymer 

chain). A road map to the current thesis is presented in Fig 1-23. 

The first step corresponds to Chapter 2 (the first published paper; Fig 1-23a), where the framework model is 

presented for exclusive anthracene photodimerization in solution. The model is developed in such a way that 

the concentration of anthracene and its dimer can be readily predicted using Excel. An extensive number of 

details regarding the reaction is readily retrievable, e.g. integral and differential quantum yields. A simple 

experimental methodology for the determination of the rate coefficient ratios is established. Moreover, action 

plot experiments assess the wavelength-depended anthracene reactivity in the 𝜆 = 375 – 430 nm range. The 

work presented in this chapter was conducted collaboratively with Dr Marvin Gernhardt (QUT). 

The second step corresponds to Chapter 3 (the second published paper; Fig 1-23b). In Chapter 3, the 

anthracene dimer photocleavage is added to the reaction scheme in addition to the anthracene 

photodimerization reaction. The experimental methodology for determining the rate coefficient ratios in the 

region of competitive anthracene dimer photocleavage reaction and anthracene photodimerization is 

described. Action plots for both anthracene dimer photocleavage reaction and anthracene photodimerization 

reaction are measured and reported in the 260 – 330 nm range. The work in this chapter was conducted in 

collaboration with MSc Daniel Kodura (QUT). 

The next step is Chapter 4 (Fig 1-23c), where the exclusive anthracene dimerization model from Chapter 2 

is extended towards an application in the intramolecular folding of single polymer chains (into SCNPs) as an 

intermediate step before moving on to intramolecularly crosslinked polymer networks. The model proposes a 

method for the prediction of the reaction progress on average for the total population of polymers, as well as 

individual chains. The reaction progress of the polymer chain population on average was predicted simply 

using Excel, while individual chain predictions require kinetic Monte Carlo (kMC) modelling technique. The 
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work in this chapter was conducted collaboratively with MSc Daniel Kodura (QUT) and ir. Francisco Arraez 

(UGhent). 

Finally, Chapter 5 (Fig 1-23d) discusses and summarises how the rate coefficients may be employed in the 

future for modelling dynamic polymer networks obtained via DLW. Here, the network properties result from the 

interplay of the non-dynamic part of the network that is defined by its synthesis and the dynamic crosslinks 

that are controlled photochemically. Therefore, the ability to model the polymer network structure that results 

from DLW in detail is important to the ability of the model to predict the mechanical properties of the resulting 

dynamic polymer networks.  
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Fig 1-23 Increasing levels of complexity in this PhD work. a: first step of kinetic understanding of exclusive 
photodimerization reaction in solution (Chapter 2); b: understanding of competitive dimerization and dimer 
cleavage in solution at any wavelength (Chapter 3); c: implementation and conformational control in single-chain 
nanoparticles with focus at exclusive photodimerization (Chapter 4); d: implementation of photochemical reaction 
in network materials at any wavelength (Chapter 5). 
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2 CHAPTER 2. PAPER 1. TIME-DEPENDENT DIFFERENTIAL 

AND INTEGRAL QUANTUM YIELDS FOR WAVELENGTH-

DEPENDENT [4+4] PHOTOCYCLOADDITIONS 

This chapter has been published as Kislyak, A.; Frisch, H.; Gernhardt, M.; Van Steenberge, P. H. M.; D'hooge 

D, R.; Barner-Kowollik, C., Time-Dependent Differential and Integral Quantum Yields for Wavelength-

Dependent [4+4] Photocycloadditions. Chemistry 2020, 26 (2), 478-484. 

2.1 Abstract 

The [4+4] photocycloaddition of anthracene is one of most relevant photoreactions and widely applied in 

materials science, as it allows to remote-control soft matter material properties by irradiation. However, highly 

energetic UV irradiation is commonly applied, which limits its application. Herein, the wavelength dependence 

of the photodimerization of anthracene is assessed for the first time, revealing that the reaction is actually 

induced just as effectively with mild visible light (410 nm). To fully establish [4+4] cycloadditions within defined 

chemical environments, a conceptual framework for the solution kinetics of the photo-dimerization up to long 

reaction times is established by developing a novel photoreaction rate law that is dependent on individual rate 

coefficients of the key reactions steps. These coefficients can be determined based on low conversion 

photochemical experiments. Both differential and integral quantum yields can subsequently be predicted that 

are strongly time dependent, highlighting the need of a detailed reaction pathway analysis. The presented 

approach simplifies a complex photochemical scenario, making the photochemical anthracene dimerization, 

or potentially any other photochemical dimerization, amenable to a time dependent understanding at the 

elementary reaction level. 

2.2 Introduction 

Following Ciamican’s vision of light fueled chemical reactions,12 the field of photochemistry has flourished over 

the last century and given rise to a plethora of light-based fabrication techniques. The very first light induced 

bond forming reaction dates back even further, with Fritzsche reporting in 1867 the [4+4] photocycloaddition 

of anthracene A (Fig 2-1; R=H) upon exposure to sunlight.221 Ever since, the photochemistry of anthracene 

was explored in more than 25,000 scientific publications, exploiting its fluorescence,222 charge mobility223-224 

and especially photodimerization to dimer A2 (Fig 2-1; R=H).225 
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Fig 2-1 Molar extinction coefficients of anthracene (A) and its photodimer (A2) in CHCl3; most basic A: R=H; A in 

the present work R=R’; 𝝀1 and 𝝀2 represent two wavelengths for dominance of the photocycloaddition and 
photocycloreversion reaction (threshold value of 300 nm). 

A particularly attractive feature of the photodimerization of A is its reversibility, which can be induced both 

thermally and photochemically. As a consequence, A can be readily utilized as a remote-controlled covalent 

binding site. Notably, it can be cleaved and reformed through combinations of light and heat or solely by using 

different wavelengths of light.17 For instance, as illustrated in Fig 2-1, a separate wavelength (𝜆) window exists 

regarding maximal molar extinction coefficients for A and A2, indicative of such reversibility (𝜆1 > 300 nm and 𝜆2 < 300 nm in Fig 2-149, 60). As a remote controlled binding site, A found a vast amount of applications including 

nanoparticles,226 DNA ligation227 and binding,228 polymerisations,229 polymer ligation,230-231 photo patterning,232-

233 self-healing materials,234 and single chain nanoparticles.47, 235  

While the underlying photochemistry of the dimerization of A has been investigated in great detail over the last 

century,49, 236 critical kinetic aspects have still been neglected. For example, only recently the activation 

wavelengths have become of genuine interest. Since the use of highly energetic UV light strongly limits areas 

of application, recent research efforts aim to shift the trigger wavelengths of photoreactions into the visible light 

regime.90, 237 By using mild visible light to exert photoreactions, photodamage of the surrounding matrix and 

biological tissue typically caused by UV light can be avoided. To initiate [4+4] cycloadditions outside of the 

classically applied UV regime with mild visible light, extension of the conjugated system in order to affect the 

HOMO-LUMO gap has proven to be a successful strategy.19, 47, 232 However, the required functionalization of 

A (R group in Fig 2-1) increases the synthetic complexity. More critically, the activation wavelengths of 

synthetically readily accessible anthracene derivatives are until today still unexplored, since absorbance 

spectra and photoreactivity are not necessarily congruent.46, 57-59 Herein, we close this gap in the rich history 

of anthracene chemistry and provide the first wavelength dependent study of its photodimerization. The 
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resulting action plot reveals at which wavelengths and how efficiently the anthracene dimerization can be 

initiated.  

Moreover, we focus on the complete kinetics with specifically the aim of a more fundamental understanding of 

the interplay of the photochemical reactions at any time t as a function of the initial conditions. The efficiency 

of photochemical reactions depends on the ease of product (in general C; here A2) formation, which is 

commonly reflected by the quantum yield, Φ, which is a measure of how much C is formed per absorbed 

photon.238 There are two types of quantum yields: (i) the differential or instantaneous quantum yield, Φdiff, that 

focuses on the variation at a given time t and 𝜆, eq 2-1 (with Ia the photon absorption rate in mol s-1 and nC the 

number of moles of C, both at t), and (ii) the integral or cumulative quantum yield Φint which reflects the 

overall/integrated contribution until t, eq 2-2 (with RC= dnC/dt).1  

𝛷𝑑𝑖𝑓𝑓(𝜆, 𝑡) = 𝑑𝑛𝐶𝑑𝑡𝐼𝑎           eq 2-1 

𝛷𝑖𝑛𝑡(𝜆, 𝑡) = ∫ 𝑅𝐶𝑑𝑡∫ 𝐼𝑎𝑑𝑡   eq 2-2 

RC needs to be thus known at any t to solve eq 2-1 and eq 2-2, which is less trivial for more complex reaction 

schemes with more reaction channels being active and more time varying concentrations. Such time 

dependencies are, however, often ignored and instead a low time (averaged) Φ or only the initial Φdiff is 

considered or derived in many studies.49, 69, 239  

In general, one needs information on the concentration of every reactant/product along the complete reaction 

time range. For the photon absorption step, the time dependency is often covered through the application of 

the Beer-Lambert’s law, allowing to calculate the number of incident photons absorbed.49, 63, 238, 240 For 

instance, Parnis and Oldham provided an analytical solution of the photochemical unimolecular reaction with 

no product absorption based on the Beer-Lambert law and showed that Φdiff or Φint was not affected by the 

mixing of the reaction solution as a function of t.240 An alternative method of treating excitation processes was 

suggested by Hippler, which still relies on Beer-Lambert’s law, yet views the excitation process as a 

bimolecular process between a molecule (e.g. A) and a photon. The non-homogeneous nature of the photon 

absorption has been accounted for by providing parallels with molecular beam and cavity ring-down 

experiments.239 If a photochemical reaction is bimolecular, non-linear relationships for Φdiff and the 

concentration of reactants have been also reported. For example, Φdiff for the photocycloaddition of A has 

been expressed as:49 
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𝛷𝑑𝑖𝑓𝑓(𝜆, 𝑡)  = 𝑘𝑑𝑖𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑐𝐴𝑘𝑙𝑖𝑓𝑒 𝑡𝑖𝑚𝑒+∑ 𝑘𝑏𝑖𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟,𝑖𝑖 𝑐𝐴  eq 2-3 

in which cA is the concentration of A at time t, klifetime the rate coefficient governing the lifetime of the exited 

state of A (1A), kdimerization the rate coefficient of dimerization, and kbimolecular,i the rate coefficient for the ith 

bimolecular reaction considered. 

Non-linear relationships become especially critical if the conditions used for the sample irradiation do not allow 

for the assumption of a homogeneous photon absorption, as pointed out by Saltiel.63 He accounted for this 

non-uniformity by separating the reaction volume into layers with the separate calculation of Φdiff and 

concentrations for each layer. Slight differences in overall Φdiff were however only noted based on whether the 

layer division was used or not.63 

The aforementioned contributions apply to continuous irradiation light sources. If pulsed lasers are used to 

irradiate a sample, the additional presence of dark times could affect the concentration gradients of the reacting 

species. We previously accounted for the presence of such dark times by developing a multilayer model that 

allows under conditions of competitive product absorption the estimation of Φ int for two extreme cases, i.e. 

complete mixing between the laser pulses and a total absence of mixing, based on experimentally given 

(overall) conversions.241 However, these extreme cases do not reflect the native state in solution and a more 

comprehensive model is therefore critically required, specifically for more complex reaction schemes.  

To fully utilize the potential of A to act as a remote-controlled binding site in polymer network based materials 

applications, it is fundamental to understand precisely how the formation of crosslinks proceeds along the 

complete time/conversion range, as it codetermines the resulting change in material properties. Being able to 

predict the progress of a detailed photochemical reaction scheme for any given set of irradiation conditions is 

therefore paramount. Modelling the kinetics of photochemical reactions is not a straightforward task, due to 

their dependence on a multitude of parameters.  

Thus, we develop for the solution dimerization of A under pulsed laser irradiation a versatile kinetic model for 

the complete time range at a given λ as a starting point to readily predict the photochemical reaction progress 

as a function of the key reaction steps for a wide range of absorption conditions. We demonstrate that Φdiff 

changes significantly with increasing time, so that the time evolution of Φdiff and Φint are largely different, 

highlighting the need of detailed concentration tracking for bimolecular photochemical reactions. 
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2.3 Results and Discussion 

 Wavelength dependence of the photokinetics.  

To generate a blueprint of the λ dependence of the [4+4] cycloaddition and to describe its photokinetics within 

soft matter materials, studies have to be carried out with an anthracene derivative that allows for the 

incorporation in view of the final application. We are focusing on an anthracene derivative, which is 

functionalized in the 9-position with a carboxylate ester carrying a terminal acrylate unit. A polyethylene glycol 

(PEG) fragment is also present in the structure (Fig 2-1; R=R’) to widen the monomer solubility range, thus 

making it easier for use in various applications. Furthermore, A is a viscous liquid at ambient conditions and is 

readily incorporated into polymeric materials using a plethora of fabrication techniques, ranging from bulk 

polymerisation to additive manufacturing.13, 242  

A fundamental criterion for the design of photo-controlled soft matter materials is the λ applied to trigger 

photoreactions within the material, with a longer trigger λ lowering the risk of unspecific photodamage to the 

surrounding matrix of the material and simultaneously increasing the penetration depth of radiation, allowing 

for a more homogeneous realization of the photoreaction within the material. To determine the most suitable 

λ to effect photoreactions, classically, absorption spectra are used.243-244 However, absorption spectra 

exclusively represent the ground state and do not reveal the transition from which the sought-after 

photoreaction occurs. To quantify the λ dependent reactivity, we recently began to monitor photoreactions at 

different λ of monochromatic laser irradiation - yet using the same number of photons along the whole 

experiment.46, 57-59 The resulting action plots reveal the conversion as a function of λ.  

 

Fig 2-2 Conversion of A (R=R’) in CH2Cl2 after irradiation at 30, 60 and 120 s at different wavelengths (λ = 375-430 
nm), along with its molar extinction coefficient. All of the samples were irradiated at a photon rate of 1.97 × 10 -8 
mol s-1; initial concentration of at any time t (cA0) of 0.0174 mol L-1, sample volume: 250μL. Error bars here 
represent error propagation calculations based on the uncertainties of the equipment used. All error bars are in 
the acceptable range of around 13% of the value. Please refer to SI for more detailed information. 
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To investigate the λ dependent photoreactivity of A, deoxygenated samples of A were irradiated for different 

time intervals at λ values between 375 and 430 nm with monochromatic pulsed laser irradiation in DCM. The 

conversions were monitored using 1H–nuclear magnetic resonance (NMR) spectroscopy, following the well-

known shift of the proton in 10-position of the anthracene ring.74 The obtained action plot (Fig 2-2) displays 

comparable conversions of A into its [4+4] photoadduct from around 2% (30 s or 5.91 × 10-7 mol photons), to 

3% (60 s or 3.55 × 10-5 mol photons) and 6% (120 s or 4.26 × 10-3 mol photons) between 375 nm to 410 nm. 

Only when exceeding 410 nm, the conversion begins to decrease for the selected time interval. However, even 

at 430 nm 0.7% conversion is still detectable after 120 s (or 4.26 × 10-3 mol photons) of irradiation. These 

observations are critical, as the dimerization of anthracene is classically initiated with highly energetic UV light 

(low λ), even though violet visible light of 410 nm yields the same conversion in the investigated concentration 

regime. Especially taking into account the high synthetic efforts usually required to redshift the activation 

wavelengths of photoligations, it is of key importance that the photodimerization of A is indeed visible light 

reactive. Please refer to the Fig A-5 of the Supporting Information for the comparison of the fractions of light 

absorbed at the different wavelengths.  

 Photoreaction rate law development.  

With the λ range of photochemical reactivity being revealed, a kinetic model can be developed to describe and 

predict the time dependencies of the photoreaction at a given λ and any t. In order to derive kinetic expressions 

for the photodimerization of A, a detailed photodimerization mechanism should in principle be investigated 

(Fig 2-3a).49, 61, 63 The mechanism involves the formation of A2 through two possible routes. The first one is 

based on a singlet excited state 1A forming an excimer with another A in the ground state, which in turn forms 

A2.49, 61, 63 Another pathway involves a triplet-triplet annihilation (TTA) route, which is prevalent in the case 

where triplet state sensitizers are present.49 Radiative and nonradiative deactivations complement these 

reaction pathways. 

To develop a practical kinetic model of the dimerization, two simplifications have been made. To make the 

model applicable towards catalyst free applications, no sensitizers have been added in the investigation. 

Additionally, all experiments were performed at concentrations > 5m mol L-1, where concentration quenching 

suppresses TTA, allowing to neglect the TTA route.49, 63, 245 A further simplification is neglecting the isolated 

excimer formation, simplifying the reaction scheme to 4 (lumped) reactions as shown in Fig 2-3b, in line with 

the first example from Castellan, Desvergne and Lapouyade.49 The associated molar rate of photon absorption 
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at a given time t (derivation in Section A.1.1 of the Supporting Information) in a volume V (𝒥a; mol abs. photons L-

1 s-1,) reflecting the formation rate of 1A in Scheme 1b follows from: 246-247  𝒥𝑎(𝑐𝐴) = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 (1 − 10−𝜀𝑐𝐴𝐿)  eq 2-4 

With 𝑓 the laser frequency in pulses s−1, NA the Avogadro number (6.02 × 1023 mol−1), Epp the energy per 

pulse of photons reaching the sample in J pulse−1, Tλ the glass transmittance at wavelength λ, ε the molar 

extinction coefficient of A in L mol−1 cm−1 at λ, L the maximum light path length in cm, and Eλ the energy of 

one photon at wavelength λ (J photon−1). The latter variable is given by 
hcλ  with h being Planck's constant 

(6.64 × 10−34J s) and c the speed of light being 3 × 108 m s−1. Note that “(cA)” is explicitly used in eq 2-4 to 

highlight the dependence on cA (and thus time). 

 

Fig 2-3 Left: Reaction mechanism of the photodimerization of A at wavelength λ with triplet state sensitizers;49, 61, 

63 Right: simplification of left scheme as performed in the present work (no triplet state sensitizers);49 TTA: triplet-
triplet state annihilation, RD: radiationless deactivation, F: fluorescence; ISC: intersystem crossing; 1A represents 

singlet excited state for A, 1AA: excimer, ³A: triplet excited state for A, ³A³A: triplet encounter pair, 𝐡𝐯 photon 
energy, J; k-1: rate coefficient for de-excitation through various events, s-1; k2: rate coefficient for dimerization, L 
mol-1 s-1; k3 rate coefficient for de-excitation through concentration quenching, L mol-1 s-1; JA: molar rate of photon 
absorption, mol L-1 s-1 (eq 2-4). 

Assuming homogenization as well as the steady state approximation for the calculation of the concentration 

of the singlet excited species 1A,49, 73 the general photoreaction rate law becomes (the full derivation can be 

found in Section A.1.2 of the Supporting Information): 

𝑑𝑐𝐴𝑑𝑡 = −2 [ 𝑘2𝒥𝑎(𝑐𝐴)(𝑘2+𝑘3)𝑐𝐴+𝑘−1] 𝑐𝐴   (general rate law) eq 2-5 
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Depending on the relative importance of the rate coefficients and experiment set up parameters (i.e. λ , sample 

height, etc.) in eq 2-5, apparent overall reaction orders with respect to A between 0 and 2 can be obtained. In 

what follows limiting cases corresponding to apparent reaction orders of 0, 1, and 2 are derived. 

For the (apparent) reaction order to be zero, cA needs to be in a range in which (𝑘2 + 𝑘3)𝑐A ≫ 𝑘−1 meaning 

that the k-1 term, corresponding to the monomolecular de-excitation events, becomes negligible in comparison 

to term for the bimolecular events (𝑘2 + 𝑘3). Additionally, within the 𝒥A term, eq 2-4, ε𝐿𝑐A has to be sufficiently 

large so that small changes in 𝑐𝐴 do not lead to significant changes in the fraction of light absorbed, thus 

appearing to be independent of concentration.248 Under such conditions eq 2-5 reduces to eq 2-6 reflecting 

zero-order kinetics:  

𝑑𝑐𝐴𝑑𝑡 = −2 [𝑘2(𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 )(𝑘2+𝑘3) ]    (0th order limit)   eq 2-6 

The case of an apparent reaction order of one can be achieved under two circumstances. If the ε𝐿𝑐A term 

in 𝒥A, eq 2-4, is still large and thus 𝒥A appears independent of cA,248 and simultaneously (𝑘2 + 𝑘3)𝑐A ≪ 𝑘−1, 

making (𝑘2 + 𝑘3)𝑐A negligible eq 2-5 reduces to:  

𝑑𝑐𝐴𝑑𝑡 = −2 [𝑘2(𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 )𝑘−1 ] 𝑐𝐴   (first 1st  order limit ) eq 2-7 

The second circumstance is characterized by (𝑘2 + 𝑘3)𝑐A ≫ 𝑘−1, but ε𝐿 is sufficiently small under the 

concentrations used allowing to approximate 𝒥A being proportional to 𝑐A.248 This implies that eq 2-5 becomes: 

𝑑𝑐𝐴𝑑𝑡 = −2 [𝑘2(𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 )2.303𝜀𝐿(𝑘2+𝑘3) ] 𝑐𝐴  (second 1st order limit) eq 2-8 

The case of an apparent reaction order of two is possible under conditions where εcAL is again small enough, 

so that 𝒥A is proportional to cA,248 while (𝑘2 + 𝑘3)𝑐A ≪ 𝑘−1 making (𝑘2 + 𝑘3)𝑐A negligible. This allows the 

simplification of eq 2-5 to: 

𝑑𝑐𝐴𝑑𝑡 = −2 [𝑘2(𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 )2.303𝜀𝐿𝑘−1 ] 𝑐𝐴2   (2nd order limit)   eq 2-9 

From photoreaction rate law to time dependent concentrations.  

The integration of the general rate law (eq 2-5) is not accompanied by a closed-form expression due to its non-

linear cA dependency, complicating its application. Therefore, an approximated semi-analytical approach is 

being followed. By focusing on the factor inside the rectangular brackets in eq 2-5 an apparent rate coefficient 

kapp can be introduced 
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𝑘𝑎𝑝𝑝 = 𝑘2𝒥𝑎(𝑐𝐴)(𝑘2+𝑘3)𝑐𝐴+𝑘−1  eq 2-10 

This implies for the general rate law formulation: 

𝑑𝑐𝐴𝑑𝑡 = −2𝑘𝑎𝑝𝑝(𝑐𝐴)𝑐𝐴    eq 2-11 

with an explicit mentioning of the cA dependence of kapp (again notation “(cA)”). For short reaction times, i.e. for 

a small cA change, it can be assumed that kapp is constant, as cA can be seen equal to cA,0 in eq 2-10, so that 

eq 2-11 can be integrated to eq 2-12 𝑐𝐴 = 𝑐𝐴0𝑒−2𝑘𝑎𝑝𝑝(𝑐𝐴0)𝑡 (small t)   eq 2-12 

Thus, eq 2-12 can be used to determine the relation between kapp and the initial reaction conditions (cA0 and 

laser settings). In a next phase, the obtained data can be considered to assess the individual rate coefficients 

(k2, k3, and k-1) in eq 2-10. Hence, short time experiments are crucial to enable the quantification of the reaction 

kinetics at the elementary level, i.e. to allow an explicit calculation of kapp at any cA (and thus time) starting from 

the rate coefficients in Fig 2-3b. 

For significant cA changes, i.e. long reaction times, regular updates of kapp along the integration can be 

performed. In the present work, kapp has been updated every second based on the cA of the previous integration 

step. As shown in Table A2-3 in the Supporting Information, the average variation of kapp is well below 20% 

justifying the mathematical shape of eq 2-10 and the associated integration toward eq 2-12. 

Meanwhile, the concentration of A2 at any time can be simply obtained as follows: 𝑐𝐴2 = 𝑐𝐴20 + 𝑐𝐴0−𝑐𝐴2       eq 2-13 

with 𝑐A20 the initial concentration of anthracene dimer.  

 Determination of anthracene specific rate coefficients based on short time 

kinetic data.  

In order to determine kapp at a wide range of conditions, several experiments were performed with limiting the 

conversion of A to maximally circa 20% to enable the use of a constant kapp along the experiment and thus 

determination of kapp using eq 2-12 (Initial conditions considered here: 2-8 mg of A at start per 100-500 μL 

sample, complete (>99%) photon absorption). The recorded kapp data is depicted as points in Fig 2-4 (λ=375 

nm; 1.86 × 10−8 mol photons s-1). Refer to the Section A.4.2 of the Supporting Information for the details on 

the experimental data on the individual fits regarding the time dependencies of cA. Fig A-9 of the Supporting 

Information shows similar experimental results for other wavelengths. 
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Fig 2-4 Relevance of the initial mass amount of A and the volume of the sample (V) for the apparent rate coefficient 
kapp at low times; points represent experimental data determined with the help of eq 2-12 (integrated form of 
general rate law (eq 2-5) up to small reaction times so that the maximal conversion is below 20% to enable the 
assumption of a constant kapp for a given experiment); the lines are the result of a parameter tuning according to 
eq 2-14. The experimentts have been performed at 375 nm, with a 20 Hz laser and a (average) photon rate reaching 

the sample being 𝟏. 𝟖𝟔 × 𝟏𝟎−𝟖 mol photons s-1. Complete photon absorption is observed during these experiments 
(>99%); all model parameters listed in Table A-3 of the Supporting Information. Importantly, the model also works 
at other laser pulse energies, as shown in Fig A-8 of the Supporting Information. Error bars represents standard 
error of the kapp fit. 

Inspection of Fig 2-4 (points) shows a clear trend with kapp decreasing with increasing initial amount of A and 

reaction volume. It thus seems that with increasing cA0, the relevance of the denominator in eq 2-10 increases, 

therefore decreasing kapp. For each initial condition the experimentally determined kapp at cA0 can therefore be 

correlated to eq 2-10 and thus the anthracene specific rate coefficients k-1, k2, and k3 (see Fig 2-3b). In order 

to eliminate one of these three coefficients and to facilitate parameter tuning relative rate coefficients (ratios r1 

and r2) have been first introduced. As shown in eq 2-14, k2 and k3 can be normalized with k-1 so that:   

𝑘𝑎𝑝𝑝(𝑐𝐴0) = 𝑘2𝑘−1𝒥𝐴(𝑐𝐴0)𝑘2+𝑘3𝑘−1 𝑐𝐴0+1 = 𝑟1𝒥𝐴(𝑐𝐴0)𝑟2𝑐𝐴0+1     eq 2-14 

The resulting simulated description for kapp is also included in Fig 2-4, with the tuned ratios given by: r1=5.41 L mol−1 and r2= 44.2 L mol−1. Considering a typical average value of 1.92 × 108 s−1 for k-1,49 this implies 

the following individual rate coefficients, although strictly kapp can be calculated based on r1 and r2 only: k2 =1.04 × 109 L mol−1 s−1 and k3 = 7.46 × 109 L mol−1s−1. Notably, these values are of the expected order of 

magnitude,49 further highlighting the relevance of the proposed method, with in particular a smaller time scale 

for dimerization (ca. 10-8 s; 1/(k2  cA0)) compared to typical ISC time scales  (10-3-10-8 s).249 With the r values 

established, it is possible to determine a critical value for cA0 (cA0,crit) from which bimolecular and 

monomolecular events switch domination and thus the overall reaction order alters. Above cA0,crit bimolecular 

events dominate ((k2+k3) dominance; eq 2-6 with 0th order), while below, monomolecular events do (k-1 

V/ L

0 100 200 300 400 500 600 700

k
a

p
p
/s

-1

5.0e-5

1.0e-4

1.5e-4

2.0e-4

2.5e-4

3.0e-4

3.5e-4

4.0e-4

4.5e-4

1.99 mg A at t=0 per sample
3.97 mg A at t=0 per sample
5.95 mg A at t=0 per sample
7.93 mg A at t=0 per sample



Chapter 2 

 

71 
 

dominance, eq 2-7 with 1st order). As shown in Fig A-7 of the Supporting Information cA0,crit is equal to 

0.0226 mol L-1 (λ = 375 nm). 

While the experiments performed to obtain the data shown in Fig 2-4 were performed at constant laser pulse 

energy, two more experiments have been performed with varied energies per pulse, which are consistent with 

the predictions (refer to Fig A-8 of the Supporting Information), further confirming the strength of the developed 

kinetic model starting from individual rate coefficients. 

 Application of rate law for complete time evolution of differential and integral 

quantum yield.  

With the individual rate coefficients (or their normalizations with respect to k-1) known, the kinetic model can 

be fully applied, and reactant and product concentrations and the associated quantum yields (eq 2-1 and eq 

2-2) can be reliably simulated. To confirm this statement three experiments have been performed in which, 

unlike in Fig 2-4, samples were irradiated until high conversion of A or large reaction times have been reached: 

one with initial conditions within the k-1 dominance region for λ = 375 nm (cA,0=0.0174 mol L-1), one with (initial) 

dominance of (k2+k3)cA for λ = 375 nm (cA,0 = 0.0434 mol L-1), and one for λ = 410 nm to verify the predictive 

power in absence of full photon absorption (cA,0=0.0174 mol L-1). The obtained experimental results for the 

concentration variation of A and A2, and the variation of Φint are given in Fig 2-5.  

Since in the case of complete conversion of A, the change in 𝑐A is significant, a small time interval of one 

second has been chosen for the simulations after which kapp has been updated based on the current cA value 

in view of the next time step. Consecutively, the amount of A2 has been determined from eq 2-13. As shown 

in Fig A-10 (left column) of the Supporting Information these systematic updates of kapp are needed as 

significant changes (up to 100 %) are obtained in case such updates are not performed. Quantum yield 

predictions are similarly carried out considering Ia updates, under the assumption that within one second of 

irradiation changes in the fraction of light absorbed can be considered negligible. Fig A-10 (right column) of 

the Supporting Information shows that this update is strictly needed but the overall effect of using at any time 

kapp(cA0) is somewhat afforded, at least to a first approximation. 
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Fig 2-5 a: Experimental and simulated anthracene A and dimer A2 concentrations as a function of reaction times; 
b: associated differential and integral quantum yields (eq 2-1 and eq 2-2 as based on the stepwise integration of 
the general rate law; eq 2-5 (the update of eq 2-12 by updating kapp based on cA of the previous time step (1s 
steps)) for initial A concentration of 0.0434 mol L-1, 2 mg per sample, 401 μJ per pulse, 20 Hz, 375 nm case of initial (𝐤𝟐 + 𝐤𝟑)𝐜𝐀 dominance region). c-d: similar plots for initial concentration of 0.0174 mol L-1, 2 mg per sample, 401 
μJ per pulse, 20 Hz, 375 nm (initial k-1 dominance region). e-f: similar plots (also update of JA) for initial 
concentration of 0.0174 mol L-1, 2 mg per sample, 355 μJ per pulse, 20 Hz, 410 nm; experimental points: symbols; 
lines: simulated; error bars in f are average ones based on error in b and d due to the case of incomplete 
absorption. 

It follows from the plots in Fig 2-5 that the model predicts all the experimental data on concentration and Φint 

changes well. Therefore, the model is well suited for predictions within the investigated initial mass 

concentration range (2-8 mg of A per 100-500 μL sample). In addition, the model allows to access Φdiff at any 

reaction time. It follows that this quantum yield varies strongly along the reaction, specifically for higher initial 
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A amounts (e.g. a drop larger than 80% in Fig 2-5d). This strong variation of Φdiff is reflected in a significant 

lowering of Φint. Thus, the approximation of photokinetics by a constant or average quantum yield as often 

implemented in the field is not advisable, further highlighting the relevance of the present work. In addition, as 

for instance illustrated in Fig 2-5d, larger experimental errors are obtained at very low times, highlighting the 

strength of a kinetic model in which such deviations can be filtered out as a continuous consistent time variation 

results. 

2.4 Conclusions 

The anthracene dimerization can be successfully performed in a sufficiently broad range of higher 

wavelengths, reaching into visible wavelength regime, orthogonally to the reverse cleavage reaction. At such 

wavelengths, the complete kinetics can be captured by focusing on a fundamental photoreaction rate law that 

is directly related to the essential reactions, considering Beer-Lambert’s law and fundamental kinetic principles. 

Depending on the initial conditions, the overall (apparent) reaction order with respect to the anthracene 

concentration can vary between 0 and 2. 

The corresponding rate coefficients follow from parameter tuning to low time anthracene conversion data 

through the introduction of an apparent rate coefficient and the stepwise updating of the latter coefficient allows 

to calculate the concentration variations up to complete anthracene conversion.  

In addition, the differential as well as the integral quantum yield can be predicted, giving a complete picture of 

the progress of the reaction. Importantly, both quantum yields are strongly time dependent and, hence, the 

use of low time quantum yield analysis as often performed should be avoided.  

The reported approach should be applicable for any photochemical dimerization reaction. Future investigations 

will for example treat the kinetics of the anthracene dimer cleavage, as well as a broader range of wavelengths, 

enabling the prediction of photochemical reaction in materials with reversible properties. 
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3 CHAPTER 3. PAPER 2. A HOLISTIC APPROACH FOR 

ANTHRACENE PHOTOCHEMISTRY KINETICS 

This chapter has been published as Kislyak, A.; Kodura, D.; Frisch, H.; Feist, F.; Van Steenberge, P. H. M.; 

Barner-Kowollik, C.; D'hooge, D. R., A holistic approach for anthracene photochemistry kinetics. Chem. Eng. 

J. 2020, 402. 

3.1 Abstract 

Laser-induced reversible photocycloadditions with anthracene monomer (A) are of key interest in generating 

light responsive materials. Upon dimerization (forward reaction) these species form dimers A2 that can be 

cleaved to regenerate the monomer A (reverse reaction). Thus, if such moieties are incorporated in a polymer 

network, light-shaping of the material properties becomes possible. The photocycloaddition of A is mostly 

displayed as a simple wavelength (λ) gated on/off switch with long UV light inducing bond formation and short 

UV light bond cleavage. However, the real situation is far more complex as the forward and reverse reactions 

are concomitantly initiated in the shorter λ regime and their competition is strongly influenced by the reaction 

conditions. Herein, we report a λ dependent kinetic study to determine the forward and reverse photochemical 

reactivity, which can serve as a blueprint to design large-scale polymeric network materials. We introduce 

fundamental photoreaction rate laws for cases of exclusive dimerization, exclusive dimer cleavage, and 

competitive absorption and reactions. The λ-dependent kinetic parameters are determined based on a protocol 

covering dedicated short timescale experiments under specific conditions, either starting with a dominant 

presence of A or A2. Model validation is performed using long time scale irradiation experimental data. In 

particular, the λ region between 260 and 330 nm is explored to determine the optimum λ for A2 cleavage and 

to showcase the concentration variations of A and A2 at various λ, including both situations of reactant 

depletion and equilibrium settlement. 

3.2 Introduction 

Over the last century light has become a fundamental tool in materials science and enabled a wide variety of 

light-based fabrication techniques spanning from 2D photolithography 250-251 to additive manufacturing 252-254. 

Light-based fabrication techniques make use of the spatiotemporal control of light induced reactions to gate 

when and where a reaction is active241. Importantly, light holds the potential to control which reaction is 

specifically triggered, since certain photoreactive electronic transitions are only excited by light of matching 
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energy. This largely untapped level of control was only recently utilized for curing of photoresists at different 

wavelengths53, 255. In addition to the direct fabrication of polymeric materials, light is widely applied during 

polymer post-fabrication and modification, as the reaction state of incorporated photo-active moieties readily 

enables a variation in macroscopic properties 13, 31, 232, 256-258. 

Especially, as shown in Fig 3-1a, anthracene (A) is an attractive photoreactive group for the design of light 

gated materials as it is able to undergo a [4+4] photocycloaddition affording photodimer (A2) that can be 

cleaved to A either photochemically 49, thermally 49 or mechanically259. Such an abundance in A2 synthetic 

cleavage pathways is a powerful base for the use of anthracene moieties in for instance optical storage devices 

260, drug delivery 60, mechanical damage detection259, and photovoltaic materials 261. The photochemical route 

is especially attractive as it allows for remote control. While the many reported A/A2 based photo-chemical 

modifications highlight the underlying potential of photochemistry for light-controlled materials, key 

fundamental challenges have not been addressed yet and critically limit their further development.  

 

Fig 3-1 a: Chemical structure of anthracene (A) and its photodimer (A2); b: corresponding molar attenuation 
coefficients as a function of the wavelength (λ) in dichloromethane; region of exclusive dimerization (red) and 
competition between dimerization and dimer cleavage (purple). The double arrows represent the currently 
unknown exact location of the demarcation lines. 

A major challenge is, for instance, the accurate prediction of the photokinetics and thus the time dependence 

of the concentration variations of reactants, intermediates and products at a given wavelength. Knowledge of 

the kinetics is vital for the dedicated chemical control with specific and local variations in material properties. 

It is known that A photo-dimerization can proceed without interference from the presence/formation of A2 in λ 

regions of exclusive A absorption (λ >> 300 nm) 49. On the other hand, A2 photo-cleavage mainly proceeds in 

e.g. the 250 to 290 nm region in which the formed A is still absorbing as can be seen in Fig 3-1b, and be 

dimerized successfully 49. Thus, depending on the wavelength, the selectivity toward A/A2 formation can be 

significantly affected. However, it is unclear at which wavelength one actually progresses from exclusive 
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dimerization to a competitive situation with both photo-active dimerization of A and A2 cleavage, as illustrated 

by the double arrows in Fig 3-1b. It is additionally not fully known if at the lower wavelengths, exclusive A2 

cleavage occurs. Limited studies have also focused on possible matrix effects, therefore the change of the 

photokinetics e.g. upon replacing the conventional reaction medium of a solvent such as dichloromethane 

(DCM) by a polymer-rich environment 262. 

The desire for detailed knowledge on wavelength dependent photokinetics goes hand in hand with the reliable 

determination of the quantum yield, Φ. For irreversible reactions one can distinguish between the differential 

and integral quantum yield: Φdiff and Φint. These are respectively defined as the fraction of the photon 

absorption rate leading to the (desired) product formation at the selected time t and the cumulative fraction of 

absorbed photons leading to this product up to t. For reversible systems, Φint has no meaning and there are 

two instead of one Φdiff contributions: one for the forward reaction and one for the reverse reaction, which in 

the present work are respectively denoted as Φdiff,A and Φdiff,A2. Once in the photostationary equilibrium state, 

no net change in the observed concentration for A and A2 occurs as the forward and reverse overall reaction 

rates match (rA-A2 = rA2-A (mol s-1)), which implies following balancing between Φdiff,A and Φdiff,A2:  

Φdiff,A IA = Φdiff,A2 IA2  eq 3-1 

in which IA and IA2 are the corresponding (overall) rates of photon absorption (mol s-1). 

Limited focus has been on the determination of the complete time dependence of the reaction kinetics and 

quantum yield of competitive photochemical reactions with A and/or A2. In many situations, attention is 

preferentially placed on the changes in the material properties resulting from the photo-reversibility of the 

anthracene [4+4] photocycloaddition 13, 29. In the photokinetics of the associated species, typical emphasis is 

either only on low reaction times, at which the A or A2 concentration can be assumed negligible (at least to a 

first approximation), or on deliberately very large reaction times with equilibrated conditions. The latter 

conditions are often investigated due to claimed difficulties associated with curve fitting from time dependent 

behaviour 262. For example Φdiff,A2 has been determined using initial slopes from the temporal variation in 

fluorescence intensity or sample absorbance spectra 72, 262-263. Alternatively, Φdiff,A2 has been assessed under 

equilibrium conditions based on eq 3-1 assuming λ independency for Φdiff,A 
49, 262. Furthermore, a determination 

of individual rate coefficients and rates envisaging a more fundamental quantification of Φdiff values is mostly 

limited to the determination of the mechanism of A2 cleavage 70-71. For example, Yamamoto et al. proposed 

three A2 cleavage pathways depending on the temperature71. The first pathway mainly proceeds through an 

A2 non-relaxed singlet excited state and an intermediate, possibly electronically excited tight complex (220 - 
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300 K), the second pathway through a singlet excited state and an excimer (120 – 190 K)49, 70-71 and the third 

pathway involves a triplet state (77 – 110 K) 71. In addition, Iannone and Scott suggested a triplet route 

proceeding by a two photon process 72. 

It is although important to address the main reaction steps or sequences in any kinetic (modelling) study 217, 

264-268, implying for the A/A2 reversible system under investigation at ambient conditions in DCM at least a 

reaction scheme with the complexity as depicted in Fig 3-2 (case 3). Here the red arrows describe the forward 

process (dimerization of A to A2) considering a sufficient number of side reactions and the blue arrows relate 

to the reverse process (dimer cleavage so from A2 to A). In this subfigure, the excitation of both species in the 

reaction mixture with volume V is explicitly considered based on photon absorption rates, which are denoted 

on a volumetric basis as JA and JA2 (Jx= Ix V-1). In agreement with literature, data intersystem crossing is not 

considered due to the use of experimental conditions favouring the excimer route for A2 formation (low 

concentrations and the absence of triplet state sensitizers) and considering typical time scales 49, 63, 245, 264. 

Upon ignoring the A2 cleavage and dimerization of A in Fig 3-2 (case 3), one obtains respectively the limiting 

cases as displayed in Fig 3-2 (case 1) and Fig 3-2 (case 2). Case 2 is thus consistent with literature data 

focusing at the temperature range from 220-300 K, as explained above 71. Case 1 is consistent with our 

previous work on exclusive dimerization at high λ 264. 

Lacking in the field is the accurate prediction of the complete reaction progress from the start (t = 0 s) up to 

the phase at which the photostationary state is reached (t ≥ teq) or a reactant is depleted for a general set of 

initial conditions and fully accounting for all relevant rate coefficients, thus k-1, k2, k3, k-4, and k5 in the bottom 

case in Fig 3-2. In the present work, we address this challenge by building on our previously reported kinetic 

modelling study on the exclusive dimerization of A (case 1 in Fig 3-2) 264, in which we highlighted the varying 

nature of Φdiff,A and Φint during the complete irradiation. We present a holistic framework for a A/A2 

photoreaction as defined in Fig 3-1 and Fig 3-2 with the possibility that both dimerization and A2 cleavage are 

competing for photons, allowing to obtain a clear picture of the complete timescale of the reaction progress. 

The forward and reverse photoreaction rate laws are derived based on individual reaction steps with the 

corresponding rate coefficients (or ratios of such coefficients) determined via an advanced experimental 

protocol, depending on the relative absorbance of A and A2 at the selected wavelength. We demonstrate that 

the developed kinetic model can be applied under a wide range of reaction conditions including variations in 

the initial concentrations of A and A2 as well as λ. 
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3.3 Experimental details 

 Materials 

Unless stated otherwise, all chemicals and solvents were used as received from the supplier without further 

purification. Following chemicals and suppliers are considered: acetyl chloride (reagent grade 98%, Sigma-

Aldrich), ammonium chloride (Merck), anthracene-9-carboxylic acid (99%, Sigma-Aldrich), chloroform-d1 

(Sigma-Aldrich), dichloromethane (DCM, Thermo Fisher Scientific, after drying and purification with SP-1 

Stand Alone Solvent Purification System LC Technology Solutions Inc.), dimethylsulfoxide-d6 (Sigma-Aldrich), 

1,6-hexanediol (99%, Sigma-Aldrich), magnesium sulfate (anhydrous, Merck), methanol (Thermo Fisher 

Scientific), pyridine (anhydrous, 99.8%, Sigma-Aldrich), thionyl chloride (reagent grade 97%, Merck), and 

triethylamine (anhydrous ≥99%, Sigma-Aldrich). 

 Synthetic procedures 

For the synthesis procedure to anthracene A in Fig 3-1 the reader is referred to Section B.1 of the Supporting 

Information. Prior to each experiment, the solvent DCM was de-acidified with basic Al-oxide and degassed 

with several freeze pump thaw cycles. Degassed DCM was placed into a glovebox operated under nitrogen 

atmosphere. Both dried A and A2 (viscous liquid in appearance) were also placed into this glovebox. Stock 

solutions were made and placed into 0.7 mL quartz glass laser vials that were sealed. An overview of the initial 

conditions of all experiments is provided in Table B 2-4 of the Supporting Information. Herein, dichloromethane 

(DCM) was chosen in view of the solubility of the target molecule in the solvent, as well as the solvent’s UV-

cut off. Furthermore, triplet sensitising solvents should be avoided as they are known to induce the triplet-triplet 

annihilation (TTA). 

The contents of these vials were irradiated using a tuneable 20Hz Opolette laser (refer to Fig B-9 in the 

Supporting information for the experimental set-up). The energy per pulse (Epp; J pulse-1) and the standard 

deviation of energy per pulse were recorded before and after irradiation (see also Table B-5 of the Supporting 

Information). The same laser experimental set up was used as in our previous work264. The glass 

transmittance, 𝑇𝜆, was measured at each λ following the same the procedure as reported by Menzel et al.59 

The values are given in Table B-5 of the Supporting Information. 

 Analysis 

The experimental conversion of A/A2 (xA/A2) was calculated using 1H-nuclear magnetic resonance (NMR) data, 

for which samples were dried and re-dissolved in deuterated chloroform, which was de-acidified with basic Al-
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oxide prior to use. 1H-NMR was measured on a Bruker 400Hz NMR available in the Central Analytical 

Research Facility (CARF) operated by the Institute for the Future Environments at QUT. Details on assignment 

of peaks are included in Section B.1 of the Supporting Information. 

3.4 Results and discussion  

In the present work, our initial focus is on the derivation of photoreaction rate laws for the three cases in Fig 

3-2. We subsequently move to use these laws to map A and A2 variations ultimately up to large times at any 

set of initial conditions. An experimental protocol with two stages is introduced for this purpose, with the first 

stage allowing to determine the relevant kinetic parameters at small times and the second stage addressing 

the extension to larger times. Experiments on short times scales avoid equilibrium establishment or strong 

reactant depletion (e.g. 5% conversion; minute time scale), while long term experiments aim at doing so, thus 

implying conversions >> 5% on e.g. hour scale). Finally, we illustrate that the protocol can be successfully 

applied for the experimental A/A2 system defined in Fig 3-1 and allows to access the temporal variations of 

important photokinetic relevant phenomena. 

 

Fig 3-2 Reaction mechanisms under ambient conditions to describe [4+4] photocycloaddition kinetics with 
anthracene monomer A and dimer A2 in a solvent such as dichloromethane; Case 1: exclusive dimerization of A; 

70 Case 2: exclusive cleavage of A2; Case 3: competitive dimerization and dimer cleavage. 1A represents 
anthracene in a singlet excited state and 1A2 anthracene dimer in a non-relaxed singlet excited state; k-1 and k-4: 
de-excitation rate coefficients, s-1; k2: dimerization rate coefficient, L mol-1 s-1; k3: concentration quenching rate 

coefficient, L mol-1 s-1; k5: dimer cleavage rate coefficient, s-1; 𝓙𝐀𝟐 and 𝓙𝐀: photon volumetric absorption rate for 

A2 and A species in mol L-1 s-1. Intersystem crossing for the forward reaction can be neglected based on previous 
work. 70 
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 Derivation of photoreaction rate laws and their integration to simulate 

anthracene monomer and dimer concentration variations  

Case 1: exclusive dimerization 

The first case, i.e. exclusive dimerization (left top box in Fig 3-2), is applicable if there is no A2 cleavage and 

absorption, and has been treated extensively in our recent contribution 264. For clarity the main derivation steps, 

assuming perfect mixing, are included in the Supporting Information with the general photoreaction rate law 

given by 264: 

d𝑐Ad𝑡 = −2𝑘+app(𝑐𝐴)𝑐A   eq 3-2 

in which cA is the concentration of A and k+app is a (forward) apparent rate coefficient (s-1). Note that k+app is 

also dependent on the wavelength, λ, however here we do not explicitly highlight this to simplify the notation. 

The term apparent is used, as after application of the quasi-steady state approximation (QSSA) for the 

determination of the concentration of the concentration of exited A species (A1) no classical thus intrinsic rate 

coefficient is obtained. Instead, a combination of the molar absorption rate 𝒥A(𝑐A) and rate coefficients defines 

k+app(cA) with in general a complicated cA dependence:  

𝑘+app(𝑐𝐴) = 𝑘2𝑘−1𝒥a(𝑐A)( 𝑘2𝑘−1+ 𝑘3𝑘−1)𝑐A+1  eq 3-3 

In eq 3-3, the cA dependency of 𝒥A(𝑐𝐴) is expressed as 246, 269:  𝒥A(𝑐A) = 𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 (1 − 10−𝜀A𝑐A𝐿)  eq 3-4 

in which f is the frequency of the laser pulses (pulses s-1), Eλ the energy of a single photon of wavelength λ (J 

photon-1), NA the Avogadro number, L the light path length (cm), and εA the molar attenuation coefficient of A 

(L mol-1 cm-1).  

Note that k+app(cA) is related to the differential quantum yield Φdiff,A(= 𝑘2𝑐A(𝑘2+𝑘3)𝑐A+𝑘−1) so that the general 

photoreaction rate law can also be written as: 

𝑑𝑐𝐴𝑑𝑡 = −2 Φdiff,A 𝒥A(𝑐A) eq 3-5 

It further follows from eq 3-3 that two ratios of two rate coefficients can be kinetically relevant: k2/k-1 and k3/k-

1. Here, k2/k-1 represents the ratio between the reactivity for the dimerization reaction and A de-excitation, while 

k3/k-1 stand for the ratio between the reactivity for de-excitation of 1A via concentration quenching versus de-

excitation of 1A by itself. For small times, these ratios can be determined by measurements of the temporal 

variation of cA for various initial cA concentrations (cA0 values) so that it can be assumed in the kinetic 
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description for each experiment that k+app(cA) can be evaluated at cA0 
264. In other words, it holds per 

experimental condition up to sufficiently small times that eq 3-2 can be converted into: 𝑐A = 𝑐A0e−2𝑘+app(𝑐A0)𝑡  eq 3-6 

The concentration of A2 (cA2) can be calculated in parallel from a mass balance over A-based species denoting 

cA20 as the initial dimer concentration: 𝑐A2 = 𝑐A20 + 𝑐A0−𝑐A2   eq 3-7 

For larger times, the aforementioned assumption is not allowed and, hence,  eq 3-6 must be replaced by the 

stepwise integration of eq 3-2, starting from a given cA0 value and taking time steps Δt: 𝑐A,𝑡+𝛥𝑡 = 𝑐A𝑡e−2𝑘+app(𝑐A,𝑡)Δ𝑡  eq 3-8 

This stepwise numerical integration implies that 𝑘+𝑎𝑝𝑝(𝑐𝐴) needs to be updated with the previous cA after each 

Δt (e.g. 1 s). For posteriority and to keep the overview of the discussion which is about to follow, the key kinetic 

equations for the exclusive dimerization case are summarized as the first entry in Table 1. Limiting situations 

for eq 3-2 have been covered in detail in our previous contribution 264 and involve apparent reaction orders of 

0, 1 and 2 with respect to A. 

Case 2: exclusive dimer cleavage 

The second case is the exclusive A2 cleavage pathway (right top box in Fig 3-2), which could be valid at shorter 

wavelengths at which A2 starts to absorb. For the actual experimental system under investigation this implies 

roughly λ < 340 nm, as deducible from Fig 3-1b. A closer inspection shows that in this wavelength range A 

has still a comparable molar attenuation coefficient and thus may have a significant influence on the reaction 

progress. Here, we therefore consider a limiting (theoretical) case in which A does not absorb significantly. In 

other words, Case 2 is thus the mirror image of Case 1.  

A similar derivation of the photokinetics, assuming perfect mixing and applying the QSSA to calculate the 

concentration of the excited species (here 1A2, see Supporting Information), can thus be followed as for Case 

1. This leads to a photoreaction rate law in which the (reverse) apparent rate coefficient k-app(cA2) (mol L-1 s-1) 

can be introduced that is a function of cA2: 

d𝑐A2d𝑡 = −𝑘−app(𝑐𝐴2) = −𝒥A2(𝑐A2) 𝑘5𝑘−41+ 𝑘5𝑘−4   eq 3-9 

in which the cA2 dependency of the molar absorption rate 𝒥A2(𝑐A2) is given by (eq 3-4 replacing cA by cA2): 𝒥A2(𝑐A2) = 𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 (1 − 10−𝜀A2𝑐A2𝐿)  eq 3-10 
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Note that k-app is also dependent on λ, however again we simplify the notation. The photokinetics are now 

determined by another ratio of two rate coefficients: k5/k-4, which represents the competition between reaction 

of dimer cleavage and the excitation of the anthracene dimer. Note that it is opted here to put k-4 in the 

denominator to be analogous with the former two ratios for which the denominator is k-1, also a de-excitation 

rate coefficient. Analogously to Case 1, a link with the differential quantum yield here Φdiff,A2
 (= 𝑘5𝑘−4+𝑘5) can be 

made: 

d𝑐A2d𝑡 = −𝛷diff,A2 𝒥A2(c𝐴2)  eq 3-11 

eq 3-9 can be readily solved for two limiting situations, depending on the numerical value of the product of 𝑐A2, 

the A2 molar attenuation coefficient 𝜀A2, and L. This product, 𝜀A2𝑐A2𝐿, gives rise to two apparent orders of 

reaction, with the first situation corresponding to a condition with εA2cA2L large enough to neglect the 

exponential term in eq 3-10 so that 𝒥A2(𝑐𝐴2) becomes independent of 𝑐A2 and thus: 

d𝑐A2d𝑡 = − 𝑘5𝑘5+𝑘−4 (𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 )              (0th order limit) eq 3-12 

The second limiting situation occurs if 𝜀A2𝑐A2𝐿 is small so that 𝒥A2(𝑐𝐴2) becomes directly proportional to cA2 so 

that: 

d𝑐A2dt = − k5k5+k−4 (EppTλfEλNAV) 2.303εLcA2   (1st order limit) eq 3-13 

Globally these limits are not guaranteed and the integration of the general rate law, eq 3-9, is rather 

cumbersome. As explained in the Supporting Information) one can derive: 

𝑐A2 = lg(1−(1−10𝜀A2𝑐A20𝐿)10− 𝑘5𝑘5+𝑘−4𝑡𝜀A2𝐿𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 )
𝜀A2𝐿   

eq 3-14 

Considering again the mass balance over A-based species it follows in any case: 𝑐A = 𝑐A0 + 2(𝑐𝐴20 − 𝑐𝐴2)  eq 3-15 

For posteriority and to keep the overview of the discussion which is about to follow, the key equations for 

exclusive dimer cleavage are summarized as the second entry in Table 1. 

Case 3: competitive dimerization and dimer cleavage 

The last case considers a scenario with competitive photon absorption by A and A2 so that the detailed reaction 

scheme in Fig 3-2 (bottom box) needs to be considered. To derive the associated general photoreaction rate 

law first the rates of photon absorption by A and A2 need to be generalized towards the situation of competitive 
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absorption. Assuming perfect mixing, the volumetric rates of photon absorption that are depending both on cA 

and cA2 are given by 27: 𝒥A(𝑐A, 𝑐A2) = 𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 𝜀A𝑐A 𝜀A𝑐A+𝜀A2𝑐A2 (1 − 10−(𝜀A𝑐A+𝜀A2𝑐A2)𝐿)  eq 3-16 

𝒥A2(𝑐A, 𝑐A2) = 𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 𝜀A2𝑐A2  𝜀A𝑐A+𝜀A2𝑐A2 (1 − 10−(𝜀A𝑐A+𝜀A2𝑐A2)𝐿)  eq 3-17 

Note that these equations reduce to eq 3-4 and eq 3-10 if respectively A2 and A are not absorbing. Applying 

the QSSA for the calculation of the concentration of both excited intermediary species 1A and 1A2, the following 

photorate law can be derived, as explained in the Supporting Information:  

d𝑐Ad𝑡 = −2𝑘2𝒥A(𝑐A,𝑐A2)(𝑘2+𝑘3)𝑐A+𝑘−1 𝑐A + 2𝑘5𝒥A2(𝑐A,𝑐A2)𝑘5+𝑘−4   eq 3-18 

This photorate law can be elegantly rewritten based on the forward and a reverse apparent rate coefficients, 

as introduced in Case 1 and 2 but updating the calculation method of 𝒥A and 𝒥A2: 

𝑘+app(𝑐A, 𝑐A2) = k2k−1𝒥A(𝑐A,𝑐A2)( k2k−1+ k3k−1)cA+1  eq 3-19 

𝑘−app(𝑐A, 𝑐A2) = k5k−4𝒥A2(𝑐A,𝑐A2)1+ k5k−4   eq 3-20 

so that: 

dcAdt = −2 𝑘+app(𝑐A, 𝑐A2)𝑐A + 2k−app(𝑐A, 𝑐A2)  eq 3-21 

Analogously to the previous two cases (Case 1 and Case 2) eq 3-21 can be written in terms of the (updated) 

differential quantum yields:  

dcAdt = −2Φdiff,A 𝒥A(𝑐A, 𝑐A2) + 2Φdiff,A2 𝒥A2(𝑐A, 𝑐A2)  eq 3-22 

The kinetic law for a photochemical reaction is typically expressed as a product between a differential quantum 

yield and the volumetric rate of photon absorption without defining apparent rate coefficients. However, herein, 

the focus is on solving continuity equations, thus time dependencies, for which apparent rate coefficients are 

convenient notations as they display the main concentration changes as for conventional chemical reactions 

aligning photochemical with chemical reaction kinetics.  It further follows that in the most complex Case 3 three 

ratios of two rate coefficients come forward: k2/k-1, k3/k-1 and k5/k-4. A joint determination of these three ratios 

is complicated and it is recommended to use dedicated (initial) reaction conditions so that more simplified 

formulas can be used ideally close to the more basic formulas as derived for Case 1 and 2. In the present work 

the experimental protocol, as included in Fig 3-3 (so-called stage 1), is proposed. Here focus is deliberately 

only at the small times with experiments conducted starting from the A or A2 side of the overall reaction. 
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Parameters are determined one-by-one to minimize parameter correlation and to facilitate the use of basic 

regression tools. 

For small times, to a first approximation the second term of the right hand size of eq 3-21 regarding A2 cleavage 

can be neglected upon considering the dominant presence of A at the start (cA20 ≈ 0 mol L-1; cA0 ≠  0 mol L-1). 

The general photoreaction law based on differential quantum yields,  eq 3-21, then becomes eq 3-2 so that 

with a variation of cA0, k2/k-1 and k3/k-1 can be determined (step 1-3 in Fig 3-3) by using eq 3-3 and eq 3-6.  

Ideally, the last ratio k5/k-4 should be determined in a similar way by starting with dominantly A2 (cA0  ≈  0 mol L-

1; cA20 ≠ 0 mol L-1) so that eq 3-21 becomes equivalent with eq 3-9. Fitting can thus be performed based on 

the related eq 3-14 considering only small time data.  
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Fig 3-3 Stage 1 of the experimental protocol proposed in the present work to study photokinetics for the system 
defined in Fig 3-1 considering the reaction scheme in Fig 3-2. Stage 1 is used to the determine the required kinetic 
parameters: three ratios of rate coefficients with always focus on small reaction times; k+app(cA) is an apparent 
rate coefficient for dimerization of A and k-app(cA, cA2) the apparent rate coefficient for A2 cleavage; JA(cA, cA2) and 
JA2(cA, cA2) are volumetric photon molar absorption rates for A and A2; XA and XA2: conversions for A and A2.; if 
limited A absorption eq 23 needs to be replaced by eq 14 and there is no input needed from step 3; if there is 
strong A absorption then eq 23 needs be replaced by eq 24 & eq 25. 

However, if competitive A absorption cannot be neglected, which is likely for the actual experimental system 

under investigation, one should use the detailed photoreaction rate law eq 3-21 with plugged in values for 

k2/k- 1 and k3/k-1 as determined from step 1-3 in Fig 3-3. With limited A absorption one can evaluate both 

k+app(cA, cA2) and 𝒥A2(cA, cA2) at the initial concentrations so that (see Supporting Information): 
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𝑐𝐴2 = 𝑐A20 +  

+ 12 [𝑐A0 − 𝑘−𝑎𝑝𝑝(𝑐𝐴0,𝑐A20) −[𝑘−𝑎𝑝𝑝(𝑐A0,𝑐A20)−𝑘+𝑎𝑝𝑝(𝑐A0,𝑐A20) 𝑐𝐴0] exp[−2𝑘+𝑎𝑝𝑝(𝑐A0,𝑐A20)t]𝑘+𝑎𝑝𝑝(𝑐A0,𝑐A20) ]  eq 3-23 

and the only unknown is k5/k-4, taking into account eq 3-20. Note that upon substituting k-app(cA, cA2)= 0 mol L-

1 s-1 this equation reduces to the combination of eq 3-6 and eq 3-7, highlighting the overall consistency of the 

derivation. This first alternative solution for the determination of k5/k- 4 is highlighted by steps 4-6 in Fig 3-3 with 

input from step 3 in Fig 3-3. We can thus deduce that one first needs to study dimerization and then A2 

cleavage, which is a new insight in the field with an intuitive desire to directly go to A2 cleavage as it is 

characterized by a simpler reaction scheme (cf. Fig 3-2).  

Note that with stronger A absorption - even at these small times - a stepwise integration is needed defining a 

second alternative solution for the tuning of the last ratio k5/k-4. Per Δt the two kapp(cA, cA2) terms on the right 

hand side of eq 3-21 are then considered constant so that: 𝑐𝐴,𝑡+Δ𝑡 =  

= 𝑘−𝑎𝑝𝑝(𝑐A,t,𝑐A2,t) −[𝑘−𝑎𝑝𝑝(𝑐A,t,𝑐A2,t)−𝑘+𝑎𝑝𝑝(𝑐A,t,𝑐A2,t) 𝑐𝐴,𝑡] exp[−2𝑘+𝑎𝑝𝑝(𝑐A,t,𝑐A2,t)Δt]𝑘+𝑎𝑝𝑝(𝑐A,t,𝑐A2,t)   
eq 3-24 

𝑐A2,𝑡+Δ𝑡 = 𝑐A20 + 𝑐A0−𝑐A,𝑡+Δ𝑡2   eq 3-25 

eq 3-24 and eq 3-25 can be also used to predict the reaction kinetics up to large times with 𝑘+𝑎𝑝𝑝(cA, cA2) and 𝑘−app(cA, cA2) further updated at every Δt until the final time is reached using the previous values for cA and cA2 

(Fig 3-4; so-called stage 2). Initialization is performed based on the specific initial concentrations. It is although 

recommended to first perform a model validation for a reference set of initial conditions (stage 2a in Fig 3-4). 

Furthermore, upon substituting k-app(cA, cA2) = 0 mol L-1 s-1  eq 3-24 reduces to eq 3-8, reconfirming the overall 

consistency of the derivation. Again for posteriority and to keep the overview of the discussion which is about 

to follow, the key equations for Case 3 are summarized as the third entry in Table 3-1.  
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Fig 3-4 Stage 2 of the experimental protocol proposed in the present work to study photokinetics for the system 
defined in Fig 3-1 considering the reaction scheme in Fig 3-2 (stage 1 in Fig 3-3 gives the wavelength dependent 
input functions). Stage 2 aims at the prediction of the concentration variations up to large reaction times for any 
reaction condition thus for a selected wavelength and set of initial concentrations; stage 2a includes (extra) model 
validation for a given wavelength λ*; k+app is an apparent rate coefficient for dimerization of A and k-app the apparent 
rate coefficient for A2 cleavage; JA(cA, cA2) and JA2(cA, cA2) are photon molar absorption rates for A and A2; XA and 
XA2: conversions for A and A2; teq: time at which equilibrium is reached. 

Finally, it should be noted that in Case 3 at sufficiently large times an equilibrium is possible so that eq 3-22 

reduces to eq 3-1 in agreement with the state of the art in the physics field 49 but also highlighting the internal 

thermodynamic consistency of this work. For completeness it is mentioned here that eq 3-1 can be rewritten 

as an implicit function of the equilibrium concentration cA,eq (see Supporting Information): 

k2k−1cA, eq(k2+k3)k−1 cA, eq+1 gA = 11+k−4k5 gA2  eq 3-26 

in which 𝑔A and 𝑔A2are auxiliary functions defined as: 

Stage 2a

Model validation up to large times

7. cA and cA2 vs t

at λ*; eq 23 & 24 

Stage 2b

Prediction for all initial conditions up to large times
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𝑔A = εAcA, eq εAcA, eq+0.5εA2(ctot,A−cA, eq)  eq 3-27 

𝑔A2 = εA2(ctot,A−cA, eq)εAcA, eq+0.5εA2(ctot,A−cA, eq)  eq 3-28 

in which in turn 𝑐𝑡𝑜𝑡,𝐴 is the total concentration of A-based moieties: 𝑐𝑡𝑜𝑡,𝐴 = cA,0 + 2cA2,0  eq 3-29 

Hence, if the three ratios k2/k-1, k3/k-1 and k5/k-4 are known according to Fig 3-3 then eq 3-26 - eq 3-29 can be 

solved (e.g. in MS-Excel) with respect to 𝑐A, eq. Alternatively the kinetic model  

can be run until the variation in cA is negligible. The equilibrium dimer concentration cA2,eq can be determined 

in any case from the mass balance evaluated at equilibrium:  

 Application of stage 1 of protocol: evaluation of λ dependence for k2/k-1, k3/k-1 

and k5/k-4 

Dimerization experiments 

We now shift to the actual application of the experimental protocol for the A/A2 system as defined in Fig 3-1a. 

As indicated in Fig 3-3 (stage 1; top input boxes) action plots need to be provided as input. In line with the 

protocol preference is given to first focus on small time experiments with a negligible initial amount of A2 (cA20 

≈ 0 mol L-1; cA0 ≠ 0 mol L-1; left top box). Fig 3-5a displays the corresponding action plot in which A has been 

irradiated in the range from 260 to 330 nm (and even up to 375 nm), selecting a reference initial A 

concentration: cA0=0.0174 mol L-1. For this action plot, at each λ, A has been irradiated with the same number 

of photons 46, 57-59 considering three time intervals: 30 s (receiving around 5.62 × 10-7 mol photons), 60 s 

(receiving 1.11 × 10-6 mol photons) and 120 s (receiving 2.23 × 10 - 6 mol photons). The A conversion (xA) has 

been tracked through the shift in 1H-NMR spectra264 and remains below 5 mol%. The negligible impact of A2 

is defendable at cA0=0.0174 mol L-1 as the fraction of light absorbed by A2 species at the end of each 

experiment remains below 2.5% (Fig B-11 in the Supporting Information). In other words, the region from 260 

to 330 nm features negligible A2 cleavage under reference conditions and small times. Furthermore, previous 

work already highlighted that the region around 375 nm features no cleavage at all, due to a lack of A2 

absorption264. 

cA2,eq = cA20 + cA0−cA,eq2   eq 3-30 
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Fig 3-5 Application of stage 1 of protocol in Fig 3-3 for the experimental system defined in Fig 3-1: action plots 
and attenuation coefficients for dimerization of A and cleavage of A2 followed by the evaluation of the wavelength 
dependence of the forward (k+app(cA0); s-1) and reverse apparent rate coefficient (k-app(cA0, cA20); mol L-1 s-1) as 
introduced in Table 1; a: A dimerization action plot at 0.0174 mol L-1 in dichloromethane (DCM) with negligible 
amount of A2. A is irradiated at 1.86 × 10- 8 mol photons s-1 for 30, 60 and 120 s. b: A2 cleavage action plot at 0.0110 
mol L-1 in DCM with a very low A amount  (3.52 × 10-5 mol L-1). A2 is irradiated at 1.85 × 10-8 mol γ s-1 for 15, 30 and 
60 s; c: For the same initial conditions in a and b, the determined k+app(cA0)  and k-app(cA0, cA20) at low times as 
plotted after division through the corresponding volumetric absorption rates (J values; L mol-1   s-1), hence in this 
subplot focus is on the plotting of the apparent characteristics k+app(cA0) JA(cA0)-1 and k-app(cA0, cA20)JA2(cA0, cA20) -

1; this implies the application of eq 31 (as related to eq 3) and eq 35 (as related to eq 9). In this subplot, the 
attenuations coefficients are also repeated.  

A closer inspection of Fig 3-5a reveals an overall decrease in xA (hollow symbols) from 375 nm down to 260 

nm (right to left on x-axis; cA0=0.0174 mol L-1), which suggests a decrease in A dimerization reactivity for a 

lower λ. To confirm this statement we need to determine the λ dependence of the initial k+app values, thus apply  

eq 3-6 at various λ. As shown in Table B 3-1 of the Supporting Information (first four entries) indeed these 

initial k+app values go down for a lower λ (cA0=0.0174 mol L- 1). As shown in Fig 3-5c (red open triangles; left-

axis; the apparent characteristics here refer to k+app(cA0)JA(cA0) -1 and k-app(cA0, cA20) JA2(cA0, cA20)-1), globally k+app(cA0)𝒥A(cA0)−1 also drops for a lower λ (cA0=0.0174 mol L-1), hence, the action plot data under reference 

conditions (cA0=0.0174 mol L-1) are consistent with this apparent characteristic.  

wavelength [nm]

260 280 300 320 340 360 380 400

ap
p

ar
en

t 
ch

ar
ac

te
ri

st
ic

 

0

1

2

3

4

 [L
 m

o
l -1 cm

-1]

0

2000

4000

6000

8000

wavelength [nm]

260 280 300 320 340 360 380 400

 [L
 m

o
l -1

 cm
-1

]

0

2000

4000

6000

8000

X
A

 [ 
- 

]

0,00

0,02

0,04

0,06

0,08

wavelength [nm]

260 280 300 320 340 360 380 400

 [L
 m

o
l -1 cm

-1]

0

2000

4000

6000

8000

X
A

2
 [

 -
 ]

0,00

0,05

0,10

0,15

0,20

.

.

.

.

.

.

.

.

.

.

15
30
60

3
6
1

b

c

a

cA0 = 1.74  10-2 mol L-1

cA20 = 0 mol L-1

εA2

εA
30 s

60 s

120 s

cA0 = 3.52 10-5 mol L-1

cA20 = 1.10  10-2 mol L-1

15 s

30 s

60 s

εA2

εA

k+app(cA0) JA(cA0)
-1 [L mol-1]; 

at cA0 = 1.74  10-2 mol L-1

cA20 = 0 mol L-1

k-app(cA0, cA20) JA2(cA0, cA20)
-1 [-];

at cA0 = 3.52 10-5 mol L-1

cA20 = 1.10  10-2 mol L-1

εA
εA2



Chapter 3 

 

92 
 

As indicated by step 1-3 in Fig 3-3 parameter tuning can be subsequently performed toward k2/k-1 and k3/k-1 at 

each λ considering eq 3-3 with various cA0 values, so not only focusing on cA0=0.0174 mol L-1 as in Fig 3-5 but 

still covering small time data. To make a link to Fig 3-5c, which only addresses the specific case cA0=0.0174 

mol L-1, it is opted here to rewrite eq 3-3 as follows: 

𝑘+app(𝑐𝐴0)𝒥a(cA0)−1 = 𝑘2𝑘−1( 𝑘2𝑘−1+ 𝑘3𝑘−1)cA0+1    eq 3-31 

Note we do no introduce a new symbol on the left hand size to explicitly show that by taking this ratio the 𝒥a(𝑐𝐴0) dependence is wiped out from 𝑘+app(𝑐𝐴0). The raw 𝑘+app(𝑐𝐴0)𝒥a(cA0)−1 data at different λ with cA0 values 

between 0.0436 and 0.00872 mol L-1 are given in Table B 3-1 and B 3-2 of the Supporting Information. 

Experimentally three well-spread wavelengths are selected, namely λ equal to 260, 280 and 375 nm. 

Specifically, at 280 nm, the A2 absorption is below 5% at the end of all the experiments thus for all cA0 cases 

(Table B 5 and B 3-6 of the Supporting Information). The maximum experimental A2 conversion is below 7%, 

indicating that A2 cleavage is relatively insignificant and thus the protocol as defined by steps 1-3 in Fig 3-3 

can be still followed. In other words to a first approximation eq 3-31 can be used for all cA0 values with the plot 

of 𝑘+app(𝑐𝐴0)𝒥a(cA0)−1 against cA0 given in Fig B-9 of the Supporting Information. The associated tuned 

parameters at λ equal to 280 nm are k2/k-1 = 4.5 L mol-1 and k3/k-1 = 45.7 L mol-1 and are included in Table 3-2. 

Furthermore, at 260 nm, the experimental A2 conversion is maximally 5% with the corresponding maximum A2 

absorption below 0.16%. Hence, again the protocol in step 1-3 in Fig 3-3 can be followed. Parameter tuning 

can thus be performed in the same manner as for 280 nm (Fig B-10 of the Supporting Information) resulting 

in k2/k-1 = 1.9 L mol-1 and k3/k-1 = 10.5 L mol-1 (see also Table 3-2). Regarding the third λ of 375 nm (exclusive 

dimerization) the plot of 𝑘+app(𝑐𝐴0)𝒥a(cA0)−1 against cA0 data is overlaid with the data from our previous work 

264, as shown in Fig B-11 - B-12 of the Supporting Information. The anthracene side-chain substituent is 

different from the present work, however, the same kinetic parameters (k2/k-1 = 5.4 L mol-1 and k3/k-1 = 38.8 L 

mol-1; see also Table 3-2) can be safely used264. Hence, the two ratios are mainly determined by the core of 

the structure of A and not its side chains.  

Comparing the data for 375, 280 and 260 nm in Fig 3-5c and corresponding ratios of rate coefficients in the 

second and third column in Table 3-2 it follows that the initial k+app(cA0) values decrease rather steadily with 

shorter wavelength and the k2/k-1 value is decreasing slightly upon going from 375 to 280 nm, followed by a 

more drastic drop from 280 to 260 nm, as also shown in Fig B-13a of the Supporting Information. Analogously, 

k3/k-1 is decreasing going from 375 nm to 260 nm as shown in Fig B-13b of the of the Supporting Information. 
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A decrease in k2/k-1 with a shorter λ indicates that for an increased photon energy the excited A is more likely 

to de-excite rather than to proceed with the dimerization reaction. A decrease of k3/k-1 with a shorter λ points 

to a favouring of de-excitation via the direct compared to the quenched route with decreasing λ. 

Table 3-2. Wavelength (λ) dependent values for k2/k-1, k3/k-1 and k5/k-4 as determined for the photokinetics in Fig 
3-2 considering the experimental system defined in Fig 3-1; for a λ of 260, 280 and 375 nm they result from the 
protocol in Fig 3-3 (stage 1); also given are formulas based on these measured data to predict at any λ the 3 kinetic 
parameters; examples of such predictions are also included in this table covering a λ range between 260 and 375 
nm.  

wavelength [nm] k2/k-1 [L mol-1] k3/k-1 [L mol-1] k5/k-4 [-] 

375   5.4a,b   38.8a,b n.a. 

330 5.4c 44.5c 0.15b,c 

320 5.3c 44.1c 0.14b,c 

310 5.2c 43.3c 0.13b,c 

300 5.1c 41.9c 0.13b,c 

290 4.8c 39.3c 0.53b,c 

280 4.5b 45.7b 0.60b,c 

270 3.5c 26.1c 0.35b,c 

260 1.9b 10.5b 0.05 b,c 

Formulas 

at any λ  

𝑘2𝑘−1 = 5.4 + (1.9 − 5.4) exp(−0.06(𝜆 − 260)) L mol-1 

𝑘3𝑘−1 = 45.0 + (10.5 − 45.0) exp(−0.06(𝜆 − 260)) L mol-1 

𝑘5𝑘−4 = 0.70.45√2𝜋 𝑒𝑥𝑝 (−0.5 (𝑙𝑛(𝜆−250)−3.40.45 )2)  

 

a consistent with Kislyak et al. 264; b input for construction of the formula in the same column; 

c obtained considering the formulas eq 3-32 and eq 3-33. 

For general applicability,  eq 3-32 & eq 3-33 below, as well as at the bottom of Table 3-2 display the associated 

λ dependent formulas assuming exponentially based profiles as found most suited to describe the k2/k-1 and 

k3/k-1 experimental data, as shown by the lines in Fig B-13a and Fig B-13b of the Supporting Information. 

𝒌𝟐𝒌−𝟏 = 𝟓. 𝟒 + (𝟏. 𝟗 − 𝟓. 𝟒) 𝐞𝐱𝐩(−𝟎. 𝟎𝟔(𝝀 − 𝟐𝟔𝟎))   eq 3-32 

𝒌𝟑𝒌−𝟏 = 𝟒𝟓. 𝟎 + (𝟏𝟎. 𝟓 − 𝟒𝟓. 𝟎) 𝐞𝐱𝐩(−𝟎. 𝟎𝟔(𝝀 − 𝟐𝟔𝟎))   eq 3-33 

For illustration purposes evaluations of k2/k-1 and k3/k-1 at other λ values according to these formulas (eq 3-32 

and eq 3-33) are also included in column 2 and 3 of this table. It should be stressed that the current work is 
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the first to highlight the λ dependence of photokinetics on the level of a detailed reaction scheme as included 

in Fig 3-2. It is clear that such dependencies are strong at least already for the dimerization and therefore 

future kinetic studies should be directed to a more dedicated analysis following protocols as defined in Fig 3-3. 

A2 cleavage experiments 

With step 1-3 in the protocol of Fig 3-3 completed (determination of λ dependent kinetic parameters related to 

dimerization) we can now shift to step 4-6 in Fig 3-3 (determination of λ dependent kinetic parameters related 

to dimer cleavage), focusing on one well-chosen set of initial conditions at which we start with A2 and a very 

low amount of A (cA20 ≈ 0 mol L-1; cA0 ≠ 0 mol L-1). Again an action plot is first needed as input (top right box in 

Fig 3-3) in the region between 260 and 330 nm. We select as initial conditions: cA20 = 1.10×10-2 mol L-1 and cA0 

= 3.52×10-5 mol L-1 thus having negligible amount of A present at the start. A2 is irradiated for 15 s (receiving 

2,79 × 10-7 mol photons), 30 s (receiving 5,57 × 10- 7 mol photons) and 60 s (receiving 1,11 × 10-6 mol photons) 

with the results shown in Fig 3-5b. Among all the cases the conversion of A2 (xA2) has reached at most 13% 

and the relation with λ is now less straightforward with xA2 small at 330 nm, increasing towards shorter λ with 

a peak around 280 nm, and then decreasing again towards 260 nm. More importantly, the fraction of light 

absorbed by A is significant and reaches 60% during the experiment in some cases (see Fig B-16 of the 

Supporting Information). Hence, we cannot study a pure A2 cleavage, since competitive dimerization is always 

there, even at the smaller reaction times as covered here.  

This implies that for the determination of k-app(cA, cA2) and k5/k-4 at a given λ we cannot use eq 3-14 or eq 3-23 

but we need to use eq 3-24 and eq 3-25 with plugged in values for k2/k-1 and k3/k-1 at this specific λ, as following 

from the first two formulas in Table 3-2 considering stepwise integration (step 6 in Fig 3-3). As shown by the 

last column in Table 3-2 and Fig B-18c of the Supporting Information a strong λ dependency is observed for 

k5/k-4 with very low values at low λ, high values at intermediate λ and again very low values at higher λ. As 

shown by the line in Fig B-18c of the Supporting Information a probability density like function (eq 3-24) allows 

to describe these experimental data to an acceptable degree also bearing in mind that toward higher λ (> 330 

nm) this equation is less relevant due to an almost negligible A2 absorption. The corresponding initial k-app(cA0, 

cA20) data are shown in Fig B-17 and Table B-3 of the Supporting Information and confirm the last statement 

with vanishing values at these higher λ.  

This complex λ dependency for A2 cleavage is also observable based on the blue full triangles in Fig 5c which 

represent λ dependent 𝑘−app(cA0,cA20)𝒥A2(cA0, cA20)−1 data that are linked to eq 3-9: 

𝒌𝟓𝒌−𝟒 = 𝟎.𝟕𝟎.𝟒𝟓√𝟐𝝅 𝒆𝒙𝒑 (−𝟎. 𝟓 (𝒍𝒏(𝝀−𝟐𝟓𝟎)−𝟑.𝟒𝟎.𝟒𝟓 )𝟐)  eq 3-34 
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𝑘−app(cA0, cA20)𝒥A2(cA0, cA20)−1 = 𝑘5/𝑘−41+𝑘5/𝑘−4  eq 3-35 

Interestingly, these kinetic data according to eq 3-35 follow the same trend as the individual action plot data in 

Fig 3-5b so that the overall consistency of the protocol proposed in Fig 3-3 is again demonstrated. Moreover, 

to evaluate the impact of uncertainties in k2/k-1 and k3/k-1 for the subsequent determination of k5/k-4 a sensitivity 

analysis has been performed. No major changes in the calculated values of k5/k-4 and, therefore, the k-app(cA0, 

cA20)JA2(cA0, cA20)-1 values are found, as shown in Table B-8 of the Supporting Information.  

Considering the determined kinetic parameters in Table 3-2 (k2/k-1, k3/k-1 and k5/k-4) it is highlighted in Fig 3-5 

that a dominance of the forward or reverse reaction is dependent on the volumetric absorption rate of A and 

A2 (J values), which is a function of λ, and the relative importance of the forward and reverse volumetric 

reaction rate, which is also a function of λ. Here focus is on the initial rates thus adding for the forward apparent 

reactivity cA0, as k+app (cA0,cA20) cA0 and k-app (cA0,cA20) have the same dimension of L mol-1 s-1 and are the two 

terms in the general photoreaction rate law, eq 3-20. In Fig 3-5a the focus is on cA20=1.10 × 10- 2 mol L-1 and 

cA0= 3.52 × 10-5 mol L-1 (same situation as in Fig 3-5b thus with a dominance of A2 presence) and in Fig 3-5b 

on cA0=10-2 mol L-1 and cA20= 10-3  mol L-1 (thus situation with both A and A2 presence but a dominance of the 

former). In any case, in Fig 3-6 the J values (spheres) possess the highest values and the intensity of the 

impact of the actual reactions can be observed by the relative lower position of the diamonds (actual rates) 

with respect to these spheres. Red symbols are used for dimerization and blue symbols for dimer cleavage. 

 

Fig 3-6 Simulated molar photon absorption rates JA(cA0, cA20) and JA2(cA0, cA20)  (both in L mol-1 s-1) and the apparent 
characteristics k+app(cA0, cA20)ca  and k-app(cA0, cA20)  (both in L mol-1 s-1) at the start (t = 0 s) in subplot a with 
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cA20=1.10× 10-2 mol L-1 and cA0= 3.52 × 10-5 mol L-1 thus identical to the experimental conditions of the A2 cleavage 
action plot in Fig 5b; and in subplot b with cA0=10-2 mol L-1 and cA20= 10-3  mol L-1 thus conditions with both 
monomer and dimer but a dominance for the former. Results based on the formulas mentioned in Table 3-2. 

Acknowledging the presence of A the highest (initial) apparent dimerization rate is observed around 375 nm 

at which there is no competition with A2 cleavage. The (initial) dimerization rate is decreasing from 330 nm to 

260 nm, as specifically clear in Fig 3-3b. The molar attenuation of A shows more variability and is overall 

increasing from negligible > 400 nm to a maximum at 365 nm so close to the maximal forward initial apparent 

rate highlighting the need of strong A absorption for a subsequent sufficiently high reaction rate, then overall 

decreasing to a minimum around 290 nm. From this minimum, the molar attenuation of A increases however 

strongly towards 260 nm, indicative of a potential changing situation toward a dominant dimerization at the 

lower λ. As shown in Fig 3-6a, the maximum of the initial apparent A2 cleavage rate (with dimer present) is in 

turn found to be around 280 nm, while the molar attenuation coefficient of A2 is continuously increasing from 

negligible at 350 nm to 260 nm. Hence, despite the still high JA2(cA0, cA20) values at the lowest λ values the 

reverse chemical reaction as such becomes less relevant. In contrast the JA(cA0, cA20) value goes strongly up 

in this region of the lowest λ values and the forward chemical reaction can be more relevant again, at least on 

a relative basis an specifically if the A concentration is sufficiently high as is the case Fig 3-6b. Anyways the 

lowest λ values induce a lower initial apparent rate in both directions. 

 Application of stage 2 of the protocol: model validation  

With k2/k-1, k3/k-1 and k5/k-4 determined according to stage 1 in Fig 3-3 and the corresponding results specified 

by λ dependent functions at the bottom in Table 3-2 we can now predict the photokinetics up to any time for 

all sets of relevant initial conditions thus for variations in cA0 and cA20 on the one hand and λ on the other hand. 

An example is provided in Fig 3-7 considering a situation with competitive A dimerization and A2 cleavage 

taking λ equal to 280 nm. Also experimental data are included to enable further model validation thus the 

execution of stage 2a in Fig 3-4.  

More in detail, A2 has been dissolved in DCM (cA20 = 1.10 ×10-2 mol L-1) and irradiated for various times at 280 

nm and 538 µJ pulse-1. The corresponding experimental data are included as coloured symbols in Fig 3-7 with 

the blue and red symbols describing the concentration variation of A2 and A respectively. As long time data 

are targeted a stepwise integration has been performed according to eq 3-24 and eq 3-25 (Case 3). While the 

A species has not been initially detected via 1H-NMR a default correction has been considered for the 

simulations setting cA0 equal to 10-10 mol L-1. The simulation results are included as lines in Fig 3-7 and describe 

the experimental data well and automatically correct for small experimental discrepancies. As recently 
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indicated in Van Steenberge et al.270 one of the strengths of a kinetic model if fed with sufficient variations in 

experimental data is to correct for inconsistencies as sometime difficult to assess purely experimentally. It can 

be additionally induced that teq is close to 3000 s, which is more difficult based on the experimental data with 

inherent a non-steady-state-like character. 

 

 

Fig 3-7 Model validation for initial conditions with competitive dimerization and dimer cleavage up to large time; 
conditions: 280 nm, 20 Hz laser pulses, 538 µJ pulse-1, initial A2 concentration of 1.10×10-2 mol L-1; no monomer A 
initially (formally in the simulation cA0 equal to 10-10 mol L-1); dichloromethane (DCM) as solvent. Experimental 
data: blue squares represent A2 concentration while red squares represent A concentration; error bars represent 
average error of all the samples within the overall run; simulations based on step-wise integration as specified in 
the second entry of Table 1; parameters from Table 2; extra details in Table B 3-5 of the Supporting Information. 

Supported by the kinetic model validation of the k2/k-1, k3/k-1 and k5/k-4 parameter values at small times (Fig 

3-5 and Table 3-2) and their combined extra model validation up to large times in Fig 3-7 we can now fully 

use the kinetic model to obtain insights in the overall photochemical process. This is demonstrated in Fig 3-8 

and Fig 3-9 differentiating between three situations (the more basic situation 1 and 3 in Fig 3-8 and the more 

complex situation 2 in Fig 3-9). The first situation (Fig 3-8a) is at low λ (260 nm) with a competitive absorption 

for A and A2 starting from a mixture of A and A2 (but dominantly the former). The second situation (Fig 3-9) is 

also with strong competitive absorption but also strong competitive reaction but at higher λ (280 nm) and starts 

only with A or A2. The third situation (Fig 3-8b) is at a very high λ (375 nm) with exclusive A absorption thus 

by default only starting from A. The left graph covers for each situation the concentration variation of A and A2 

up to large times, whereas the right graph highlights each time extra kinetic information. 

 It is shown in Fig 3-8a that for the first situation equilibrium is eventually reached for the A and A2 concentration 

(teq of ca. 10000 seconds). The associate apparent rate coefficients are plotted in the right graph as dashed 
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dotted lines with an additional black full line dedicated to the fraction of the volumetric photon rate absorbed 

by the A species. As highlighted in the discussion of Fig 3-6 at lower λ a dominance of JA is possible specifically 

if A is sufficiently present at the start. This is valid in the first situation (JA relative contributions over 80%; Fig 

3-8a; right), explaining the on average dominant dimerization before equilibrium setting, as witnessed by the 

stretched decay of the red line in Fig 3-8a (left). This is also nicely illustrated in Fig B-19 in the Supporting 

Information, indicating that k+app (cA, cA2) cA decreases more that k-app (cA, cA2) increases until the equilibrium 

point is reached.  

In the second very competitive situation both for absorption and reaction (Fig 3-9), it follows that equilibrium is 

rapidly reached (teq of ca. 2000 seconds). The fast kinetics are confirmed by two mirror set of initial conditions. 

In Fig 3-9a(i) and Fig 3-9b(i) we respectively start with A2 and A (full lines) and twice the same equilibrium 

concentrations result. In Fig 3-9a(ii) and Fig 3-9b(ii) graphs, the associated apparent rate coefficients are 

plotted as dashed lines and eventually constant values are obtained consistent with this equilibrium setting. 

On the right axis the fraction of light absorbed by either of the species is also shown.  

In the third situation (Fig 3-8b), it is clear that A can be fully consumed as a vanishing A concentration value 

results at the higher reaction times (above 6000 seconds). As shown in the right graph the photokinetics are 

quite dynamic for this situation with first an increasing k+app(cA) and then a decreasing one (red line). The 

increase is due to the depletion of A and thus a lesser importance of the disturbing bimolecular concentration 

quenching reaction (k3 in Fig 3-2) as opposed to the desired bimolecular reaction resulting in the formation of 

A2 (k2 in Fig 3-2), as also deducible from the mathematical shape of eq 3-3. The decrease of k+app(cA) at larger 

times can be directly related to the Beer-Lambert law once A is less present. Under such conditions JA is no 

longer close to its initial value but the correction factor 1 − 10−𝜀A𝑐A𝐿 in eq 3-4 matters. 
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Fig 3-8 Simulation of concentration variations for monomer A (red full lines) and dimer A2 (blue full lines) for two 
wavelengths (λ values) with various initial concentrations considering the λ dependencies specified at the bottom 
in Table 3-2 and following stage 2 of the protocol in Fig 3-4 thus the equations in Table 3-1 as valid up to large 
time. Initial conditions for a are: λ=260 nm, cA0 = 10-2 mol L-1 and cA20 = 5×10-3 mol L-1; initial conditions for b are: 
λ= 375 nm cA0 = 10-2 mol L-1 and cA20 = 0 mol L-1; all cases with the same volumetric flow rate of photons 7.4×10-5 
mol L-1 s-1; a: case with dominant forward apparent reactivity (see extra right graph) with competitive absorption 
(Case 3); b: case of exclusive dimerization (Case 1) with the right graph displaying the variation of the forward 
apparent rate coefficient and fraction of light absorbed. Same volumetric flow rate of photons 7.4×10-5 mol L-1 s-1 

in both cases. 
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Fig 3-9 Simulation regarding reaching the same equilibrium composition with two different initial concentrations 
considering the case with strong competition at 280nm (Case 3). Concentration variations for monomer A (red full 
lines) and dimer A2 (blue full lines) are shown by the graphs on the left (i); graphs on the right (ii) show 
corresponding variations in apparent rate coefficients k-app(cA, cA2) and k+app(cA, cA2);and fraction of light absorbed 
by either of the species. a: λ = 280 nm, cA0 = 1×10-10 mol L-1 (to be read as 0 mol L-1) and cA20 = 1.1×10-2 mol L-1, b: 
λ= 280 nm, cA0 = 2.2×10-2 mol L-1 and cA20 = 0 mol L-1 (hence same ctot,A (eq 29) as for a). Same volumetric flow rate 
of photons 7.4×10-5 mol L-1 s-1. 

3.5 Conclusions 

A fundamental photokinetic framework based on chemical engineering principles and differentiation between 

photon absorption and subsequent reaction is presented to study to dimerization of A and its reverse A2 

cleavage at any λ and set of initial concentrations. The λ region from 375 to 260 nm is explored both 

experimentally and by kinetic simulations to identify a region of simultaneous A dimerization and A2 cleavage 

from 330 to 260 nm. Above 330 nm and toward 260 nm one tends to dominant and in the limit for specially 

375 nm exclusive dimerization. For the region close to 260 nm this is specifically true with sufficiently high 

initial A amounts. 
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An experimental protocol is put forward to determine the relevant kinetic parameters and to validate the kinetic 

model up to large times. Critical is at a first stage the consideration of dedicated short time scale experiments 

to determine three ratios of rate coefficients (always with a de-excitation rate coefficient in the denominator) 

considering as input value measured (initial) apparent reactivities. The short time scale experiments show that 

the initial (apparent) dimerization reactivity of A is slowly decreasing with decreasing wavelength, while the 

(apparent) A2 cleavage reactivity is increasing with a peak around 280 nm, then again decreasing with shorter 

λ. Measurements of these initial apparent reactivities at several λ enables the subsequent determination of λ 

dependent kinetic parameters, as currently unavailable in the field. 

In a second stage of the protocol, the focus can be been shifted to large times irradiations. Here, we have first 

successfully benchmarked simulated data against experimental data involving a simultaneous dimerization of 

A and A2 cleavage. We subsequently highlighted the potential of the simulation tool to predict the photokinetics 

at any wavelength and any set of initial concentrations. Specific focus has been on the time dependent variation 

of relative absorption rates and apparent kinetic parameters, and the determination of the reaction time of 

either equilibrium setting or the complete depletion of the reactant. Hence, the combination of experimental 

and modelling work has allowed to fully understand the reversibility of photocycloaddition reactions with the 

proposed protocol also applicable for other photoreactions thanks to its generic nature. 

Future work will expand the present work towards larger molecules in the limit polymeric systems, in which the 

anthracenes will be present on the polymer backbones. Such applications are useful for designing macroscopic 

properties of next-generation polymeric materials by light and to further study the relation of potential matrix 

effects and photokinetics at the level of the individual reaction. 
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4 CHAPTER 4. CONFORMATIONAL CONTROL OF 

INDIVIDUAL SINGLE-CHAIN NANOPARTICLES 

The following chapter is part of a future publication in preparation: ‘Conformational Control of Individual 

Single-Chain Nanoparticles’. Anastasia Kislyak, Francisco J. Arraez, Daniel Kodura, Mariya Edeleva, Fabian 

Blößer, Hendrik Frisch, Paul H.M. Van Steenberge, Dagmar R. D’hooge, Christopher Barner-Kowollik 

4.1 Introduction 

The field of single-chain nanoparticle (SCNP) synthesis strives towards the most intricate level macromolecular 

design can afford, i.e. controlling the conformation of each polymer chain according to – ideally – a 

predetermined folding pattern.162 The potential that rests within synthetic polymer chains can be connected to 

natural phenomena. Perfectly folded polypeptides give rise to a plethora of biological functions, ranging from 

enzymatic reaction control to macroscopic movement.271 If synthetic polymer chain conformation could be 

realized with a comparable precision, we would be able to define the chemical and physical behaviour of 

specific chemical groups within chains as a function of intramolecular connections. Such progress in the field 

of synthetic polymer chemistry could unleash the application potential associated with the natural inspiration 

of SCNPs, i.e. proteins.271 In the context of the current thesis, understanding the intramolecular crosslinking 

processes of SCNPs via a holistic modelling approach serves as a blueprint for complex dynamic network 

modelling.  

While key advances have already been made in SCNP synthesis as demonstrated by applications in 

nanoreactor technology,35, 162 metal ion sensing,161 nanocarriers,160 catalyses,158-159 and contrast agents for 

magnetic resonance imaging,157 the dream of perfect command over the single-chain conformation remains 

elusive.157, 159, 271 The challenge is mainly a consequence of research efforts being focused on average chain 

folding, neglecting structural differences at the individual polymer chain and functional group level. In practice, 

during polymer synthesis, chain-to-chain deviations are unavoidable.185, 200, 270, 272-274 Chain-to-chain deviations 

– even in the case when sequence-defined polymers are used – imply a non-uniform starting position for the 

subsequent folding process, complicating the achievement of a well-defined 3D folding process.275 However, 

the uniformity of the chains during folding is critical because small protein conformational deviations, either 

through incorrect folding or subsequent unfolding, lead to serious consequences in biological contexts.276 

Analogously, the SCNP conformation and size are of immense application importance.35, 171-174, 277 For 

example, the SCNP crosslinking density (and thus conformation) can control gold nanoparticle formation 
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kinetics35 and the SCNP size can control the effectiveness of organocatalysis.171 Intriguingly, SCNP design 

can rely on several types of crosslinking bonds, both covalent bond formation and dynamic non-covalent 

interactions can be utilized.35, 48, 80, 278-279 The folding of proteins, in comparison, relies predominantly on non-

covalent interactions such as hydrogen bonding.276 The correct way of folding proteins is crucial to enable their 

specific function and is limited to a narrow solvent range and temperature window.280 Any deviation from such 

stringent conditions would lead to unfolding or incorrect folding of the polymer. In contrast to the non-covalent 

bonding in proteins, more robust covalent bonds, resulting from e.g. anthracene dimerization, allow 

overcoming this restriction in SCNPs. However, since these covalent bonds are much stronger and thus harder 

to break, they generally lead to conformations that are far away from the global minimum in the energy 

conformational landscape. The resulting unpredictable conformations are undesirable for applications (e.g. 

supramolecular assembly, catalysis). Therefore, the effect of the folding process on the final macromolecular 

architecture is just as critical for covalent-based SCNPs as it is for proteins. The challenging task of elucidating 

the complex relationship between contraction, molar mass of the chain, crosslinker amounts and bulkiness in 

building the desired final macromolecular architecture of the SCNPs was only recently explored using 

experimental techniques including SEC-MALS and MS.176-177, 179-181 

Among the covalent bond-forming reactions, those induced by light are especially attractive because the chain 

contraction can be precisely controlled at a given wavelength, λ, and combined with other orthogonal types of 

reactions.47-48, 281-282 For instance, our team has pioneered photonic fuel-driven single-chain folding using [2+2] 

cycloadditions, and exploited steric confinement to substantially increase the folding quantum efficiency.58 A 

prominent example of a light-induced reaction for SCNP folding is the [4+4] photocycloaddition of anthracene 

(A) (Fig 4-1).80 When anthracene molecules are irradiated in free solution, i.e. not anchored to polymer chains, 

long wavelengths (e.g. λ > 300 nm) allow for exclusive A dimerization, while shorter wavelengths (λ < 300 nm) 

initiate competitive A dimerization and its dimer (A2) cleavage.60, 264, 283 The core reaction mechanism of the A 

dimerization is depicted in Fig 4-1 and starts from an A moiety absorbing a photon, which elevates it into a 

singlet excited state. The excited species A1 either reacts with another A to form the desired dimer A2, de-

excites or undergoes concentration quenching. Triplet-triplet annihilation is ignored here, due to the absence 

of triplet sensitizers.49 Attachment of A moieties onto polymer chains, in contrast with the free solution, will 

restrict A movement. Such confinement may lead to a different photo-kinetic behaviour compared to non-

polymeric systems.284  
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Our understanding of the kinetics of light-induced folding at the 

molecular, elementary level remains limited. To address this critical 

gap in understanding photo-induced folding, we herein fuse 

photochemical macromolecular design featuring [4+4] 

cycloadditions with kinetic Monte Carlo (kMC) simulations to 

fundamentally map individual covalent bond formation in 3D, 

ultimately allowing to evaluate SCNP-to-SCNP folding deviations. This is a largely unexplored research area, 

going beyond standard molecular dynamic (MD) simulations.171, 183, 285-288 Such MD simulations consist of 

equilibrating “idealized” chains with randomly distributed crosslinking groups along the polymer backbone, 

which do not represent the real distribution of crosslinking groups. As a consequence, these simulations do 

not benchmark against experimental polymerisation data nor do they result from kinetic modelling predictions 

of actual polymerisations. Also, they define chemical interactions by so-called capture distance criteria285, 287 

rather than relying on chemical reactivities determined from kinetic studies.  

Analysis of the protein 3D conformation is achievable via X-ray crystallography.289 However, obtaining 

information about the 3D conformation of SCNPs is generally challenging owing to its variations in dispersity 

and monomer sequence preventing the crystallization required for X-ray crystallography. Therefore, a different 

approach must be used to obtain such in-depth information on SCNPs.  

In this chapter, a model for obtaining an encompassing picture of photochemical chain folding using exact 

knowledge of the positioning of the photoreactive groups within the chains is proposed. Photoreaction rate 

laws are derived to describe the folding kinetics for an average (with respect to chain length and composition) 

chain in a solution. Matrix-based kinetic kMC platform enables visualisation of the molecular structure of 

individual chains. Positioning of the functional groups was predicted from reversible addition-fragmentation 

chain transfer (RAFT) polymerisation kinetics. 3D folding deviations between individual chains could be 

modelled predicting the evolution of the radius of gyration distributions. 3D conformations of individual SCNPs 

and chemical constitutions were subsequently accessed, opening the pathway to predict macroscopic SCNP 

behaviour from chemical variations and diffusion restrictions both during chain synthesis and subsequent 

folding, unlocking an extensive level of detail about the formed SCNPs. Finally, experiments required for the 

validation of the model are discussed. 

Fig 4-1 Simplified reaction mechanism 

of anthracene photocycloaddition.49, 264  

 

A A1 + A A2

JA, SCNP

k-1

k2

k3

A+ A
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4.2 Model derivation 

In the following section, a model is derived theoretically first on average assuming all chains to be identical 

(§4.2.1), then chain-to-chain deviations are established via kMC (§4.2.2).  

 

 Theoretical folding of identical chains 

We initially study the chain folding kinetics assuming identical highly flexible linear chains. For illustrative 

purposes, emphasis is on λ = 375 nm, wavelengths where A2 photon absorption is negligible and, therefore, 

only dimerization takes place.49 By assuming sufficiently diluted conditions, intermolecular reactions can be 

ignored so that each chain eventually results in an SCNP, as highlighted in Fig 4-2b, implying that only 

intramolecular dimerization reactions occur according to the mechanism depicted in Fig 4-1.49  

 

Fig 4-2 Molar concentrations to define ideal folding with identical highly flexible linear chains; cA,SCNP - 
relates to A moieties in a single chain nanoparticle (SCNP), i.e. single-molecule volume, cch,sol to 
polymer chains in the solution, and cA,sol to the pseudo-homogeneous concentration of A moieties in 
the solution. The red cross in subplot b highlights that intermolecular reactions are not considered, 
which implies sufficiently diluted conditions (low cch,sol).  
 
Essential in the photodimerization mechanism (refer to Fig 4-1) is the realization of the activated state for A in 

an SCNP environment. The volumetric rate of light absorbed at a given time t in a particle (such as in Fig 4-2c) 

(JA,SCNP,t eq 4-1) follows from (i) applying the law of Beer-Lambert for the entire mixture, assuming freely moving 

A moieties due to high chain flexibility, and (ii) dividing the absorbed light between the SCNPs. JA,SCNP,t is, 

therefore expressed as: 

𝒥𝐴 𝑆𝐶𝑁𝑃 𝑡(𝑐𝐴, 𝑠𝑜𝑙, 𝑡) = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉𝑠𝑎𝑚𝑝𝑙𝑒(1−10−𝜀𝐴𝑐𝐴, 𝑠𝑜𝑙,𝑡𝐿)𝑐𝑐ℎ, 𝑠𝑜𝑙,0 𝑁𝐴𝑉𝑆𝐶𝑁𝑃,𝑡    eq 4-1 
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where, as in previous chapters, 𝐸𝑝𝑝 is energy pre pulse, J, 𝑇𝜆 is glass transmittance, 𝑓 is laser frequency, Hz, 𝐸𝜆 the energy of a photon of wavelength, 𝜆, 𝑁𝐴 – Avogadro number, 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 – volume of the irradiated sample, 

L, 𝜀𝐴 is a molar attenuation coefficient, L mol-1 cm-1, 𝑐𝐴, 𝑠𝑜𝑙,𝑡 is a pseudo-homogeneous concentration of A 

moieties in the solution, mol L-1 (Fig 4-2a), 𝐿 is light path, cm, 𝑐𝑐ℎ, 𝑠𝑜𝑙,0 is concentration of polymer chains in the 

solution (Fig 4-2b), 𝑉𝑆𝐶𝑁𝑃,𝑡 – defined volume of a polymer chain, e.g. hydrodynamic volume, L.  

Once JA,SCNP,t is calculated, the t variation of the moles of A moieties in an SCNP, (𝑑𝑛A,SCNP,t𝑑𝑡 ), becomes 

accessible. This is illustrated in Fig 4-3a, assuming that the hydrodynamic volume is constant (𝑉SCNP,𝐻,0). Here, 

k+app,ideal is an apparent rate coefficient for dimerization representing not only the activation but also the other 

individual reactions in Fig 4-1c. This apparent rate coefficient has been introduced in Chapter 2 (also Section 

C.1 of the Appendix) in the absence of chains and is thus an ideal value that ignores any effect of confinement 

of the polymer chain.264 However, in practice, a decrease of 𝑉SCNP,𝑡 is expected, which could be captured by a 

Zimm and Stockmayer contraction factor, g,290-291 as demonstrated in Section C.2 of the Appendix. The Zimm 

and Stockmayer contraction factor is defined as a ratio of the mean square radius of gyration of a branched-

chain to a linear one.  

As shown in Fig 4-3c, a correction factor z is proposed to be introduced connecting k+app,ideal with k+app to 

account for mobility constraints or confinement during folding. At the start, no A dimerization reaction has taken 

place yet and as a result, all A moieties should indeed be able to move rather freely. In contrast, if initial 

dimerization has occurred, further dimerization could be hindered due to the decreased mobility of A moieties 

as well as unfavourable spatial arrangements, albeit that a volume contraction has brought them closer to each 

other (Fig 4-3b). Additionally, the A conversion (XA) is limited. If an odd number of A molecules has been 

incorporated in the chains, it is stoichiometrically impossible for the last remaining A moiety to react. 

Furthermore, unfavourable spatial arrangements of the A moieties could further limit the conversion. 

In the present chapter, we propose a basic power law equation for the variation of the confinement correction 

factor z with increasing XA, as shown in Fig 4-3d. The power w would be a system-dependent fitting parameter 

that depends on chemical building block variations. These variations include the stiffness of the polymer 

backbone and the spacer length for A units, which codetermine chain flexibility. A different w value per 

polymer/A system is thus considered, in Fig 4-3d two examples (w=w’ and w=w’’) are demonstrated. In long 

term, these w data were determined even more fundamentally by correlating them with physical polymer 
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parameters such as the stiffness ratio C∞.292 A sample of a potential simulation result can be seen in Fig C-4 

in the Appendix. 

 

Fig 4-3 From ideal to non-ideal folding kinetics; a: ideal case with unlimited chain flexibility so that A 
moieties can be considered as freely moving within a given SCNP/single molecule volume (constant 
hydrodynamic volume VSCNP); b: perceived polymer chain volume contraction during folding (no 
constant VSCNP), as expressed by the contraction factor g (Figure C-3); c: restriction on dimerization 
due to an unfavourable spatial arrangement (steric hindrance) as captured by the z variation up to the 
limiting A conversion; d: upon changing the chemical system (e.g. spacer length for A) one changes 
the confinement effect, as captured by a different w. 
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 Macromolecular reverse engineering to unravel the folding of individual chains  

Modelling in the current section was executed by ir. Francisco Arraez. As explained in the introduction (§4.1), 

the conformation of single chains is critical for SNCP applications. An average folding interpretation is biased 

as it does not allow for the validation of the relevant subtle conformational 3D changes along the chains and 

fails in identifying multimodalities in chain configuration distributions, such as radius of gyration distribution 

(RGD). Non-idealities, such as different backbone A distances, are already encountered during the original 

synthesis of the to-be-folded chains. Critically, experimental synthesis techniques only allow mapping average 

behaviour, whereas matrix-based kMC simulations provide a high level of macromolecular detail (including 

monomer sequence and a sequence of the reaction events Fig C-10 – C-11).185, 293 

Matrix-based kMC simulations have already been applied for several reversible deactivation radical 

polymerisation (RDRP) techniques, but not yet for RAFT polymerisation.270, 294-297 Fig 4-4a depicts a typical 

test 2D simulation outcome with A anchored monomer units coloured in red and non-functionalized units in 

green and for simplicity only 400 chains depicted in stretched format, although, ~106 chains are followed during 

the simulation. The kinetic model parameters are provided in Table C-1 in the Appendix and allow for well-

described monomer conversion and dispersity data, as shown in Fig C-5 of the Appendix. It follows that on 

average the chains consist of ~6 A units with only a low amount (ca. 5%; Fig C-6b) of them not containing A 

units. More importantly, from Fig C-6c-d a distribution of A distances can be identified, highlighting that a chain 

folding is non-uniform for a given chain and even different per chain considered. From the 2D visualization 

after RAFT polymerisation synthesis, a 3D spatial representation (Fig 4-4c-e) of the unfolded copolymer chains 

can be generated using the methodology described by Arraez et al. and used for studying the kinetics of RDRP 

brushes.298-299 For each chain in the kMC ensemble, the comonomer units are placed within a unitary cubic 

lattice from which the squared radius of gyration (Rg
2
) can be predicted, accounting for possible expansions 

and excluded volume effects. Such 3D translation can also be done for folded chains (Fig 4-4c-e), provided 

that in the 2D visualization it is identified which A units have undergone dimerization. For this, we need to know 

the dimerization possibilities for a given chain at every moment of the folding process. In other words, we need 

to update its A-A distance (dA-A) distribution, as shown in Fig C-6c of the Appendix.  
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Fig 4-4 Sample results of the kMC simulation and the information available at various stages of the 
simulation. a: visualization results of the modelling of the kMC polymerisation. A sample of 400 
polymer chains is presented. Green dots stand for MMA units and red - for anthracene units. b: 
distribution of the Rg values is available at the end of the folding simulation. c-e: 3D visualisation 
sample of 3 different chains as the folding progress.   
 
Not every A-A pair has the same likelihood to be sampled for dimerization. Pairs that are too far away from 

each other will not allow for A-A formation, however, this could change if contraction through dimerization of 

another A-A pair in the same chain has brought them closer to each other. In the present chapter, we propose 
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to grasp this by a fundamental dimerization apparent rate coefficient (𝑘+𝑎𝑝𝑝,𝐴−𝐴) that is dependent on the 

composition of the chain: 𝑘+𝑎𝑝𝑝,𝐴−𝐴 =  𝑘+𝑎𝑝𝑝,𝑖𝑑𝑒𝑎𝑙  𝑒−𝐵𝑙(1−𝑀𝜌𝑐ℎ𝑎𝑖𝑛)√𝑑𝐴−𝐴  eq 4-2 

in which 𝜌𝑐ℎ𝑎𝑖𝑛 is the chain crosslinking density (mol of A2 moieties over the mol of monomer units) of the 

selected chain, 𝑙 the bond length between two backbone monomer units, M and B are tunable system-

dependent parameters. The product of 𝑙 and √𝑑𝐴−𝐴 reflects the dynamics of an ideal (Gaussian) chain. 

Parameter M is utilized to capture non-idealities concerning this Gaussian configuration, whereas parameter 

B is considered to allow for a counteracting effect through the contraction. 

In the previous section (§4.2.1), the z function appeared as an empirical correction function for confinement 

and restricted mobility for an average chain, here the z function is now defined per individual chain using 

molecular information and forming an explicit link with the chain synthesis. Thus, eq 4-2 can be used to sample 

A-A pair by A-A pair for each chain in the kMC ensemble, acknowledging the chain history during synthesis 

and folding. A sample of what the k+app,A-A variation could look like as a function of time is provided in Fig C-7 

of the Appendix. Notably, this variation is consistent with the average trend in Fig C-4, highlighting the overall 

consistency of the proposed model. 

From Fig 4-4b, it can be seen that the distributions after folding are bimodal. The first peak represents short 

homopolymers with a very low Rg that do not participate in the folding process. The second peak represents 

longer copolymer chains whose Rg at peak height almost coincides with the average radius of gyration. The 

simulation also shows that folding reduces 〈𝑅𝑔2〉 by approximately 11%. Similarly, the variance of the RGD 

decreases around 20%, because longer chains contain more A than shorter chains, thereby folding 

proportionally more than shorter chains. 

4.3 Proposed experiments for model validation 

In this section, experiments will be discussed that could be used for model validation and parameter 

determination. First, different polymer structures that could be used are discussed, followed by experiments 

that could be used to determine all the necessary parameters.  

To investigate the influence of various structural parameters on the system-dependent fitting parameter, w, a 

library of different polymers could be synthesised, varying different aspects of the polymer structure. Initially, 

several polymers could be synthesised using RAFT polymerization varying non-functional monomer to 

anthracene ratio (e.g. MMA:A shown in Fig 4-5), while keeping the chain length constant. It is expected that 
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up to a certain level more crosslinkers on the chain would lead to higher contractions (g) of the SCNP.177 

However, it is not clear how they will affect the values of w and Xlim. Linker length is already known to influence 

the final SCNP dimensions (longer linkers – more spherical SCNPs).180 Therefore, it would be interesting to 

investigate the influence of the linker length on the values of w and Xlim. To investigate the influence of the 

linker length on the folding kinetics (Fig 4-5), a variation on the carbon linker length could be employed. It 

would be ideal to have a sufficiently high variation in both to obtain a reliable trend in w. The current limitation 

here is that the 3D visualisation of folded SCNPs and thus Rg calculation in kMC code is limited by the type of 

loops that the current code can process (Fig C-8) 

 

Fig 4-5 Structure for the proposed initial library of molecules for model validation. MMA/A polymer where MMA:A 

ratio can be varied (x:y) as well as linker length (u). 

If an anthracene containing monomer is directly polymerized with another monomer like MMA, most certainly 

there will be insufficient information on the kinetic rate coefficients for modelling the polymerization. In absence 

of reliable rate coefficients, several experiments may need to be performed to adjust the polymerization rate 

coefficients used in the kMC model. By tracking the conversion of the individual monomer species during 

polymerization, as well as the conversion of the non-functional monomer during the homopolymerization 

experiment, it would become possible to tune the rate coefficients for the kMC polymerization simulation. 

Conversion of the reaction could be measured via H-NMR and polymer chain length distributions via SEC. 

Once the polymer structure is known, the molar attenuation coefficient of anthracene attached to the polymer 

chain needs to be measured. Knowledge of the molar attenuation coefficient is required for the calculation of 

the fraction of light absorbed by the polymer chains. Molar attenuation coefficient can be determined via UV-

VIS measurements of anthracene containing polymers. UV-VIS measurement of the corresponding non-

photoreactive homopolymer could be beneficial to ensure there is no competitive absorption from moieties 

other than anthracene. 
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Test experiments need to be conducted to test the chain free concentration limit where the intramolecular 

reaction occurs exclusively. The proposed model for SCNP folding is only concerned with the intramolecular 

reaction. However, if during the folding experiment the chain concentration in the solution is too high, 

intermolecular anthracene dimerization may occur, which is not accounted for by the model. Hence, test 

experiments need to be conducted to confirm an upper limit of the polymer concentration during the folding 

experiment. Anthracene containing polymer chains could be dissolved in the solvent in a variety of 

concentrations and folded with a 415 nm LED lamp. The resulting SCNPs could be analysed with SEC to 

determine unwanted intermolecular reactions through a gain in molecular weight.  

The fitting parameters, α and β, from the Zimm-Stockmayer correction, need to be determined for each of the 

synthesised polymers to model the volume contraction factor, g. The dimensions of the nanoparticle, 

represented by the radius of gyration, Rg, or hydrodynamic radius, RH, need to be measured at different 

crosslinking densities (i.e. anthracene conversions). The dimensions could, for example, be measured via 

diffusion-ordered NMR spectroscopy (DOSY-NMR), which would deliver RH. Care needs to be taken regarding 

the solvent used when measuring the dimensions of the SCNPs, as the solvent can affect the SCNP size. At 

least three measurements are required to fit the curve for α and β.  

The rate coefficient ratios for the k+app,ideal calculation are already available from Chapter 2 or 3, if the same 

anthracene is used, otherwise, experiments to determine rate coefficient ratios also need to be performed as 

described in Chapter 2.264  

Finally, experiments recording the folding kinetics could be performed on each of the polymer chains 

determining w and XA,lim. In order to know the number of photons received by the polymer chain solution at 

each point in time, the experiment needs to be performed using a laser (which is available at QUT). The 

samples can be irradiated for different amounts of time with the same energy and the conversion is 

subsequently determined with the UV-VIS measurement. Since the sample size and concentration of the 

polymer chains in the sample is limited, it is most likely that micro cuvettes would be required to ensure a 

sufficient signal in the UV-VIS. H-NMR could not be used to measure the reaction conversion, as the material 

amounts would be too low. The resulting data on the anthracene conversion vs time (i.e. photons received) 

can be used to determine w and XA,lim. Collection data w and XA,lim for different polymers trends could be 

identified and correlating w and XA,lim with physical polymer parameters. Analogously, the resultant 

experimental data also can be used to calculate the M and B for the kMC model. Furthermore, some 

experiments need to be performed to evaluate the stability of the SCNP under laser irradiation to establish a 
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safe operation window with respect to wavelength and time of irradiation. This could be done by irradiating the 

SCNP with a range of wavelengths and closely monitoring the UV-VIS, NMR, SEC measurements for the 

subject of any undesired reactions. 

4.4 Conclusions 

Herein, a model was proposed to predict the photocycloaddition of anthracenes attached to a polymer chain 

based on the model developed in Chapter 2, where anthracene photocycloaddition was modelled free in 

solution. The model has the potential to reveal the interior architecture of SCNPs on an unprecedented level. 

The model proposed in this work would allow for obtaining the information on the average behaviour, as well 

as also having access to individual chain data, providing a detailed understanding of the variety of chains 

present in the mixture. The exact placement of photoreactive folding points along individual polymer backbones 

could be computationally predicted during synthesis using kMC simulation. 3D visualisation of the polymer 

chains could be done at several points during the folding process. Finally, experiments for model validation 

were also proposed. 

As proven for the natural analogues of SCNPs, i.e. proteins, detailed knowledge of exact conformation is a 

prerequisite to enable comparable degree functionality in SCNPs. The proposed model would be paramount 

in understanding and exerting control over SCNPs. Furthermore, the proposed model would be used as a 

basis for developing a model for photocycloaddition of anthracenes controlling dynamic polymer networks 

(Chapter 5). 
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5 CHAPTER 5. IMPLEMENTATION [4+4] 

PHOTOCYCLOADDITIONS IN NETWORK MATERIALS 

In the following chapter, a preliminary literature survey was conducted to prepare the groundwork for modelling 

the dynamic nature of the DLW material based on anthracene units incorporated within the network using kMC. 

Preliminary values for the kinetic rate coefficients for modelling polymerization during DLW are given and 

discussed. This chapter is limited to discussing DLW without spatial variations or movement of the focus during 

DLW. A summary of species in the potential photoresist is presented in §5.1. The next sections are addressing 

the different types of reactions involved in the DLW process: initiation - §5.2, propagation - §5.3, termination - 

§5.4 and chain transfer - §5.5. Finally, potential methods for the introduction of the anthracene 

photocycloaddition reaction are discussed in §5.7.  

5.1 Summary of species  

The photoresist composition considered in this chapter is based on the initial system used by another QUT 

student from our team, Dr Marvin Gernhardt, who aimed at generating a dynamic polymer network via DLW.13, 

32, 300 The species of the photoresist are presented in Table 5-1. Often, the polymerization that cures the resist 

is photoinitiated using Irgacure 369 (IRG369), Irgacure 819 (IRG819), 7-diethylamino-3-thenoylcoumarin 

(DETC) or Isopropyl thioxanthone (ITX).86, 96 Here we use IRG369. Three types of monomers can be typically 

used: tri-, bi- and monofunctional monomers. Tri- and monofunctional monomers are responsible for the non-

dynamic part of the polymer network, i.e. “the base network”. For the role of the trifunctional monomer, either 

pentaerythritol tetraacrylate (PETA) or PEGTriA were proposed. The bifunctional monomer contains 

anthracene in its dimer form, which imparts the dynamic covalent properties – leading to adjustable material 

properties – to the final printed structure. Anthracene in its dimer form had to be used because using 

anthracene containing monofunctional monomers in the photoresist was found to be challenging. Photoresists 

with anthracene containing monofunctional monomers result in frequent microexplosions, restricted writing 

conditions and poor final polymer structure quality due to absorption of the irradiation by the anthracenes.13 

Using bifunctional monomers containing anthracene in its dimer form in the photoresist allowed to avoid the 

aforementioned problems.13 Therefore, Dr Marvin Gernhardt has found that using a bifunctional monomer 

containing anthracene in its dimer form was an optimal solution. As a solvent propylene carbonate is used due 

to its high boiling point. Note that Dr Marvin Gernhardt has changed the chemical species used for his 

photoresist during his PhD, hence, several different tri- and bifunctional monomers were listed in Table 5-1. 
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The rate coefficients listed in this chapter are for the set of molecules in Table 5-1, however, may require 

updating as the photoresist composition changes in the future. Nonetheless, the model framework presented 

herein retains its general applicability.  

In the next sections, §5.2-§5.5, the different reactions taking place during DLW are discussed. To simplify the 

writing, shorthand was used. Tables 5-2 present the summary of the shorthand and corresponding schematic 

representations of different species involved in the reaction. 

Table 5-1 Summary of the species in the reference system. 

Function Chemical structure 

Photoinitiator 

 

IRG369 

Trifunctional monomer 

                  

PEGTriA                                      PETA 

Bifunctional monomer 

 

anthracene dimer containing monomer 

Monofunctional monomer  

butyl acrylate 

Solvent 

 

propylene carbonate 
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Table 5-2 Summary of the shorthand and schematic representations of the monomers (left) and the species with 

the involvement of the monomers at the end of the radical (right). 

Shorthand 
Schematic 

representation 
Shorthand 

Schematic 

representation 

𝐶 

 

𝐶 ∙~≈  

 

𝐶≈ 

 

𝐶∙≈~≈  

 

𝐶≈≈ 

 

~𝐶 ∙ 
 

𝐶 ∙ 
 

𝐷 ∙ 
 

𝐷 

 

~𝐷 ∙ 
 

𝐷≈ 

 

𝐷 ∙~≈  

 

𝑋 
 

~𝑋 ∙ 
  

𝑋 ∙ 
 

  

 

 

5.2 Initiation reactions 

The polymerisation process in the DLW can be divided into two phases: light phase (pulse duration) and dark 

phase (dark time). A laser used for DLW typically has frequencies in the range 80 MHz-1kHz86, 301-302 with a 

typical laser pulse duration of around 100 fs and wavelength in the near-IR range.21 Thus, the pulse duration 

is extremely short in comparison to the dark time. As a first approximation, it may be beneficial to model the 

light phase as a single event resulting in several initiator molecules reaching the excited state.  
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During the light phase, a photoresist is subject to irradiation, leading to photoinitiator excitation and subsequent 

photocleavage. First, the number of photoinitiator molecules excited by two-photon absorption per pulse, 𝑛(2), 
needs to be estimated. Since no spatial variation is modelled at first, eq 1-10 (duplicated below; introduced in 

§1.3.3) can be used.  

𝑛(2) = 12 𝜎2PA, λ𝑁g ( 𝐼ℎ𝜈)2
  

eq 1-1085-86 

where 𝐼 – light intensity (W cm-2), 𝑁g - number of molecules in the ground state, ℎ𝜈 - photon energy, J, and, 

finally, 𝜎2PA,λ - two-photon absorption cross-section at wavelength 𝜆, GM (1𝐺𝑀 = 10−50cm4 s photon−1). A two-

photon absorption cross-section represents the probability of the two-photon absorption event for a given 

molecule at a wavelength 𝜆.87 𝜎2PA,λ can be measured experimentally using, for example, a Z-scan technique, 

where transmittance through the sample is measured.88 𝜎2PA,λ was measured for IRG369 and was found to be 

either 27 GM or 7 GM for the peak wavelength depending on the experimental technique used (see Table 

5-3).88 The reported peak wavelength is 318 nm for 27 GM and 335 nm for 7 GM measurements.88 The 

irradiation wavelength in the DLW set up used by Dr Marvin Gernhardt, however, is 780 nm.303 Under the 

assumption that the shapes of absorption spectra for one proton and two-photon absorption are the same, 

Fischer et al. have been able to estimate the 𝜎2PA,λ value for IRG369 at 800 nm to be 0.27 GM using: 86, 88  𝜎2𝑃𝐴, 𝜆 = 𝜎2PA, peak 𝜎1𝑃𝐴, 𝜆/2𝜎1𝑃𝐴, 𝑝𝑒𝑎𝑘  eq 5-186 

where 𝜎2𝑃𝐴,𝜆 is two-photon absorption cross-section at wavelength λ, GM, 𝜎2PA, peak - two-photon absorption 

cross-section at peak wavelength, GM, 𝜎1𝑃𝐴, 𝑝𝑒𝑎𝑘 - one-photon absorption cross-section at peak wavelength, 

GM, 𝜎1𝑃𝐴, 𝜆/2 - one-photon absorption cross-section at wavelength λ/2, GM. 

Using the same method, 𝜎2PA,λ at 780 nm was also be approximated. According to Fig E-1 in the Appendix, 

the ratio of absorbances at the peak wavelength and 390 nm is 9.22 × 10−3, thus yielding an approximation of 

0.25 GM for 𝜎2PA,780 nm. 
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Table 5-3 Initiation reactions.  

Reaction Parameter Value Reference 

Photoinitiator 

dissociation 
𝐼2 → 𝐼𝑎 ∙  +  𝐼𝑏 ∙ Φ 

Φ ≈ 0.3  304 Φ ≈ 0.2 (typical value) 305 Φ = 0.3  306 𝜎2𝑃𝐴, 𝑝𝑒𝑎𝑘 27𝐺𝑀 (𝑜𝑟 7𝐺𝑀) 88 𝜎1𝑃𝐴, 390𝜎1𝑃𝐴, 𝑝𝑒𝑎𝑘 9.22 × 10−3   

in-house 

UV-VIS 

(Fig D-1) 

Reaction of 𝐼𝑎 ∙ 
radical with free 

monomers 

𝐼𝑎 ∙ + 𝐶 → 𝐶 ∙ 𝑘𝑖𝑛𝑖𝑡 1𝐶 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 This work 𝐼𝑎 ∙ + 𝐷 → 𝐷 ∙ 𝑘𝑖𝑛𝑖𝑡 1𝐷 𝑘𝑝𝑟𝑜𝑝 𝐷𝐷 This work 𝐼𝑎 ∙ + 𝑋 → 𝑋 ∙ 𝑘𝑖𝑛𝑖𝑡 1𝑋 
3.6 × 105 𝑀−1𝑠−1 

  in acetonitrile 
93 

Reaction of 𝐼𝑏 ∙ 
radical with free 

monomers 

𝐼𝑏 ∙ + 𝐶 → 𝐶 ∙ 𝑘𝑖𝑛𝑖𝑡 2𝐶 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 This work 𝐼𝑏 ∙ + 𝐷 → 𝐷 ∙ 𝑘𝑖𝑛𝑖𝑡 2𝐷 𝑘𝑝𝑟𝑜𝑝 𝐷𝐷 This work 𝐼𝑏 ∙ + 𝑋 → 𝑋 ∙ 𝑘𝑖𝑛𝑖𝑡 2𝑋 
6.1 × 106 𝑀−1𝑠−1 

  in acetonitrile 
307 

Reaction of 

photoinitiator 

radicals with O2 

𝐼𝑎 ∙ +  𝑂2 → 𝐼𝑎 − 𝑂 − 𝑂 ∙ 𝑘𝐼𝑎+𝑂2  

on the order of 109 

(approximated by other 

benzoyl radicals)  

93 

𝐼𝑏 ∙ +  𝑂2 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑘𝐼𝑏+𝑂2 
4.3 × 109 𝑀−1𝑠−1 

  in acetonitrile 
307 

 

Once the number of photoinitiator molecules excited by two-photon absorption is known, the quantum yield is 

needed to determine the number of molecules that will decompose and form initiating radicals. The dissociation 

quantum yield for IRG369 was determined to be around 0.3.304, 306 An approximated value of 0.2 has also been 

used in the simulation by Kenning et al. to model photopolymerization in thick polymer systems under LED 

irradiation.305 IRG369 undergoes photocleavage forming two different radicals, 𝐼𝑎 ∙ and 𝐼𝑏 ∙, shown in Fig 5-1, 

where both radicals can initiate the polymerization reaction. The rate coefficients for the initiator radicals have 

been measured in acetonitrile for propagation with butyl acrylate (monofunctional monomer here).93, 307 Rate 

coefficients for the initiator radials propagation with the other two monomers (bi- and trifunctional monomers) 

are not known. Therefore, we propose to estimate their rate coefficient values as those belonging to a 

corresponding homopropagation of the main chain radical.  
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Fig 5-1 Photoinitiator IRG369 dissociation scheme following two-photon absorption event. 

Finally, an important side reaction that takes place during DLW is the reaction of the initiator radical species 

with traces of molecular oxygen. Here the information is also limited: only the reaction between the 𝐼𝑏 ∙ initiator 

radical and oxygen has a known rate coefficient value in acetonitrile.307 For the 𝐼𝑎 ∙ initiator radical, the value 

could only be appoximed by using a value with the same order of magnitude as for other benzyol radicals. 

While for a first approximation the polymerisation reaction during DLW could be modelled without the presence 

of oxygen, it is important to account for this reaction later on because the competition between the radical 

generation and consumption determines the possibility for the successful polymerisation reaction to occur.101  

5.3 Propagation 

A multitude of different propagation reactions takes place in the focal point owing to the number of monomer 

species. The summary of the reactions is listed in Table 5-4-Table 5-7. Table 5-4 shows the propagation of 

the main chain radical through the addition of any free monomer listed in Table 5-1, i.e. monomer which has 

not undergone a reaction yet. An accurate rate coefficient is only available for homopropagation of the 

monofunctional monomer, butyl acrylate (Table 5-4). With the knowledge of the pre-exponential factor, A, and 

activation energy, 𝐸𝑎 , the rate coefficient can be calculated via the Arrhenius’ law: 

𝑘 = 𝐴𝑒−𝐸𝑎𝑅𝑇  
eq 5-2 

where k is a rate coefficient, R is the universal gas constant (8.314 J K−1mol−1) and T – the temperature in K.  

 

Fig 5-2 Structure of tert-butyl acrylate that could be used to approximate homopropagation of the PETA 

(trifunctional monomer). 

For homopropagation of the trifunctional monomer, the rate coefficients are not known. Therefore, it is 

proposed that the reactivity of the trifunctional monomer could be potentially approximated by viewing each 

branch of the trifunctional monomer as three separate monofunctional monomers. Thus, the reactivity of each 
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of the double bonds in the trifunctional monomer is viewed separately. Applied to trifunctional monomer PETA, 

the monomer is then simplified into three acrylates, whose reactivity can be approximated by monofunctional 

acrylate monomers. For example, the homopropagation of monofunctional tert-butyl acrylate (see Fig 5-2) is 

known (Table 5-4). Tert-butyl acrylate resembles part of the PETA structure, with the exception of having one 

less carbon along the chain. After approximation of the reactivity of the individual functional groups, the overall 

reactivity of the trifunctional monomer would be three times the reactivity of one of its functional groups (e.g. 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 ≈ 3 × 𝑘𝑝𝑟𝑜𝑝 𝑋𝑋). The homopropagation rate coefficient for bifunctional monomer is not known, 

therefore, a similar strategy can be used for a trifunctional monomer.  

Cross propagation between the different types of monomers is also possible. To calculate the cross 

propagation of different monomer combinations a monomer reactivity ratio, r, is required. Such a monomer 

reactivity ratio is defined as: 𝑟𝐶𝐷 = 𝑘𝑝𝑟𝑜𝑝𝐶𝐶𝑘𝑝𝑟𝑜𝑝𝐶𝐷  eq 5-3 

where 𝑟𝐶𝐷 – reactivity ratio between monomer C and D, 𝑘𝑝𝑟𝑜𝑝𝐶𝐶 – homopropagation reactivity of monomer C 

and 𝑘𝑝𝑟𝑜𝑝𝐶𝐷 – cross propagation rate coefficient for the propagation of a macroradical with monomer unit C at 

the end of the radical species through the addition of the free monomer D. Rate coefficients for cross 

propagation between these three different monomers are also unavailable, which is not surprising because 

the homopropagation rate coefficients are also lacking. Therefore, reactivity ratios for all the combinations 

must be approximated.  

Apart from the addition of unreacted free monomers, the main chain radical can propagate through the addition 

of dangling bonds of tri- and bifunctional monomers (Table 5-5). None of the rate coefficients for the reactions 

listed are known, therefore, approximations must be made. Inspiration could be taken from the corresponding 

reactions in Table 5-4, for which the propagation rate coefficients can be adjusted to reflect the additional 

steric hindrance present. Similarly to the situation in Table 5-5, rate coefficients for reactions in Table 5-6 and 

Table 5-7 could also be approximated.  
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Table 5-4 Reactions considering the propagation through the addition of the mono-/bi-/trifunctional 
free monomer molecule (C, D, X). 

Reaction equation 
Rate 

coefficient 
Intrinsic reactivity value Reference 

Trifunctional 

monomer (~𝐶 ∙) 
at the end of the 

radical 

~𝐶 ∙ + 𝐶 → ~𝐶 ∙ 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 

Data for tert-butyl acrylate 𝐸𝑎 = 16.45 𝑘𝐽𝑚𝑜𝑙−1 𝐴 =  11.2 × 106 𝐿𝑚𝑜𝑙−1𝑠−1 

308 

3 × 𝑘𝑝𝑟𝑜𝑝 𝑋𝑋 this work ~𝐶 ∙ + 𝐷 → ~𝐷 ∙ 𝑘𝑝𝑟𝑜𝑝 𝐶𝐷 
𝑘𝑝𝑟𝑜𝑝 𝐶𝐶𝑟𝐶𝐷  this work 

~𝐶 ∙ + 𝑋 → ~𝑋 ∙ 𝑘𝑝𝑟𝑜𝑝 𝐶𝑋 
𝑘𝑝𝑟𝑜𝑝 𝐶𝐶𝑟𝐶𝑋  this work 

bifunctional 

monomer (D) at 

the end 

~𝐷 ∙ + 𝐶 → ~𝐶 ∙ 𝑘𝑝𝑟𝑜𝑝 𝐷𝐶 
𝑘𝑝𝑟𝑜𝑝 𝐷𝐷𝑟𝐷𝐶  this work 

~𝐷 ∙ + 𝐷 → ~𝐷 ∙ 𝑘𝑝𝑟𝑜𝑝 𝐷𝐷 2 × 𝑘𝑝𝑟𝑜𝑝 𝑋𝑋 this work 

~𝐷 ∙ + 𝑋 → ~𝑋 ∙ 𝑘𝑝𝑟𝑜𝑝 𝐷𝑋 
𝑘𝑝𝑟𝑜𝑝 𝐷𝐷𝑟𝐷𝑋  this work 

monofunctional 

monomer (X) at 

the end 

~𝑋 ∙ + 𝐶 → ~𝐶 ∙ 𝑘𝑝𝑟𝑜𝑝 𝑋𝐶 
𝑘𝑝𝑟𝑜𝑝 𝑋𝑋𝑟𝑋𝐶  this work 

~𝑋 ∙ + 𝐷 → ~𝐷 ∙ 𝑘𝑝𝑟𝑜𝑝 𝑋𝐷 
𝑘𝑝𝑟𝑜𝑝 𝑋𝑋𝑟𝑋𝐷  this work 

~𝑋 ∙ + 𝑋 → ~𝑋 ∙ 𝑘𝑝𝑟𝑜𝑝 𝑋𝑋 
𝐸𝑎 = 17.9 𝑘𝐽𝑚𝑜𝑙−1 𝐴 = 2.21 × 107 𝐿𝑚𝑜𝑙−1𝑠−1 

309 

 

Once intrinsic reactivity values are estimated, it is necessary to take into account the diffusional limitations 

imposed on the possible reaction.274 Apparent rate coefficients, 𝑘𝑎, can be calculated as a function of the 

intrinsic reactivity and diffusional limitation (expressed in a form of a diffusional rate coefficient, 𝑘𝑑𝑖𝑓𝑓).274 

1𝑘𝑎 = 1𝑘𝑝𝑟𝑜𝑝 + 1𝑘𝑑𝑖𝑓𝑓  eq 5-4274 

For intramolecular reactions, distance rules, available via an in-house UGent algorithm, can be used to check 

if the potential reaction pair is close enough to react. The distance rule calculates the shortest path along the 

polymer network between the potential reaction pair as well as the number of crosslinks along that path.274 

The combination of these two variables decides whether the reaction is probable.274 

  



Chapter 5 

 

123 
 

Table 5-5 Reactions considering the propagation of main chain radical through the addition of the 
dangling double bond. 

Reaction equation 
Rate 

coefficient 
Intrinsic reactivity value Reference 

Tri-functional 
monomer (C) at 

the end 

~𝐶 ∙ + 𝐶≈ →  𝐶 ∙~≈  𝑘𝑃𝐷𝐵 𝐶𝐶1  𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

~𝐶 ∙ + 𝐶≈≈ →  𝐶∙≈~≈  𝑘𝑃𝐷𝐵 𝐶𝐶2  𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

~𝐶 ∙ + 𝐷≈ → 𝐷 ∙~≈  𝑘𝑃𝐷𝐵 𝐶𝐷1 𝑘𝑝𝑟𝑜𝑝 𝐶𝐷 this work 

Bi-functional 
monomer (D) at 

the end 

~𝐷 ∙ + 𝐶≈ →  𝐶 ∙~≈  𝑘𝑃𝐷𝐵 𝐷𝐶1 𝑘𝑝𝑟𝑜𝑝 𝐷𝐶 this work 

~𝐷 ∙ + 𝐶≈≈ →  𝐶∙≈~≈  𝑘𝑃𝐷𝐵 𝐷𝐶2 𝑘𝑝𝑟𝑜𝑝 𝐷𝐶 this work 

~𝐷 ∙ + 𝐷≈ → 𝐷 ∙~≈  𝑘𝑃𝐷𝐵 𝐷𝐷1 𝑘𝑝𝑟𝑜𝑝 𝐷𝐷 this work 

Mono-functional 
monomer (X) at 

the end 

~𝑋 ∙ + 𝐶≈ →  𝐶 ∙~≈  𝑘𝑃𝐷𝐵 𝑋𝐶1  𝑘𝑝𝑟𝑜𝑝 𝑋𝐶 this work 

~𝑋 ∙ + 𝐶≈≈ → 𝐶∙≈~≈  𝑘𝑃𝐷𝐵 𝑋𝐶2  𝑘𝑝𝑟𝑜𝑝 𝑋𝐶 this work 

~𝑋 ∙ + 𝐷≈ → 𝐷 ∙~≈  𝑘𝑃𝐷𝐵 𝑋𝐷1 𝑘𝑝𝑟𝑜𝑝 𝑋𝐷 this work 
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Table 5-6 Reactions considering the propagation of dangling double bond radical through the addition 
of the free monomer. 

Reaction equation 
Rate 

coefficient 
Intrinsic reactivity value Reference 

Tri-functional 
monomer (C) at 

the end #1 

𝐶 ∙  ~≈ +  𝐶 → ~𝐶 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐶1𝐶 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

𝐶 ∙~≈  +  𝐷 → ~𝐷 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐶1𝐷 𝑘𝑝𝑟𝑜𝑝 𝐶𝐷 this work 

𝐶 ∙~≈  +  𝑋 → ~𝑋 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐶1𝑋 𝑘𝑝𝑟𝑜𝑝 𝐶𝑋 this work 

Tri-functional 
monomer (C) at 

the end #2 

𝐶∙≈~≈ +  𝐶 → ~𝐶 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐶2𝐶 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

𝐶∙≈~≈  +  𝐷 → ~𝐷 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐶2𝐷 𝑘𝑝𝑟𝑜𝑝 𝐶𝐷 this work 

𝐶∙≈~≈  +  𝑋 → ~𝑋 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐶2𝑋 𝑘𝑝𝑟𝑜𝑝 𝐶𝑋 this work 

Bi-functional 
monomer (D) at 

the end 

𝐷 ∙~≈ +  𝐶 → ~𝐶 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐷1𝐶 𝑘𝑝𝑟𝑜𝑝 𝐷𝐶 this work 

𝐷 ∙~≈ +  𝐷 → ~𝐷 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐷1𝐷 𝑘𝑝𝑟𝑜𝑝 𝐷𝐷 this work 

𝐷 ∙~≈ +  𝑋 → ~𝑋 ∙ 𝑘𝑃𝐷𝐷𝐵 𝐷1𝑋 𝑘𝑝𝑟𝑜𝑝 𝐷𝑋 this work 
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Table 5-7 Reactions considering the propagation of dangling double bond radical through the addition 
of the dangling double bond. 

Reaction equation 
Rate 

coefficient 
Intrinsic reactivity value Reference 

Tri-functional 
monomer (C) at 

the end 

𝐶 ∙  ~≈ +  𝐶≈ →  𝐶 ∙~≈  𝑘𝑃𝐷𝐷𝐵 𝐶1𝐶1 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

𝐶 ∙~≈  +  𝐶≈≈ →  𝐶∙≈~≈  𝑘𝑃𝐷𝐷𝐵 𝐶1𝐶2 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

𝐶 ∙~≈  +  𝐷≈ → 𝐷 ∙~≈  𝑘𝑃𝐷𝐷𝐵 𝐶1𝐷1 𝑘𝑝𝑟𝑜𝑝 𝐶𝐷 this work 

Tri-functional 
monomer (C) at 

the end #2 

𝐶∙≈~≈ +  𝐶≈ →  𝐶 ∙~≈  𝑘𝑃𝐷𝐷𝐵 𝐶2𝐶1 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

𝐶∙≈~≈  +  𝐶≈≈ →  𝐶∙≈~≈  𝑘𝑃𝐷𝐷𝐵 𝐶2𝐶2 𝑘𝑝𝑟𝑜𝑝 𝐶𝐶 this work 

𝐶∙≈~≈  + 𝐷≈ → 𝐷 ∙~≈  𝑘𝑃𝐷𝐷𝐵 𝐶2𝐷1 𝑘𝑝𝑟𝑜𝑝 𝐶𝐷 this work 

Bi-functional 
monomer (D) at 

the end 

𝐷 ∙~≈ +  𝐶≈ →  𝐶 ∙~≈  𝑘𝑃𝐷𝐷𝐵 𝐷1𝐶1 𝑘𝑝𝑟𝑜𝑝 𝐷𝐶 this work 

𝐷 ∙~≈ +  𝐶≈≈ → 𝐶∙≈~≈  𝑘𝑃𝐷𝐷𝐵 𝐷1𝐶2 𝑘𝑝𝑟𝑜𝑝 𝐷𝐶 this work 

𝐷 ∙~≈ +  𝐷≈ → 𝐷 ∙~≈  𝑘𝑃𝐷𝐷𝐵 𝐷1𝐷1 𝑘𝑝𝑟𝑜𝑝 𝐷𝐷 this work 

5.4 Termination reactions 

A summary of possible termination reactions considered here is provided in Table 5-8. Termination reactions 

considered are termination by a combination of radical species with each other, termination by radical trapping 

and termination by reaction with oxygen. Termination by disproportionation is not considered here for now. 

Some information regarding termination reaction rate coefficients was found for the termination of butyl acrylate 

and methyl acrylate (see Table 5-8). However, we did not find the termination reaction rate coefficients for the 

radical chains with tri- and bifunctional monomer at the end, therefore, approximations need to be made. In 

the first instance, constant termination rate coefficients can be assumed. Later, diffusional limitations can be 

added to optimize the rate coefficients. 

The termination by combination is controlled by two types of diffusion translational and segmental (as 

illustrated in Fig 5-3).310 The length of the polymer chains influences which of the two types of diffusions is 

rate-determining, resulting in three different regimes of the termination rate coefficient behaviour (Fig 5-3).310 

For short chain lengths, rate-determining is translational diffusion, for medium length – segmental.310 Once 
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long chain lengths have been reached, the gel effects make translational diffusion rate-determining once 

again.310   

 

Fig 5-3 Illustration of changes in termination rate coefficient vs chain length. Reprinted with permission from 
Ref.310 

For linear polymerisations, empirical correlations have been developed to account for the three regimes in the 

termination reactivity as a function of the chain length. For example, for methyl acrylate at 50 °C Johnston-Hall 

and Monteiro found the complete correlation to be: 𝐹𝑜𝑟 𝑖 < 𝑖𝑔𝑒𝑙  𝑘𝑡𝑖,𝑖 = 𝑘𝑡0 × 𝑖−𝛼𝑠 𝑓𝑜𝑟 𝑖𝑥 < 𝑖𝑆𝐿  eq 5-5310 𝑘𝑡𝑖,𝑖 = 𝑘𝑡0 × 𝑖𝑆𝐿𝛼𝐿−𝛼𝑆 × 𝑖−𝛼𝐿  𝑓𝑜𝑟 𝑖𝑥 ≥ 𝑖𝑆𝐿  eq 5-6310 𝐹𝑜𝑟 𝑖 ≥ 𝑖𝑔𝑒𝑙  𝑘𝑡𝑖,𝑖 = 𝑘𝑡0 × 𝑖𝑔𝑒𝑙𝛼𝐿−𝛼𝑆 × 𝑖−𝛼𝑔𝑒𝑙 𝑓𝑜𝑟 𝑖𝑥 < 𝑖𝑆𝐿  eq 5-7310 

𝑘𝑡𝑖,𝑖 = 𝑘𝑡0 × 𝑖𝑆𝐿𝛼𝐿−𝛼𝑆 × 𝑖𝑔𝑒𝑙𝛼𝐿−𝛼𝐿 × 𝑖−𝛼𝑔𝑒𝑙 𝑓𝑜𝑟 𝑖𝑥 ≥ 𝑖𝑆𝐿  eq 5-8310 

where the short chain length exponent, 𝛼𝑠, is 0.78 ± 0.04, the medium chain length exponent, 𝛼𝑙, - 0.15 ± 0.03, 

and the long chain length exponent, 𝛼𝑔𝑒𝑙, is (0.81𝑥 − 0.05) ± 0.07. The chain length for the first regime change 

is 𝑖𝑆𝐿 ≈ 18 and the second one is:  
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𝑖𝑔𝑒𝑙 = 6.90𝑋−2.20  eq 5-9310 

where X is the monomer conversion (or equivalently, the polymer mass fraction in case of solution 

polymerization). They also proposed to calculate the termination rate coefficient by a combination between 

two radials of different chain lengths to be calculated as: 𝑘𝑡𝑖,𝑗 = (𝑘𝑡𝑖,𝑖 × 𝑘𝑡𝑗,𝑗)1/2
  eq 5-10310 

For butyl acrylate polymerization in toluene, at ambient pressure in the temperature range of -40 °C to 60 °C 

the correlation was found to be: 𝑘𝑡(𝑖, 𝑖) = 𝑘𝑡(1,1)𝑖−𝛼𝑠 𝑤ℎ𝑒𝑛 𝑖 ≤ 𝑖𝑐  eq 5-11311 𝑘𝑡(𝑖, 𝑖) = 𝑘𝑡(𝑖, 𝑖)𝑖𝑐−𝛼𝑠+𝛼𝑙𝑖−𝛼𝑙 = 𝑘𝑡0𝑖−𝛼𝑙  𝑤ℎ𝑒𝑛 𝑖 > 𝑖𝑐  eq 5-12311 

where 𝑖 stands for chain length, 𝑖𝑐 stands for a “cut-off” chain length where the regime changes from short to 

long chain length and is equal to 30 ± 5, 𝛼𝑠 = 0.85 ± 0.09, 𝛼𝑙 = 0.16 𝑜𝑟 0.22 ± 0.07. 311 

Determining the chain length in the network, however, may be ambiguous and/or difficult, obstructing the use 

of the correlations stated above. In a recent publication by De Keer et al., diffusional limitations were 

represented by diffusional rate coefficients, which together with the intrinsic rate coefficients made up an 

apparent rate coefficient (eq 5-4).274 Additionally, distance rules were used for intramolecular reactions as was 

already described in §5.3.  

Termination by radical trapping is also possible during DLW. Radical trapping occurs due to increasing polymer 

network density restricting some of the radical ability to participate in the further reaction.312 However, no rate 

coefficients are known and, therefore, more research is needed to estimate the values. Due to the presence 

of oxygen in the focal point, termination by reaction with oxygen is possible during DLW. The literature of the 

reaction rate coefficient for the reaction of radical species with oxygen is limited, only orders of magnitude for 

some reactions were found. These orders of magnitude are presented in Table 5-8.  
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Table 5-8 Reactions considering the termination by combination. 

Reaction equation 
Rate 

coefficient 
Intrinsic reactivity value Reference 

Termination 

by 

combination a 

 

∙ 𝐶~𝑖 +  ∙ 𝐶~𝑗 → 𝑃 𝑘𝑡𝐶𝐶(𝑖, 𝑗) 

at 50C for methyl acrylate 𝐿𝑜𝑔𝑘𝑡0 = 9.0 

 

310 

or 𝑘𝑡𝑋𝑋(𝑖, 𝑗)  ∙ 𝐶~𝑖 +  ∙ 𝐷~𝑗 → 𝑃 𝑘𝑡𝐶𝐷(𝑖, 𝑗)  𝑘𝑡𝑋𝑋(𝑖, 𝑗) this work 

∙ 𝐶~𝑖 +  ∙ 𝑋~𝑗 → 𝑃 𝑘𝑡𝐶𝑋(𝑖, 𝑗)  𝑘𝑡𝑋𝑋(𝑖, 𝑗) this work 

∙ 𝐷~𝑖 +  ∙ 𝐷~𝑗 → 𝑃 𝑘𝑡𝐷𝐷(𝑖, 𝑗)  𝑘𝑡𝑋𝑋(𝑖, 𝑗) this work 

∙ 𝐷~𝑖 +  ∙ 𝑋~𝑗 → 𝑃 𝑘𝑡𝐷𝑋(𝑖, 𝑗)  𝑘𝑡𝑋𝑋(𝑖, 𝑗) this work 

∙ 𝑋~𝑖 +  ∙ 𝑋~𝑗 → 𝑃 𝑘𝑡𝑋𝑋(𝑖, 𝑗) 

𝐸𝑎 = 8.4𝑘𝐽𝑚𝑜𝑙−1  𝐴 = 1.3 × 1010𝐿𝑚𝑜𝑙−1𝑠−1  

for 𝑘𝑡(1,1) in toluene, at ambient 

pressure,  

-40C to 60C 

311 

Termination 

by 

combination 

with the 

initiator a 

∙ 𝐶~𝑖 + 𝐼 ∙  → 𝑃 𝑘𝑡𝐶𝐼(𝑖, 𝐼) 𝑘𝑡𝐶𝐶(𝑖, 1) this work 

∙ 𝐷~𝑖 + 𝐼 ∙  → 𝑃 𝑘𝑡𝐷𝐼(𝑖, 𝐼)  𝑘𝑡𝐶𝐶(𝑖, 1) this work 

∙ 𝑋~𝑖 + 𝐼 ∙  → 𝑃 𝑘𝑡𝑋𝐼(𝑖, 𝐼)  𝑘𝑡𝐶𝐶(𝑖, 1) this work 

Radical 

trapping 
∙ 𝑃 → (∙ 𝑃) 𝑘𝑡𝑟𝑎𝑝  312 

Termination 

by reaction 

with oxygenb 

∙ 𝑃 + 𝑂2 → 𝑃𝑂𝑂 ∙ 𝑘𝑃𝑂2 
order of 109 𝑀−1𝑠−1 for trapped 

radicals 
312 𝑃𝑂𝑂 ∙ +𝑌 → 

         → 𝑃𝑂𝑂𝐻 + 𝑌 ∙   

 

𝑘𝑡𝑟𝑎𝑛𝑂𝑌 order of 108 𝑀−1𝑠−1 312 

𝑃𝑂𝑂 ∙ + 𝑃𝑂𝑂 ∙→ 

              → 𝑃𝑂𝑂𝑂𝑂𝑃 
𝑘𝑃𝑂𝑂2 

order of 104 − 108 𝑀−1𝑠−1 for 

methacrylate 
312 

a - here ∙ 𝐶~𝑖 𝑜𝑟 𝑗, ∙ 𝐷~𝑖 𝑜𝑟 𝑗, ∙ 𝑋~𝑖 𝑜𝑟 𝑗 can represent any of the C, D and X radical species as described in 

Table 5-2. 

b – here Y can represent any of the C, D and X non-radical species and ∙ 𝑃 - any of the C, D and X radical 

species. 
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5.5 Chain transfer to monomer reactions 

Chain transfer reactions can take place during the DLW. These reactions are written in a summarised format 

(i.e. no distinction between different types of radicals) in Table 5-9 below. Rate coefficients for chain transfer 

were found only for butyl acrylate (chain transfer to monomer), as expected. Therefore, the butyl acrylate 

transfer rate coefficient value would need to be used to approximate values for all chain transfer reactions. No 

intentional chain transfer agents are present in the model. Chain transfer to the initiator, solvent and polymer 

is not considered here for the simplicity of the model. However, it has been noted that chain transfer to a 

polymer can become significant further along the polymerization process.313 Therefore, the inclusion of chain 

transfer to polymer could be considered in the future. A limited number of rate coefficients for chain transfer to 

polymer for butyl acrylate are available.314 

Table 5-9 Reactions considering the chain transfer to monomer. 

Reaction equation 
Rate 

coefficient 
Intrinsic reactivity value Reference 

∙ 𝐶~𝑖 +  𝐶 → 𝐶~𝑖 +  ∙ 𝐶 𝑘𝑡𝑟𝐶𝐶 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝐶~𝑖 +  𝐷 → 𝐶~𝑖 +  ∙ 𝐷 𝑘𝑡𝑟𝐶𝐷 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝐶~𝑖 +  𝑋 → 𝐶~𝑖 +  ∙ 𝑋 𝑘𝑡𝑟𝐶𝑋 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝐷~𝑖 +  𝐶 → 𝐷~𝑖 +  ∙ 𝐶 𝑘𝑡𝑟𝐷𝐶 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝐷~𝑖 +  𝐷 → 𝐷~𝑖 +  ∙ 𝐷 𝑘𝑡𝑟𝐷𝐷 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝐷~𝑖 +  𝑋 → 𝐷~𝑖 +  ∙ 𝑋 𝑘𝑡𝑟𝐷𝑋 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝑋~𝑖 +  𝐶 → 𝑋~𝑖 +  ∙ 𝐶 𝑘𝑡𝑟𝑋𝐶 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝑋~𝑖 +  𝐷 → 𝑋~𝑖 +  ∙ 𝐷 𝑘𝑡𝑟𝑋𝐷 𝑘𝑡𝑟𝑋𝑋 this work 

∙ 𝑋~𝑖 +  𝑋 → 𝑋~𝑖 +  ∙ 𝑋 𝑘𝑡𝑟𝑋𝑋 

chain transfer to monomer 𝐸𝐴 = 32.6 (±0.8) 𝑘𝐽𝑚𝑜𝑙−1 𝐴 = 2.9(±0.9) × 105 𝑑𝑚3𝑚𝑜𝑙−1𝑠−1 

315 

a – here ∙ 𝐶~𝑖 , ∙ 𝐷~𝑖 , ∙ 𝑋~𝑖 can represent any of the C, D and X radical species as shown in Table 5-2. 
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5.6 Non-uniformities in space and time 

So far the polymerization reactions were discussed with no spatial variations of concentration and temperature 

in mind. However, the polymerisation reaction during DLW occurs in very small volumes (nm scale), therefore, 

diffusion will have a significant effect on the outcome of the DLW.220 The diffusion of species in and out of the 

focal volume in combination with variation in the writing conditions (i.e. pulse frequency, writing speed, energy 

per pulse) results in effects such as focal point duplication, voxel growth and defines whether no polymer 

network structures will be formed, to begin with (§1.3.3).100-101 Furthermore, spatial variations in irradiation 

intensity during light times within the focal volume are also present (Fig 1-9c). Consequently, it is reasonable 

to expect that the structure of the formed polymer network could be affected.  

Inclusion of spatial variation of the concentration of species in the kMC model may be challenging, as nearly 

all kMC models assume perfect mixing. A simple first approximation approach could treat diffusion in and out 

of reaction volume as a “pseudo-reaction”, where the rate coefficient for the “pseudo-reaction” would be a 

function of the diffusion coefficient. The result of the “diffusion reaction” would be an addition or exclusion of 

the molecule from the modelled reaction volume. Subdivision of the reaction volume into several subvolumes 

(by analogy with parallel kMC (§1.5.2)) could to some degree be used to mimic spatial variations in the 

concentration of species as well as photons inside the focal point (Fig 5-4). The results could then be used to 

construct the spatial profile of the network in 1D, 2D or 3D like a puzzle (Fig 5-4). Of course, this solution is 

only an approximation and is most likely to be computationally demanding, thus research into more 

sophisticated and more optimal methods would need to be explored. 

So far the discussion only considered polymerisation of the voxel in general, however, polymer structures are 

written on a substrate, e.g. glass slide. Therefore, the influence of the substrate on the polymerization process 

needs to be investigated. The presence of the substrate limits the diffusion of the reacting species in and out 

of the focal point as the diffusion of the species is not possible through the substrate. Additionally, the relative 

position of the focal point to the substrate-photoresist interphase during DLW can be different hence affecting 

the adhesion of the written polymer structures to the substrate as well as whether the polymer structures will 

be written successfully or not. 

Spatial temperature changes during DLW have been explored experimentally by Mueller et al.316 They found 

that under optimal writing conditions, the average local increase in temperature was only a few degrees (~5K), 

however, once the conditions were no longer optimal, a significant temperature increase (~300K) and micro-

explosions were observed. 316 Therefore, the importance of the inclusion of temporal and spatial temperature 
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variations at various writing conditions (i.e. pulse frequency, writing speed, energy per pulse) for successful 

DLW (and as a consequence polymer network structure) can not be underestimated.  

 

 

Fig 5-4 Illustration of the proposed implementation of the spatial resolution. a: first the whole focal point region 
is averaged (no spatial resolution); b: subdivision into subvolumes to obtain cross-section (1D); c: assembly into 

a 2D representation; d: assembly into a 3D representation. 

5.7 Anthracene reactions in the network environment 

After the generation of the main polymer network structure, we need to implement the anthracene reversible 

cycloaddition reaction. The anthracene reversible cycloaddition takes place at two points in time: during DLW 

and post-DLW. In this section, anthracene reaction during the DLW and potential implementation of the 

reaction into kMC modelling is discussed (§5.7.1). Next, the implementation of post-DLW photodimerization of 

anthracene in the polymer network for kMC is discussed (§5.7.2). 
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 During the DLW 

Following the experimental data collected in the papers by Gernhardt et al.,13, 32 it is clear that anthracene 

dimer is cleaved during the DLW procedure. Several potential reasons could be responsible for the cleavage 

during DLW, making it difficult to include it into the kMC model for DLW. The first potential reason is that 

anthracene dimer cleavage reaction is known to be able to proceed thermally.49 Uppal et al. have predicted 

local temperature increase during DLW in their model,97 and Mueller et al. – experimentally.316 A second 

potential reason is the possibility of multi-photon absorption due to high photon concentrations during the DLW 

which could lead to anthracene dimer photocleavage. Experimental data (Fig 5-5) shows that the amount of 

anthracene dimer cleaved depends on the DLW writing parameters (e.g. writing speed and laser power).32 

Higher writing speed and laser power lead to more anthracene dimer cleavage.32 It is not clear to which 

proportion these two routes could be taking place or if another source of anthracene dimer cleavage is present. 

While thermal cleavage of dimer during writing could be introduced into the model, it may be more difficult to 

do so for the multi-photon absorption. Therefore, it might be beneficial to simplify the model and introduce the 

anthracene dimer cleavage post-writing manually. We could cleave a specific number of bonds statistically 

distributed through the network post-writing in one go. The drawback of this approach would be that, since the 

dimer cleavage occurs during the DLW, the formed anthracenes could potentially drift too far apart, which 

would not be captured by the model. If two anthracenes drift too far apart, the probability that they would not 

be able to participate in photocycloaddition reaction with each other post-DLW would increase. This situation 

is also indirectly confirmed by the fact that in the work of Gernhardt et al. even after 60 hours of post-DLW 

irradiation, fluorescence is still observed, which indicates that not all anthracene moieties were dimerised.32 A 

major challenge here would be to quantify the exact proportion of anthracene dimer that has been cleaved 

during the DLW process. To approach this challenge it may be beneficial to simplify the system first. Several 

experiments could be conducted, where the anthracene dimer bifunctional monomer is substituted with another 

bifunctional monomer. The new bifunctional monomer should not be subject to cleaving during the DLW, but 

could be assumed equivalent to the anthracene dimer containing bifunctional monomer in terms of the 

polymerisation kinetics. The resulting polymer networks can then be treated as a reference point. Generation 

of a reference polymer network using different writing parameters will permit the collection of a library of data 

on the mechanical properties of the polymer network versus the writing parameters used. Experimental data 

could then be compared with the network structure generated by the code resulting in a correlation. The 
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correlation, in turn, could be used to estimate the anthracene conversion in the polymer networks containing 

anthracene.  

 

Fig 5-5 Changes in normalised intensity of anthracene fluorescence incorporated into DLW polymer structures 
(92% anthracene dimer containing monomer and 8% PETA) as a function of scan speed, laser power and post-
DLW irradiation with 415 nm LED. Reproduced from Ref. 1 with permission from the Chinese Chemical Society 
(CCS), Institute of Chemistry of Chinese Academy of Sciences (IC), and the Royal Society of Chemistry. 

 Post-DLW 

Once a polymer network has been generated by the kMC code and some of the anthracenes have been 

cleaved in silico, the introduction of the anthracene reversible photocycloaddition to the model in the post-DLW 

stage could take place. An important thing to consider here is that, since anthracene moieties are attached to 

the polymer network, anthracenes are even more restricted in their reaction than in the SCNP. Experimental 

results in Fig 5-5 demonstrate that full conversion for anthracene photocycloaddition reaction when attached 

to a polymer network is not reached even after 60 hours of irradiation with a 415 nm LED. The model for 

anthracene dimerization, when attached to polymer chains (Chapter 4), could be adapted to the polymer 

network environment.  

The first step in the adaptation would be an adjustment of how the molar rate of photon absorption, JA, is 

calculated. The division of the molar rate of photon absorption between individuals chains is not needed, 

therefore, the calculation of the JA from the model for anthracene dimerization free in the solution (Chapter 2, 

eq 2-4) could be used with some adjustments. For convenience the equation eq 2-4 is presented below: 
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𝒥𝑎(𝑐𝐴) = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 (1 − 10−𝜀𝑐𝐴𝐿)  eq 2-4 

The kMC modelled sample volume, V, becomes the volume of the irradiated polymer network, which will need 

to be carefully defined. The transmittance of the laser vial, 𝑇λ, will no longer be needed as no glass is present 

in the way of the laser beam. The DLW written structures are much smaller than the profile of the laser beam, 

therefore, the energy per pulse received by the sample would need to be adjusted according to the area 

occupied by the DLW polymer structures. Additionally, care needs to be taken to determine if any other 

species, e.g. any of the other monomers used, could be competing with anthracenes for absorption. 

The next step is the adaptation of the kinetic expression for the reaction of anthracene attached to the polymer 

network. Previously (Chapter 4, eq 4-2), when anthracenes were attached to a single polymer chain, rate 

coefficients for each possible pair of anthracene, 𝑘+𝑎𝑝𝑝,𝐴−𝐴, were calculated by calculating an ideal apparent 

rate coefficient for anthracene photodimerization in free solution and correcting for unfavourable spatial 

arrangement and chemical system confinement effects. A similar approach can be taken here. Apparent rate 

coefficients for each possible pair of anthracene in the network can be calculated by using the ideal apparent 

rate coefficient for anthracene photodimerization in free solution and applying several correction factors. The 

first factor, just like in the single polymer chain case, is a tunable system-dependent parameter that depends 

on the type of monomers used for the creating of the polymer network and structural features of the polymer 

network e.g. crosslinking density. The distance between the anthracenes could be estimated by calculating 

the shortest distance between the anthracenes274 since a single polymer backbone is not present.  

A second, Beer-Lambert law dependent factor, is required for the apparent rate coefficient to account for the 

lack of mixing because mixing for anthracenes attached to a polymer network is not possible. The closer the 

anthracene to the surface, the higher the chance for it to absorb the photon and react. Therefore, ideally, 

anthracenes that absorb a photon and reach a singlet excited state should be distributed following the Beer-

Lambert law, however, no spatial resolution is absent in the kMC code. This challenge could be approached 

in incremental steps. The first step is to simply omit the spatial variations and model the reaction on average. 

However, then only the average changes in the network are accessed and the magnitude of change would be 

highly dependent on the chosen sample volume, V. The next step could be the division of the sample volume 

into several smaller sub-volumes by analogy with the parallel kMC approach (see §1.5.2) except for the 

homogenisation step (Fig 5-6). Each sub-volume would be representing a different layer of the polymer 

network. The average Beer-Lambert law dependent factor can be calculated based on the fraction of light 

absorbed by the anthracene species in the sub-volume. The anthracene pairs within each volume can then 
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have the same Beer-Lambert law dependent factor. The approach would enable having a degree of “spatial” 

resolution without the need for the explicit construction of a 3D polymer network beforehand. Finally, the third 

step is to have an explicit construction of a 3D polymer network first, then use the z-coordinates of anthracene 

moieties to define the probability of anthracene absorbing a photon and thus the Beer-Lambert law dependent 

factor (Fig 5-6).  

 

Fig 5-6 Illustration of the potential implementation of anthracene photocycloaddition in the modelling framework. 
a: subdivision into subvolumes (Vx), where light absorption is assumed to be homogeneous (same Beer-Lambert 

law dependent factor, 𝒇𝑩𝑳), shortest distance between the two anthracenes along the backbone of the polymer 
network defines the possibility of reaction; b: individual z-coordinates define the possibility to react.  

The photodimerization kinetics of anthracenes attached to a polymer network could also be modelled without 

the help of the kMC simulation. As a basis, we could use the expression for the photodimerisation of 

anthracenes attached to a polymer chain from Chapter 4 (Fig 4-3), which models the reaction progress for an 

averaged chain. The apparent rate coefficient could be corrected for the confinement effects of the network 

through network correction factor, z. The network correction factor for SCNPs was a function of conversion 

a

b
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and system-dependent fitting parameter, w. The limiting conversion in the polymer network environment would 

need to be experimentally determined. However, in the future, it could be potentially expressed as a function 

of the DLW writing parameters (e.g. laser power) for a given chemical system.  

5.8 Conclusions 

In this chapter, rate coefficient availability and potential modelling methods have been discussed for the DLW 

process and post-DLW dynamics. Information regarding rate coefficients required for modelling the DLW 

process is lacking in the literature. Approximations for rate coefficients have been proposed, but more research 

is required to establish more accurate values. The missing data may need to be determined experimentally 

from linear polymer systems as current approximations are not sufficiently reliable. Experimental 

characterisation of the DLW process is challenging, therefore, benchmarking the model is non-trivial and 

alternative solutions may need to be explored. 

Basic modelling challenges with possible implementation steps were explored here, i.e. reactions to consider 

and the availability of the corresponding rate coefficients. Further expansion of the DLW model is required to 

include but is not limited to spatial variations and diffusion of the reacting species, heat transfer and the 

movement of the laser focus. Possible step-by-step implementation methods of anthracene reactions during 

and post-DLW were explored.



Chapter 6 

 

137 
 

6 CHAPTER 6. CONCLUSIONS AND FUTURE OUTLOOK 

The current chapter summarises all outcomes of the current PhD thesis and provides an outlook into the future 

possibilities of where the results of this thesis could lead. § 6.1 provides the summary of all the chapters and 

the achievements completed in each of them. § 6.2 discussed the potential directions that could be taken in 

the future to further develop the model established in the current thesis.  

 

6.1 Conclusions 

The current thesis aimed to set the foundation for the development of a complex model to predict dynamic 

changes in polymer network structures under an external stimulus (i.e. light) - a prerequisite for the correlation 

between network structure and displayed mechanical properties. The work was approached in a stepwise 

manner, increasing the complexity of the modelled chemical system with each chapter. The investigation 

commenced by exploring the photokinetics of a bond-forming reaction through exclusive anthracene 

photocycloaddition in solution. In a second step, a competitive photocycloreversion was added as a bond-

breaking reaction. In the following chapter, the model was expanded towards single polymer chain networks 

(i.e. single-chain polymer nanoparticles (SCNPs)), by attaching the photoreactive unit to well-defined polymer 

chains. Finally, the availability of the rate coefficients and potential model construction strategy for dynamic 

network formation in additive manufacturing and post-manufacturing modifications were explored in the field 

of direct laser writing (DLW). A detailed summary of each chapter is provided below. 

In Chapter 2, the development of a simple model framework for exclusive anthracene photodimerisation 

kinetics in solution was completed. The model framework is not limited to anthracene photodimerisation 

exclusively, but has the potential to be applied to other photodimerisations. The simplicity of the model was 

highlighted by the fact that the determination of individual rate coefficients was not required. Instead, an 

apparent rate coefficient was used. The apparent rate coefficient consists of rate coefficient ratios, which were 

determined by several short time (low conversion) irradiation experiments. During the short time (low 

conversion) irradiation experiments, the apparent rate coefficient was assumed constant, thus rate coefficient 

ratios could be easily calculated. Furthermore, model predictions of conversions were readily conducted using 

Excel and stepwise integration. An array of variables, e.g. integral and differential quantum yields, a fraction 

of light absorbed or apparent rate coefficient, are easily retrievable from the model. Both integral and differential 
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quantum yields, parameters classically used to describe photochemical reactions, were calculated throughout 

the entire modelled time frame, providing insight into the reaction progress. Importantly, the wavelength 

dependence of the anthracene photocycloaddition was explored in detail in the 𝜆 = 375 – 430 nm range, 

revealing that - apart from the traditionally applied harsh UV light - mild visible light (𝜆 = 410 nm) can be used 

to initiate the reaction. 

To capture reversible dynamic changes in networks, not only the kinetics of bond-forming reactions but also 

bond-breaking reactions have to be considered. Therefore, the anthracene photodimerisation model was 

extended in Chapter 3 to include the competitive anthracene dimer cleavage reaction. The extension was 

carried out by deriving kinetic expressions for two additional scenarios. First, the kinetic expression for 

exclusive anthracene dimer cleavage was derived. The applicability of the kinetic expression for exclusive 

dimer cleavage is limited in the case of anthracene, due to a high molar attenuation coefficient of the 

anthracene monomer. However, the general applicability of the expression for exclusive dimer cleavage 

remains valid. In the following, the kinetic expression for competitive anthracene dimerisation and anthracene 

dimer cleavage were derived. Wavelength dependence of the anthracene photocycloaddition and cleavage 

were explored in detail in the 𝜆 = 260 - 330 nm range via action plots. The wavelength of 𝜆 = 280nm was 

determined to be the optimal wavelength for anthracene dimer cleavage. Once again apparent rate coefficients 

were used, one for anthracene dimerisation and one for anthracene dimer cleavage. Both apparent rate 

coefficients are made up of rate coefficient ratios which were determined at a range of wavelengths. A 

methodology for the determination of competitive anthracene dimerisation and anthracene dimer cleavage rate 

coefficients ratios consisted of performing several short time (low conversion) irradiation experiments. First, 

rate coefficient ratios were determined for anthracene dimerisation with short time (low conversion) irradiation 

experiments on anthracene. Anthracene dimer cleavage was assumed negligible at low conversions (i.e. 

exclusive anthracene dimerization assumed), hence apparent rate coefficient ratios for anthracene 

dimerization were able to be determined the same way as in Chapter 2. Anthracene dimer cleavage rate 

coefficients ratio was determined with short time (low conversion) irradiation experiments on anthracene dimer. 

Anthracene absorption was found to be significant even at low conversions, therefore, the kinetic expression 

for competitive anthracene dimerisation and anthracene dimer cleavage was used to calculate the rate 

coefficient ratio for anthracene dimer cleavage. Finally, the model allowed for the prediction of the wavelength-

dependent photokinetics and equilibria at any set of initial concentrations. 
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Chapter 4 organically extended the model for anthracene dimerisation in solution to intramolecular 

dimerisation of anthracenes attached to polymer chains. The model in Chapter 4 proposed the adaptation of 

the model for anthracene dimerisation in solution by the addition of a confinement correction function. The 

model permits a simple calculation of the progress of the reaction for an averaged chain in Excel. Furthermore, 

the averaged chain model is capable of providing detailed information on the changes in various parameters, 

including integral and differential quantum yields as well as a volume of the polymer chain at any given point 

in time of the reaction. Additional insight was provided by a kMC model, which models the RAFT 

polymerization, to provide insight into crucial chain-to-chain deviations. Additionally, having access to 

individual chain structures, the kMC model calculates the probability of each potential pair of anthracenes to 

react. Therefore, the kMC model can model every single intramolecular anthracene dimerization event. 

Furthermore, the kMC code can visualise the folding process of individual polymer chains explicitly in 3D. 

Consequently, 3D visualization enabled the calculation of the radius of gyration for each chain after every 

intramolecular reaction event, giving insight into the radius of gyration distributions and the folding process 

itself. A series of experiments were proposed for model validation and determination of the missing model 

parameters, such as Zimm-Stockmayer fitting parameters for the calculation of contraction factor as well as 

the system-dependent fitting parameter for estimation of the steric hindrance to the photocycloaddition 

reaction. The model holds key potential to provide a detailed picture of the SCNP folding morphology 

distribution resulting from the given polymerization parameters during the synthesis (e.g. monomer ratio, 

temperature) and folding (e.g. irradiation time and wavelength). Such detailed insight is critical to establish 

control over the SCNP synthesis, which will be required for prospective applications of SCNPs.  

Finally, Chapter 5 investigated anthracene containing polymer networks created via DLW to construct a model 

for predicting the polymer network structure DLW and post-DLW modifications thereof. The mechanical 

properties of the polymer networks depend both on the dynamic (anthracene reversible photocycloaddition) 

and non-dynamic parts of the network (polymer backbone). Therefore, knowledge of the polymer network 

structure at all stages is critical for the success of the model predictions. The chapter discussed the availability 

of rate coefficients for the modelling of polymerisation reactions during DLW on an example of a reference 

system. Unfortunately, many propagation, termination and chain transfer rate coefficients were not found and 

would have to be estimated in the future. A strategy to implement the estimation of rate coefficients was 

proposed. The chapter described a stepwise approach that could be taken to build the model complexity 

focusing on the static voxel formation i.e. no movement. First, building the model to reflect the reaction kinetics 
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of the simplified reaction (omitting some of the reaction intermediate species) was proposed. Then, the gradual 

introduction of the diffusional limitations on the reaction rate coefficients was suggested. The kMC modelling 

technique does not entail spatial resolution as an inherent feature of the model. However, modelling the 

diffusion of species during the reaction and spatial variations of the species is critical for the successful DLW 

model. Therefore, options were proposed to reflect the presence of spatial variations of the species in the 

reaction system. The method proposed a gradual increase in complexity of the model by going from modelling 

voxel formation on average as a whole, then introducing 1D resolution by employing a parallel kMC inspired 

approach. Similarly, avenues to 2D and even 3D resolutions were proposed. Finally, anthracene reactions 

during and post-DLW were discussed. Introduction of the anthracene dimer cleavage reaction occurring during 

the DLW may be challenging, therefore, a strategy was proposed to introduce the cleaved anthracene post 

factum. Modelling of the anthracene photodimerisation reaction post-DLW would take the model proposed in 

Chapter 4 as a basis with some additional adjustments due to increased restrictions of the polymer network 

(e.g. lack of mixing). A step-by-step approach to the potential implementation strategy was written out.  

The current thesis, thus, has prepared the basis required for a highly complex model for polymer network 

structures of dynamic materials generated via DLW. A model for anthracene reversible photocycloaddition 

reaction as dynamic bonds in adaptable polymeric materials has been built from the ground up in a step-wise 

approach gradually increasing the complexity of the model. The required kinetic data for modelling of the DLW 

process via the kMC method has been discussed along with the proposed methodology for the implementation 

of the spatial variations of species in the kMC model. 

 

6.2 Outlook 

In the current section, future work that could be conducted based on the results of the current thesis will be 

discussed. Where appropriate, future ideas have already been mentioned in Chapters 4 and 5, however, here 

ideas are explored as to how the models discussed in the current thesis could be expanded further. 

The model frameworks derived in the current thesis have the benefit of being generally applicable. Hence, the 

methodology of the models derived in Chapters 2 and 3 for anthracene reversible photocycloaddition could 

be further explored for applicability in other photochemical reactions. [2+2] photocycloadditions would be 

especially promising candidates since our group is constantly developing novel, red-shifted stilbene derivatives 

for this class of photoreactions.46, 317-318 Furthermore, it would be of interest to collect more experimental data 

regarding the reactivity of anthracene dimerization reaction in the visible region as it is of interest for more 
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practical applications. In the future experiment, it will also be beneficial to expand the analytical techniques to 

include IR and MS spectra to cross-validate the experimental results. 

The model for photodimerisation of anthracene attached to the polymer chain, proposed in Chapter 4, could 

be further extended. The current algorithm for 3D visualisation of polymer chain conformations is limited by 

the number of different crosslinking point combinations that could be visualised by the code. Therefore, an 

extension of the algorithm for 3D visualisation to increase the limit would be extremely beneficial for expanding 

the model possibilities. A larger library of different polymers of varying structures could be explored to expand 

the correction factor function develop a correlation with more fundamental polymer chain structural properties 

like polymer chain stiffness. Reaction kinetics could be extended to include competitive anthracene dimer 

cleavage (as in Chapter 3), which would enable the modelling of reversible folding and unfolding of SCNPs. 

Additionally, another competitive photocycloaddition reaction could be added to the kinetic model reaction to 

make the model also applicable for modelling polymer chains containing two types of photoreactive groups. 

Such an approach would enable a deeper understanding of light-gated stepwise folding of SCNPs, which has 

been carried out experimentally, yet without the knowledge of the precise macromolecular architecture.48, 319 

The inclusion of intermolecular anthracene photocycloaddition reaction kinetics should be considered because 

the presence of intermolecular reaction pathways in the model would increase its applicability to guide 

experimental design. Here, irradiation time and chain concentration could be predicted to optimize SCNP 

folding conditions. Furthermore, the inclusion of intermolecular reaction and anthracene dimer cleavage could 

potentially be the first step in extending the model to include reactions in polymeric micelles and star-like 

nanogels, although no doubt, much more work would need to be done to achieve model applicability for such 

multi-chain architectures. In Chapters 2 - 4, perfect mixing was assumed in a view of small reaction volume 

(50 – 500 μL), absence of a (magnetic) stirrer, and relatively long reaction times. However, care needs to be 

taken in case of application of the model to larger reaction volumes where imperfect mixing may negatively 

affect  the reaction progress. 

An extensive amount of future work could be carried out regarding the model for DLW polymer network 

generation and reversible anthracene photocycloaddition post-DLW. As described in Chapter 5, a kMC model 

would need to be built first to reflect the basic kinetics (i.e. no spatial variations, chain length dependence in 

rate coefficients) of the polymerisation reaction during the DLW. Next, the diffusional limitations could be 

applied to the intrinsic rate coefficients as described in the recent publication by De Keer et al.274 The possibility 

of the experimental determination of specific rate coefficients for polymerisation could be explored, as this 



Chapter 6 

 

142 
 

would allow reducing the number of approximations made. Experimental measurements for benchmarking the 

model for kMC could be challenging. Benchmarking of the model could potentially be achieved in the future 

using the set-up described in the works of Wegener, where the scattering of a second continuous laser beam 

was used to measure monomer conversion during the DLW.86, 101, 316 As proposed in Chapter 5, spatial 

variations of species and their diffusion would need to be incorporated into the DLW model because the 

diffusion plays an important role in the polymerisation reaction during DLW. Inclusion of temperature profile 

into the simulation would allow to study and predict the microexplosions observed during the DLW permitting 

additional insight into the DLW process and improved experiment design. In Chapter 5, the inclusion of 

anthracene dimer cleavage reactions during DLW was proposed to be done post factum manually, however, 

it would be beneficial to incorporate the reaction into the model. Anthracene photocycloaddition reactions 

would also need to be incorporated into the model to predict post-DLW changes in the polymer network 

structure. The proposed approach was explored in Chapter 5. After the establishment of the model for DLW 

of the single voxel, the model could be further expanded to include the movement of the focal point along the 

path. The inclusion of the movement of the focal point would enable to study the influence of the focal point 

movement on the polymer network structure as well as the resolution of the written features. Finally, the 

modelled dynamic polymer network structures would need to be correlated with their corresponding 

mechanical properties, e.g. stiffness. The correlation could be done through polymer network structural 

features, e.g. pore size, as described in the recent publication by De Keer et al.274 The combination of kMC 

and MD simulations and experimental measurements in the De Keer et al. publication allowed to demonstrate 

a clear structure-property relationship between for example the experimentally measured degree of swelling 

and simulated polymer structural features like pore size.274 Similarly, structural features of the DLW dynamic 

polymer network could be correlated with experimentally measured mechanical properties. Mechanical 

properties for DLW polymer networks such as hardness could be measured using nano-dynamic mechanical 

analysis (nano-DMA).13 An initial correlation between the modelled polymer network structure and the 

experimentally measured mechanical properties could be done by first performing nano-DMA measurements 

on a range blank samples, i.e. bifunctional monomer containing anthracene dimer is substituted by an 

equivalent non-cleavable bifunctional monomer as was previously done by Gernhardt et al.1 The non-cleavable 

bifunctional monomer would help to avoid anthracene dimer cleavage during writing. Additionally, it must be 

noted that the non-cleavable bifunctional monomer must be carefully selected as bulky anthracene structure 

is expected to affect the mechanical properties of the material.1 The correlation could also potentially be used 



Chapter 6 

 

143 
 

to determine the anthracene dimerization and anthracene dimer cleavage reaction conversion, providing the 

means to establish and validate a model for anthracene reversible photocycloaddition reaction when attached 

to a polymer network. 

In conclusion, the current thesis prepared the groundwork for the generation of a model for dynamic polymeric 

networks generated via DLW, subsequent modifications of the network structure under external stimuli and 

connection of the said polymer network structure to the resulting mechanical properties. The models proposed 

in the current thesis have general applicability and thus, in the future, could additionally be further adapted to 

suit different reaction systems. 
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A. APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 

2 

This supporting information accompanying Chapter 2 has been published as Kislyak, A.; Frisch, H.; Gernhardt, 

M.; Van Steenberge, P. H. M.; D'Hooge D, R.; Barner-Kowollik, C., Time-Dependent Differential and Integral 

Quantum Yields for Wavelength-Dependent [4+4] Photocycloadditions. Chemistry 2020, 26 (2), 478-484. 

A.1 Derivation related to photoreaction rate law 

A.1.1 Derivation of 𝓙𝒂(𝒄𝑨) (eq 2-4 in the main text) 

The number of excited species formed in a singlet excited state is equal to the amount of photons absorbed,1 

thus, in order to obtain an expression for the rate of excited species formation, we need to derive the equation 

in terms of moles of photons absorbed per second. Based on expressions provided in the book by Levine I. 

N.1 as well as work of Marien Y. W. et al.,2 one can derive the required expression. 

First, the number of photons generated per pulse (reaching the sample holder) 𝑛𝛾 𝑝𝑝 can be determined by 

division of energy per pulse emitted by the laser at a certain wavelength λ by the energy of a single photon at 

the said wavelength as is seen in eq A-1 with  𝑛𝛾 𝑝𝑝(𝜆) = 𝐸𝑝𝑝𝐸𝜆   eq A-1 

Further, in order to obtain the actual number of photons reaching the solution one has to account for the fraction 

of light being absorbed, reflected or otherwise by multiplication with an experimentally determined glass 

transmittance value, 𝑇𝜆. Next, in order to translate the number of photons reaching the solution per pulse to 

moles of photons per second it is necessary to multiply our expression by the number of pulses per second, f, 

as well as dividing it by the Avogadro number, NA. In addition, the expression was divided by the sample 

volume, V, in order to obtain moles of photons reaching the solution per second per unit of volume. Finally, 

with accordance to the Beer-Lambert law1 the factor (1 − 10−𝜀𝑐𝐴𝐿) is introduced, so that one can determine the 

amount of moles of photons absorbed per unit time per unit volume, eq 2-4 (in the main text).  𝒥𝑎(𝑐𝐴) = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 (1 − 10−𝜀𝑐𝐴𝐿)          
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A.1.2 Derivation of photoreaction rate law for anthracene dimerization 

In this section eq 2-5 shown in the main text is derived. The mass balance for anthracene species A in the 

reaction volume can be written as eq A-2, based on the reaction scheme in Scheme 2-1b in the main text. 

Hereby, we assume perfect mixing in the sample and consider a constant volume and temperature. 

dcAdt = k−1c A.1 + k3c A.1 cA − k2c A.1 cA − 𝒥a  eq A-2 

By analogy, the continuity equation for anthracene monomer in the singlet excited state can be written as: 

dc A.1dt = −k−1c A.1 − k3c A.1 cA − k2c A.1 cA + 𝒥a  eq A-3 

Here we make a quasi-steady-state assumption for the calculation of the concentration of the A.1  

species (dc A.1dt formally equal to 0), which under rearrangement yields eq A-4. If eq A-4 is substituted in eq A-

2, we arrive to eq A-5. Finally, simplification of eq A-5 leads to eq 2-5 in the main text. 

c A.1 = 𝒥a
 (k3+k2)cA+k−1  eq A-4 

dcAdt = (k−1+k3cA−k2cA)𝒥a(k3+k2)cA+k−1 − 𝒥a  eq A-5 
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A.2 Synthesis 

 

 

Scheme A-1 Synthesis of the anthracene dimer c. 

 

A.2.1 Synthesis of 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl anthracene-9-

carboxylate (a) 

 

Scheme A-2 Synthesis of a. 

2.50 g (11.25 mmol, 1.00 eq.) of 9-anthracenecarboxylic acid, 19.4 mL (112.49 mmol, 10.0 eq.) of tetraethylene 

glycol and 0.14 g (1.13 mmol, 0.10 eq.) of DMAP were dissolved in 70 mL of THF in a dry flask under argon. 

2.79 g (13.5 mmol, 1.20 eq.) of DCC were dissolved in 7 mL of THF and added to the flask over the course of 

30 min using a syringe pump. In order to increase conversion, another 4.19 g (16.9 mmol, 1.5 eq.) of DCC 

was added after 24 h. After 72 h in total, the reaction solution was diluted with DCM, filtered to remove 

dicyclohexylurea (DCU) and washed with saturated sodium bicarbonate solution, water and brine. The organic 



Appendix A 

 

A-4 
 

phase was dried with sodium sulphate and the solvent was evaporated. The raw product was purified in several 

steps: It was dissolved in acetone, before cooling the solution and filtering it in order to remove remaining DCU. 

Afterwards, it was purified using column chromatography, starting in 1:1 cyclohexane : ethyl acetate, then 

switching to 10% v/v methanol in ethyl acetate. The product was obtained in a yield of 41% (1.85g, 4.64 mmol).  

 

1H NMR (600 MHz, DMSO, δ): 8.79 (s, 1H, Ar H), 8.17 (d, J = 8.7 Hz, 2H, Ar H), 8.06 (d,    J = 8.7 Hz, 2H, Ar 

H), 7.63 (m, 2H, Ar H), 7.59 (m, 2H, Ar H), 4.73 (t, 2H, J = 4.7 Hz, PEG H), 4.55 (t, 2H, J = 5.4 Hz, PEG -OH), 

3.84 (t, 2H, J = 4.7 Hz, PEG H), 3.64-3.35 (m, 12 H, PEG H) ppm. 

 

 

Fig A-1 1HNMR-spectrum of a (600 MHz, DMSO-d6). 

 

A.2.2 Synthesis of anthracene monomer 13-oxo-3,6,9,12-tetraoxapentadec-14-en-1-yl 

anthracene-9-carboxylate (b) 

 

Scheme A-3 Synthesis of b. 



Appendix A 

 

A-5 

 

 

1.75 g (4.39 mmol, 1.00 eq.) of a and 0.74 mL (5.27 mmol, 1.20 eq.) of triethylamine (TEA) were dissolved in 

10.0 mL DCM in a dry flask under argon. 0.43 mL (5.27 mmol, 1.20 eq.) of acryloyl chloride were dissolved in 

2.50 mL of DCM. The solution was added to the reaction flask using a syringe pump over the course of 30 min 

while the reaction flask was cooled in an ice bath. The reaction was allowed to reach room temperature and 

continued to be stirred overnight.  

The reaction mixture was washed three times each with 5% HCl, saturated sodium bicarbonate solution and 

water. The organic phase was dried with sodium sulphate and the solvent was evaporated. The product was 

obtained in a yield of 85% (1.69 g, 3.73 mmol). 

 

1H NMR (600 MHz, CDCl3, δ): 8.53 (s, 1H, Ar H), 8.13 (d, J = 8.7 Hz, 2H, Ar H), 8.01 (d, J = 8.7 Hz, 2H, Ar H), 

7.54 (m, 2H, Ar H), 7.48 (m, 2H, Ar H), 6.43-6.37 (m, 1 H, -CO-CH-CH-CHH), 6.16-6.09 (m, 1 H, -CO-CH-CH-

CHH), 5.82-5.78 (m, 1 H, -CO-CH-CH-CHH), 4.78 (t, 2H, J = 4.8 Hz, PEG H), 4.27 (t, 2H, J = 4.5 Hz, PEG H), 

3.94 (t, 2H, J = 4.8 Hz, PEG H), 3.76-3.56 (m, 12 H, PEG H) ppm. 

 

 

Fig A-2 1HNMR-spectrum of b (600 MHz, CDCl3). 
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A.2.3 Synthesis of anthracene dimer 13-oxo-3,6,9,12-tetraoxapentadec-14-en-1-yl 

anthracene-9-carboxylate dimer (c) 

 

Scheme A-4 Synthesis of c. 

 

A solution of b in chloroform with a concentration of 12 mg/mL was prepared. It was degassed by bubbling 

argon through it for 10 min. The reaction vial was irradiated with a 10 W 415 nm LED. Full conversion after 16 

h reaction time was verified using 1H-NMR.  

 

1H NMR (600 MHz, CDCl3, δ): 6.97 (d, J = 7.2 Hz, 4H, Ar H), 6.81 (m, 8H, Ar H), 6.72 (d, J = 7.2 Hz, 4H, Ar 

H), 6.43-6.38 (m, 2H, -CO-CH-CH-CHH), 6.16-6.10 (m, 2H, -CO-CH-CH-CHH), 5.83-5.79 (m, 2H, -CO-CH-

CH-CHH), 5.72 (s, 1H), 4.56 (t, 2H, J = 4.8 Hz, PEG H), 4.27 (m, 2H, J = 4.8 Hz, PEG H), 3.71 (m, 2H, J = 

4.8 Hz, PEG H), 3.66 (m, 2H, J = 4.8 Hz, PEG H), 3.57-3.52 (m, 8 H, PEG H) ppm. 
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Fig A-3 1HNMR-spectrum of c (600 MHz, CDCl3). 
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A.3 Experimental procedures 

A.3.1 UV-VIS 

Obtaining 100% pure anthracene monomer A and its dimer A2 separately is an experimental challenge. Thus, 

the following procedure was used in order to obtain extinction coefficients of pure compounds. First, 1H-NMRs 

of mostly anthracene and mostly anthracene dimer samples (>90%) were taken to determine the percentage 

of each of the compounds in the samples. Subsequently, UV-VIS spectra of the samples were taken in a 

chloroform solution for three separate stock solutions for each of the compounds. Furthermore, due to high 

absorbance of the anthracene monomer A, each stock solution was measured three times as well. The data 

averaged over measurements of three stock solutions and equations below were applied in order to determine 

pure molar attenuation coefficients. 

𝜀𝐴 = 𝐴𝑏𝑠1− 𝜀𝐷[𝐷]1[𝐴]1   eq A-6 

𝜀𝐷 = 𝐴𝑏𝑠2−𝐴𝑏𝑠1[𝐴]2[𝐴]1[𝐷]2−[𝐷]1[𝐴]2[𝐴]1   eq A-7 

With Abs1 representing average absorbance values for solution 1 (99.41% anthracene dimer and 0.59% 

anthracene monomer), Abs2– average absorbance values for solution 2 (98.89% anthracene monomer and 

1.11% anthracene dimer),[A]1 – concentration of anthracene monomer in solution 1 in mol L-1, [A]2 – 

concentration of anthracene monomer in solution 2 in mol L-1, [D]1 – concentration of anthracene dimer in 

solution 1, mol L-1, [D]2 – concentration of anthracene dimer in solution 2, mol L-1, εD – molar attenuation 

coefficient of anthracene dimer, L mol−1 cm−1 εA – molar attenuation coefficient of anthracene monomer, L mol−1 cm−1. 
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A.3.2 Laser experimental procedure 

Samples for the laser experiments were prepared by two procedures, which yielded similar results. The first 

procedure involved preparation of the solution of anthracene in dichloromethane, sealing off the solution in the 

laser vial and subsequent degassing of the solution for 10 min in nitrogen flow. An alternative procedure 

involved several freeze-pump-thaw cycles of dichloromethane prior to the placement of the solvent into the 

glovebox. Anthracene monomer, A, was dried and placed into the glovebox, where the solution was made 

under the nitrogen atmosphere. In both cases solution was sealed in 0.7 mL glass laser vials.  

Experiments were conducted on a tunable 20Hz Opolette laser at 375 nm unless specified otherwise. The 

laser experimental set up is depicted in Fig A-4. The glass transmittance measured before each set of 

experiments with accordance to procedures described in Ref 3, which involved using 5 laser vial bottoms 

obtained from laser vials cut about 3.6mm from the bottom, placing the vial bottoms in sample holder 5 in place 

of the sample and measuring the resulting energies per pulse with and without the vial bottom in place.3 From 

the resulting values glass transmittance, 𝑇𝜆, can be readily calculated as 
𝐸𝑝𝑝 𝑤𝑖𝑡ℎ 𝑣𝑖𝑎𝑙 𝑖𝑛 𝑝𝑙𝑎𝑐𝑒𝐸𝑝𝑝 𝑤𝑖𝑡ℎ 𝑜𝑢𝑡 𝑣𝑖𝑎𝑙 𝑖𝑛 𝑝𝑙𝑎𝑐𝑒. 

 

Fig A-4 Laser experiment set up.  
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A.4 Supporting results 

A.4.1 Error analysis for Fig 2-2 

Error bars present in Fig 2-2 are the result of error propagation based on the uncertainties in the equipment 

used. Error of the scale used was ±0.01 mg, error of 100-1000 μL blue Eppendorf pipette both systematic and 

random was accounted for and dependent on the volume used (data available from the Eppendorf manual),4 

NMR error was taken as a residual error of the fit and, finally, further 3% error was added on top of the 

calculated error to estimate for an uncertainty related to the laser use. 

A.4.2 Conversion and fraction of light absorbed vs wavelength 

 

Fig A-5 Conversion of anthracene (1) in DCM after irradiation at 30, 60 and 120 s at different wavelengths as in Fig 
2-2 in the main text. All of the samples were irradiated at a photon rate of 1.97 × 10-8 mol s-1. In comparison to Fig 
2-2 in the main text, here on the second axis the fraction of light absorbed at the initial irradiation for the 

concentration, calculated in accordance to Beer-Lambert’s law,1 (𝟏 − 𝟏𝟎−𝜺𝒄𝑨𝑳), and volume of samples used can 
be seen for the ease of comparison.  The major reduction in conversion at wavelengths beyond 410 nm is 
associated with decrease of the fraction of light absorbed.
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Energy per 
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by the energy 

meter 

Epp, 𝝁J pulse
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Wavelength 

𝝀, nm 
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anthracene monomer 

1 per sample m, mg 

Sample volume 
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Energy per pulse 

measured by the 

energy meter 

Epp, 𝝁J pulse
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Glass transmittance 
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Wavelength 

𝝀, nm 

Initial mass of 

anthracene monomer 

1 per sample m, mg 

Sample volume 

V, 𝝁L 

Energy per pulse 

measured by the 

energy meter 

Epp, 𝝁J pulse
-1

 

Glass transmittance  
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until that time 
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A.4.4 From kapp towards the individual rate coefficients 

Fig A-6 shows plot of the experimental data from Fig 2-3 the main text divided by 𝒥a (red hollow points) as 

well as a resulting fit function. The fitting was performed using a dynamic fit function of SigmaPlot and eq 2-

14 of the main text. Note that we opted for a pragmatic description based on only the initial anthracene 

concentration (one variable cA0), leading to an elegant formula despite the recording of the experimental data 

in Fig 2-3 in the main text based on two variables: the initial mass amount and the volume of the system.  𝑟1 = 𝑘2𝑘−1 = 5.41 ± 0.48 𝐿 𝑚𝑜𝑙−1   
𝑟2 = 𝑘2+𝑘3𝑘−1 = 44.2 ± 8.1 𝐿 𝑚𝑜𝑙−1    𝑅2 = 0.963  

 

Fig A-6 Adjustment of parameters in eq 2-14 for the experimental data from Fig 2-3.  
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Fig A-7 
𝒌𝟐+𝒌𝟑𝒌−𝟏 𝒄𝑨𝟎 vs 𝒄𝑨𝟎. The figure shows critical value of 𝒄𝑨𝟎 for the rate coefficients ratio, i.e. when 𝒌𝟐+𝒌𝟑𝒌−𝟏 𝒄𝑨𝟎 = 𝟏, 

to be 0.0226 mol L-1; parameters as specified in the main text.  
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A.4.5 Variation of energy per pulse 

 

Fig A-8 Change in kapp values versus change in energy per pulse irradiated by the laser beam. Samples with cA0 
of 0.0174mol L-1 and volume of 0.25mL were irradiated with 375 nm wavelength at 20 Hz. Line plotted is kapp 
prediction preformed with the use of eq 2-10. 
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A.4.6 Variation of wavelength 

 

Fig A-9 Variation in kapp with the change of irradiation wavelength (purple). In red an overlay graph show the 
fraction of light absorbed for a given initial conditions used to experimentally determine the kapp. For experimental 
conditions used please refer to the Tables A-1 and A-4 above. 
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A.4.7 Model validation 

The prediction calculations were performed using Excel. Calculation of monomer and concentration present 

as well as the apparent rate coefficient at a specified time step were performed using eq 2-2. Calculation of 

the integral and differential quantum yields were achieved the following way: 𝛷𝑖𝑛𝑡 = 𝑛𝐴2𝑡𝑖−𝑛𝐴20𝐼𝑎 𝑡𝑖−1(𝑡𝑖−𝑡𝑖−1)+𝑛𝛾 𝑎𝑏𝑠  eq A-8 

𝛷𝑑𝑖𝑓𝑓 = 𝑛𝐴2𝑡𝑖−𝑛𝐴2𝑡𝑖−1𝐼𝑎 𝑡𝑖−1(𝑡𝑖−𝑡𝑖−1)  eq A-9 

With the 𝛷𝑖𝑛𝑡 being integral quantum yield, 𝛷𝑑𝑖𝑓𝑓 - differential quantum yield, 𝑛𝐴2 - moles of dimer at time 𝑡𝑖 or 

0, mol, 𝑡 - time, s, 𝑛𝛾 𝑎𝑏𝑠 - moles of photons cumulatively absorbed by time 𝑡𝑖−1, mol, 𝐼𝑎 - moles of photons 

absorbed per unit time at time ti-1, 𝑚𝑜𝑙  𝑠−1. 𝐼𝑎 𝑡𝑖−1 is defined by  

𝐼𝑎 𝑡𝑖−1 = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴 (1 − 10−𝜀𝑐𝐴𝐿)  eq A-10 

where cA is concentration of anthracene monomer at time ti-1 in mol L-1. It is thus assumed, that time step is 

sufficiently small to be able to treat the rate of photon absorption, 𝐼𝑎, as constant for the duration of the said 

time step. 

Table A-5 Relative changes in kapp during step wise updates in long time predictions. 

Data set 

Max 𝒌𝒂𝒑𝒑 change 

per step, % 

Average 𝒌𝒂𝒑𝒑 change 

per step, % 

𝒌𝒂𝒑𝒑 change 

between first and 

last point, % 

Prediction 1 (a-b from Fig 2-5) 0.08% 0.03% 82% 

Prediction 2 (c-d from Fig 2-5) 0.03% 0.02% 58% 

Prediction 3 (e-f from Fig 2-5) 0.02% 0.02% 74% 
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Fig A-10 Simulations shown in Fig 2-5 overlaid with the predictions made by omitting the change in kapp over time 
but rather assuming a constant value determined at the initial conditions of the given experiment, i.e. using kapp 
(cA0) determined at t0.
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B. APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 

3 

his supporting information accompanying Chapter 3 has been published as Kislyak, A.; Kodura, D.; Frisch, 

H.; Feist, F.; Van Steenberge, P. H. M.; Barner-Kowollik, C.; D'Hooge, D. R., A holistic approach for anthracene 

photochemistry kinetics. Chem. Eng. J. 2020, 402. 

 

B.1 Synthesis procedure 

In this section the synthesis procedure as depicted in Fig B-1 for the A species used in this work is described. 

The synthesis was performed in two steps. In the first step 6-hydroxyhexyl anthracene-9-carboxylate was 

synthesised (Subsection B.1.1; Fig B-2), which was then used in the second step for the synthesis of the final 

product, 6-acetoxyhexyl anthracene-9-carboxylate (Subsection B.1.2; Fig B-5). 

 

Fig B-1 Synthetic scheme of the synthesis of A in Fig 3-1. 

 

B.1.1 6-hydroxyhexyl anthracene-9-carboxylate 
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Fig B-2 6-hydroxyhexyl anthracene-9-carboxylate. 

6-hydroxyhexyl anthracene-9-carboxylate was synthesized according to a literature procedure.5 

Isolated yield: 1.10 g (3.51 mmol, 71%). 

1H NMR (600 MHz, DMSO-d6) δ (1H) = 8.77 (s, 1H, CH-7), 8.17 (dd, J = 8.3, 1.2 Hz, 2H, CH-6,14), 8.02 – 7.93 

(m, 2H, CH-3,11), 7.63 (ddd, J = 8.7, 6.5, 1.3 Hz, 2H, CH-2,12), 7.58 (ddd, J = 7.9, 6.5, 1.2 Hz, 2H, CH-1,13), 

4.57 (t, J = 6.6 Hz, 2H, CH2-16), 4.36 (t, J = 5.2 Hz, 1H, OH), 3.39 (td, J = 6.4, 5.1 Hz, 2H, CH2-21), 1.83 – 

1.76 (m, 2H, CH2-17), 1.47 – 1.23 (m, 6H, CH2-18,19,20). 

13C NMR (151 MHz, DMSO-d6) δ (13-C) = 168.78 (C-15), 136.11 (C-10), 130.45(C-4,8), 129.07 (C-7), 128.69 

(C-6,14), 127.93 (C-5,9), 127.39 (C-2,12), 125.79 (C-1,13), 124.48 (C-3,11), 65.62 (C-16), 60.59 (C-21), 32.42 

(C-20), 28.19 (C-17), 25.41 (C-19), 25.11 (C-18). 

LC-ESI-HRMS (m/z) Calculated for [C21H22O3H]+ :323.1642 measured: 323.1651. 

Calculated for [C21H22O3NH4]+ : 340.1907 measured: 340.1917. 

Calculated for [C21H22O3Na]+ : 345.1461 measured: 345.1469. 

 

7             6,14  3,11  1,2,12,13                                        DCM                              16 OH                      21                                              17      18-20                         DMSO-d6

 𝟐0
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Fig B-3 1H-NMR spectrum of 6-hydroxyhexyl anthracene-9-carboxylate in dimethylsulfoxide-d6. 

 

Fig B-4 13C-NMR spectrum of 6-hydroxyhexyl anthracene-9-carboxylate in 
dimethylsulfoxide-d6. 

B.1.2 6-acetoxyhexyl anthracene-9-carboxylate 

 

 

Fig B-5 6-acetoxyhexyl anthracene-9-carboxylate. 

6-hydroxyhexyl anthracene-9-carboxylate (500 mg, 1.55 mmol, 1.0 eq.) and triethylamine (1.27 mL, 941.6 mg, 

9.31 mmol, 6.0 eq.) were dissolved in dry DCM (10 mL) and cooled with an ice bath. Acetylchloride (0.56 mL, 

15                                                    10                                                                     16      21                                           20   17  18  19              

4,8           7  6,14  5,9  2,12         1,13        3,11  

DMSO-d6
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608.6 mg, 7.75 mmol, 5.0 eq.) was diluted with dry DCM (5 mL) and added dropwise using a syringe pump 

over a period of 1 h. After the addition, the ice bath was removed and the mixture stirred overnight, followed 

by extraction with saturated ammonium chloride solution (30 mL), water (50 mL) and brine (50 mL). The organic 

layer was dried over Mg2SO4 and the solvent removed under reduced pressure. The pure product was obtained 

after flash column chromatography (100% DCM, Rf: 0.45). 

Isolated yield: 0.520 g (1.42 mmol, 91%). 

LC-ESI-HRMS (m/z) Calculated for [C23H24O4H]+ : 365.1747 measured: 365.1749. 

Calculated for [C23H24O4Na]+ : 387.1567 measured: 387.1568. 

1H-NMR (600 MHz, DMSO-d6) δ (1H) = 8.76 (s, 1H, CH-7), 8.16 (d, J = 8.4 Hz, 2H, CH-6,14), 7.97 (d, J = 8.7 

Hz, 2H, CH-3,11), 7.62 – 7.55 (m, 4H, CH-1,2,12,13), 4.56 (t, J = 6.6 Hz, 2H, CH2-16), 3.96 (t, J = 6.5 Hz, 2H, 

CH2-21), 1.96 (s, 3H, CH3-23), 1.82– 1.72 (m, 2H, CH2-17), 1.58 – 1.51 (m, 2H, CH2-21), 1.44 – 1.30 (m, 4H, 

CH2-18,19). 

13C-NMR (151 MHz, DMSO-d6) δ (13C) = 170.35 (C-15), 168.75 (C-22), 130.44 (C-10), 129.06 (C-4,8), 128.66 

(C-7), 127.90 (C-6,14), 127.42 (C-5,9), 127.39 (C-3,11), 125.76 (C-2,12), 124.47 (C-1,13), 65.53 (C-16), 63.68 

(C-21), 28.00 (C-17), 27.96 (C-20), 25.17 (C-18), 24.99 (C-19), 20.66 (C-23). 
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Fig B-6 1H-NMR spectrum of 6-acetoxyhexyl anthracene-9-carboxylate in dimethylsulfoxide-d6. 

 

Fig B-7 13C-NMR spectrum of 6-acetoxyhexyl anthracene-9-carboxylate in dimethylsulfoxide-d6. 

7             6,14  3,11  1,2,12,13                                                                           16              21                                                                  17  20  18,19                          𝟐0

DMSO-d6

10          4,8    7  6,14  5,9 3,11       2,12          1,13

DMSO-d6

15  22                                                                                                           19  21                                                    17  20  18,19                         
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Fig B-8 An example of NMR analysis. Mathematical fit was used for the calculation of the area under the peaks in 
the NMR. a: peak for tracking A presence; b: peak for tracking A2 presence. 

  

a b
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B.2 Derivations 

B.2.1 Derivation of the photo-kinetics for exclusive dimerization (Case 1 in the main 

text) 

The derivation of the photokinetics for the exclusive dimerization has already been treated in detail in the 

previous work,6 hence; in here only the main steps will be highlighted.  

The mass balance for the A species (no volume effect) is: 

𝑑𝑐𝐴𝑑𝑡 = k−1c1𝐴 + k3c1AcA − k2c1AcA − 𝒥𝐴(𝑐𝐴)  eq B-1 

in which  

𝒥𝐴(𝑐𝐴)  = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 (1 − 10−𝜀𝐴𝑐𝐴𝑙)  eq 3-10 

Similarly the mass balance for A in a singlet excited state is: 

dc1Adt = −k−1c1A − k3c1AcA − k2c1AcA + 𝒥𝐴(𝑐𝐴)  eq B-2 

Applying the steady state approximation (QSSA) for the determination of the concentration of A in singlet 

exited state it follows: 

c1A = 𝒥𝐴(𝑐𝐴)
 (k3+k2)cA+k−1  eq B-3 

Substituting this back into the mass balance for A species gives: 

𝑑𝑐𝐴𝑑𝑡 = −2 [ 𝑘2𝒥𝐴(𝑐𝐴)(𝑘2+𝑘3)𝑐𝐴+𝑘−1] 𝑐𝐴  eq B-4 

The integration of the above equation denoting the term in the brackets as k+app leads to Eq. (6) of the main 

text.  
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B.2.2 Derivation of the photo-kinetics for exclusive dimer cleavage (Case 2 in the main 

text)  

The mass balance for the dimer species (no volume effect) is: 

𝑑𝑐𝐴2𝑑𝑡 = −𝒥𝑨𝟐(𝑐𝑨𝟐) + 𝑘−4𝑐1𝐴2  eq B-5 

in which  

𝒥𝑨𝟐(𝑐𝑨𝟐) = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 (1 − 10−𝜀𝐴2𝑐𝐴2𝑙)  eq 3-10 

Similarly the mass balance for dimer in a singlet excited state is: 

𝑑𝑐1𝐴2𝑑𝑡 = 𝒥𝑨𝟐(𝑐𝑨𝟐) − (𝑘5 + 𝑘−4)𝑐1𝐴2  eq B-6 

Applying the QSSA for the determination of the concentration of dimer in singlet exited state 

𝑑𝑐1𝐴2𝑑𝑡 = 0  eq B-7 

one obtains: 

𝑐1𝐴2 = 𝒥𝑨𝟐(𝑐𝑨𝟐)𝑘5+𝑘−4   eq B-8 

Substituting this back into the mass balance for dimer species it follows that: 

𝑑𝑐𝐴2𝑑𝑡 = −𝒥𝑨𝟐(𝑐𝑨𝟐) + 𝑘−4 𝒥𝑨𝟐(𝑐𝑨𝟐)𝑘5+𝑘−4   eq B-9 

After rewriting one obtains the photoreaction law in the main text (eq 3-9).  

For the integration of eq 3-9 in the main text one can write: 

1𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 (1−10−𝜀𝐴2𝑐𝐴2𝑙)𝑑𝑐𝐴2 = − 𝑘5𝑘5+𝑘−4  𝑑𝑡  eq B-10 

∫ 10𝜀𝐴2𝑐𝐴2𝑙1−10𝜀𝐴2𝑐𝐴2𝑙𝑐𝐴2𝑐𝐴20 𝑑𝑐𝐴2 = 𝑘5𝑘5+𝑘−4  𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 ∫ 1𝑡𝑡0 𝑑𝑡  eq B-11 
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In order to integrate eq B-11, the left side will be considered initially. Integration by parts was used in the 

following way: 

𝑢 = 1 − 10𝜀𝐴2𝑐𝐴2𝑙  eq B-12 

Therefore 

𝑑𝑢𝑑𝑐𝐴2 = −𝜀𝐴2𝑙 ln 10 × 10𝜀𝐴2𝑐𝐴2𝑙  eq B-13 

Substitution of eq B-12 & eq B-13 leads to:  

∫ 1−𝑢𝑢𝑢𝑢0 𝑑𝑢−𝜀𝐴2𝑙 ln 10×(1−𝑢) = 𝑘5𝑘5+𝑘−4  𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 ∫ 1𝑡𝑡0 𝑑𝑡  eq B-14 

Integration of eq B-14 and substitution of eq B-12 leads to eq B-15, with further rearrangement leads to eq 3-

14 of the main text. 

−1𝜀𝐴2𝑙 ln 10 [ln(1 − 10𝜀𝐴2𝑐𝐴2𝑙)]𝑐𝐴2(0)𝑐𝐴2(𝑡) = [ 𝑘5𝑘5+𝑘−4  𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉 𝑡]𝑡0𝑡   
eq B-15 

Furthermore, if we were to look at the two limiting situations discussed in the main text we can give the following 

extra details. The first one is with 𝜀𝐴2𝑐𝐴2𝑙 so large that 𝒥𝐴2 appears independent of 𝑐𝐴2. The integration gives:  

𝑐𝐴2 = 𝑐𝐴20 − 𝑘5𝑘5+𝑘−4  (𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉) (𝑡 − 𝑡0)  eq B-16 

For the second situation with 𝜀𝐴2𝑐𝐴2𝑙 small so that 𝒥𝐴2 ∝ 𝑐𝐴2 it holds that: 

𝑐𝐴2 = 𝑐𝐴20 exp− 𝑘5𝑘5+𝑘−4  (𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉) 2.303𝜀𝑙(𝑡 − 𝑡0)  eq B-17 
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B.2.3 Derivation of the photo-kinetics for competitive dimerization and dimer cleavage 

(Case 3 in the main text) 

In order to derive the photo-kinetics of the competitive case the first mass balance for monomer will be first 

derived (again no volume effect) 

𝑑𝑐𝐴𝑑𝑡 = 𝑘−1𝑐1𝐴 − 𝒥𝐴 + (𝑘3 − 𝑘2)𝑐1𝐴𝑐𝐴 + 2𝑘5𝑐1𝐴2  eq B-18 

The mass balance for anthracene monomer in singlet excited state can also be written as: 

𝑑𝑐1𝐴𝑑𝑡 = −𝑘−1𝑐1𝐴 + 𝒥𝐴 − (𝑘3 + 𝑘2)𝑐1𝐴𝑐𝐴  eq B-19 

Similarly the mass balance for anthracene dimer in the singlet excited state can be written in the following way: 

𝑑𝑐1𝐴2𝑑𝑡 = 𝒥𝐴2 − (𝑘5 + 𝑘−4)𝑐1𝐴2  eq B-20 

Here we apply the QSSA for the determination of the concentration of the intermediate species. 

𝑑𝑐1𝐴𝑑𝑡 = 0    thus    𝑐1𝐴 = 𝒥𝐴𝑘−1+(𝑘3+𝑘2)𝑐𝐴   eq B-21 

𝑑𝑐1𝐴2𝑑𝑡 = 0   thus   𝑐1𝐴2 = 𝒥𝐴2𝑘5+𝑘−4 … eq B-22 

Substitution of eq B-21 and eq B-22 into eq B-18 results in eq 3-20 in the main text. 

Integration of eq 3-20 of the main text with temporarily constant apparent parameters leads to 

[− ln(2𝑘−𝑎𝑝𝑝−2𝑘+𝑎𝑝𝑝𝑐𝐴)2𝑘+𝑎𝑝𝑝 ]𝑡𝑡+Δ𝑡 = [𝑡]𝑡𝑡+Δ𝑡  eq B-23 

− ln(2𝑘−𝑎𝑝𝑝−2𝑘+𝑎𝑝𝑝𝑐𝐴,𝑡+Δ𝑡)2𝑘+𝑎𝑝𝑝 + ln(2𝑘−𝑎𝑝𝑝−2𝑘+𝑎𝑝𝑝𝑐𝐴,𝑡)2𝑘+𝑎𝑝𝑝 = Δ𝑡  eq B-24 

Rearrangement of eq B-24 for 𝑐𝐴,𝑡+Δ𝑡 can finally lead to eq 3-24 of the main text. 
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B.2.4 Derivation of equation for equilibrium concentration in Case 3 in the main text  

In order to derive the equation for determination of equilibrium (eq 3-26 in the main text), first eq 3-21 in the 

main text needs to be considered, representing the case of competitive A dimerization and A2 cleavage. At 

equilibrium photostationary state is reached there is no net change in concentration of either A or A2 observed, 

thus 
d𝑐Ad𝑡 = 0 and:  0 = −2 𝑘+app(cA,eq, cA2,eq)cA,eq + 2k−app(cA,eq, cA2,eq)  eq B-25 

Rearrangement of the equation above leads to eq B-26, which with further substitution of eq 3-16, 3-17, 3-19 

and 3-20 of the main text leads to eq B-27:  𝑘+app(cA,eq, cA2,eq)cA,eq = k−app(cA,eq, cA2,eq)  eq B-26 

k2k−1cA,eq( k2k−1+ k3k−1)cA,eq+1 𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 𝜀AcA,eq 𝜀AcA,eq+𝜀A2cA2,eq (1 − 10−(𝜀AcA,eq+𝜀A2cA2,eq)𝐿) =   

                                                = 11+k−4k5 𝐸pp𝑇𝜆𝑓𝐸𝜆𝑁A𝑉 𝜀A2cA2,eq 𝜀AcA,eq+𝜀A2cA2,eq (1 − 10−(𝜀AcA,eq+𝜀A2cA2,eq)𝐿)  
eq B-27 

eq B-27 can in turn be simplified to: 

k2k−1cA,eq( k2k−1+ k3k−1)cA,eq+1 𝜀AcA,eq 𝜀AcA,eq+𝜀A2cA2,eq = 11+k−4k5 𝜀A2cA2,eq 𝜀AcA,eq+𝜀A2cA2,eq  eq B-28 

eq B-28 ultimately becomes eq 3-26 of the main text with the help of 𝑔A and 𝑔A2that are auxiliary functions as 

defined by eq 3-27 & 3-28 in the main text.  
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B.3.2 Fraction of light absorbed during small time A dimerization experiments 

Table B-5 Data on fraction of light absorbed by A and A2 during small 
time A dimerization experiments at different wavelengths and same 
initial concentration. 
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0 1.74E-02 1.00 0.00E-04 0.00 
30 1.73E-02 1.00 6.93E-05 0.00 
60 1.72E-02 1.00 1.22E-04 0.00 
120 1.69E-02 1.00 2.38E-04 0.00 

280 

0 1.74E-02 1.00 0.00E-04 0.00 
30 1.73E-02 0.99 8.61E-05 0.01 
60 1.71E-02 0.99 1.78E-04 0.01 
120 1.68E-02 0.98 3.23E-04 0.02 

300 

0 1.74E-02 1.00 0.00E-04 0.00 
30 1.73E-02 1.00 7.10E-05 0.00 
60 1.71E-02 1.00 1.46E-04 0.00 
120 1.69E-02 0.99 2.78E-04 0.01 

320 

0 1.74E-02 1.00 0.00E-04 0.00 
30 1.72E-02 1.00 1.01E-04 0.00 
60 1.70E-02 1.00 1.93E-04 0.00 
120 1.67E-02 1.00 3.79E-04 0.00 

375 

0 1.74E-02 1.00 0.00E-04 0.00 
30 1.71E-02 1.00 3.46E-08 0.00 
60 1.70E-02 1.00 5.87E-08 0.00 
120 1.65E-02 1.00 1.15E-07 0.00 

 

  



Appendix B 

 

A-39 

 

Table B-6 Data on fraction of light absorbed by A and A2 during small time A 
dimerization experiments at different initial concentration and same wavelengths. 
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280 4.36E-02 

0 4.36E-02 1.00 0.00E+00 0.00 
30 4.26E-02 0.99 5.02E-08 0.01 
60 4.19E-02 0.98 8.13E-08 0.02 
120 4.06E-02 0.96 1.50E-07 0.04 

280 1.09E-02 

0 1.09E-02 1.00 0.00E+00 0.00 
30 1.08E-02 0.99 1.88E-08 0.01 
60 1.07E-02 0.99 3.85E-08 0.01 
120 1.06E-02 0.98 6.81E-08 0.02 

280 8.72E-03 

0 8.72E-03 1.00 0.00E+00 0.00 
30 8.65E-03 0.99 1.73E-08 0.01 
60 8.58E-03 0.99 3.37E-08 0.01 
120 8.49E-03 0.98 5.78E-08 0.02 
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Table B-7 Data on fraction of light absorbed by A and A2 during small time A 
dimerization experiments at different initial concentration and same wavelengths. 
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260 4.36E-02 

0 4.36E-02 1.00 0.00E+00 0.00 
30 4.29E-02 1.00 3.31E-04 0.00 
60 4.25E-02 1.00 5.41E-04 0.00 
120 4.13E-02 1.00 1.13E-03 0.00 

260 2.20E-02 

0 2.20E-02 1.00 0.00E+00 0.00 
30 2.17E-02 1.00 1.05E-04 0.00 
60 2.16E-02 1.00 1.74E-04 0.00 
120 2.12E-02 1.00 3.61E-04 0.00 

260 1.46E-02 

0 1.46E-02 1.00 0.00E+00 0.00 
30 1.44E-02 1.00 5.87E-05 0.00 
60 1.44E-02 1.00 1.01E-04 0.00 
120 1.42E-02 1.00 1.65E-04 0.00 

260 1.09E-02 

0 1.09E-02 1.00 0.00E+00 0.00 
30 1.08E-02 1.00 3.89E-05 0.00 
60 1.07E-02 1.00 6.41E-05 0.00 
120 1.07E-02 1.00 1.01E-04 0.00 
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B.3.3 Data for determination of the initial forward apparent rate coefficient for 

monomer dimerization at 260, 280 and 375 nm 

 
Fig B-9 Results of the parameter tuning of eq 3-6 to the experimental data at 260 nm from Table B-1 and B- 2. The 

tuning was performed with the help of the curve fit function of SigmaPlot and resulted in the 
𝒌𝟐𝒌−𝟏 = 𝟏. 𝟗𝟐 𝑳 𝒎𝒐𝒍−𝟏 

and 
𝒌𝟐+𝒌𝟑𝒌−𝟏 = 𝟏𝟐. 𝟒 𝑳 𝒎𝒐𝒍−𝟏 (or 

𝒌𝟑𝒌−𝟏 = 𝟏𝟎. 𝟓 𝑳 𝒎𝒐𝒍−𝟏) with 𝑹𝟐 = 𝟎. 𝟖𝟓. The corresponding comparison of simulated and 

experimental data at low times to determine the individual data points thus the k+app values are given in Fig B-12. 

 
Fig B-10 Results for the parameter tuning using eq 3-6 in the main text to the experimental data at 280 nm from 

Table B-1. The tuning was performed with the help of the curve fit function of SigmaPlot and resulted in the 
𝒌𝟐𝒌−𝟏 =𝟒. 𝟒𝟓 𝑳 𝒎𝒐𝒍−𝟏 and 

𝒌𝟐+𝒌𝟑𝒌−𝟏 = 𝟓𝟎. 𝟏 𝑳 𝒎𝒐𝒍−𝟏 (or 𝒌𝟑/𝒌−𝟏 = 𝟒𝟓. 𝟕 𝑳 𝒎𝒐𝒍−𝟏) with 𝑹𝟐 = 𝟎. 𝟗. The corresponding comparison of 

simulated and experimental data at low times to determine the individual data points thus the k+app values are 
given in Fig B-13. 
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Fig B-11 Comparison of data from previous work6 of 𝒌+𝒂𝒑𝒑(𝒄𝑨𝟎)𝑱𝑨−𝟏(𝒄𝑨𝟎) vs 𝒄𝑨𝟎 vs data as determined in the present 

work. This figure is used as a basis for an assumption of the same 𝒌𝟐/𝒌−𝟏 and 𝒌𝟑/𝒌−𝟏 for the anthracene used in 
the current paper as well as the one in the previous contribution.6 The chemical difference lies in the nature of the 
R group: see Fig B-11. However, the apparent reactivities can be seen as the same. The corresponding comparison 
of simulated and experimental data at low times to determine the individual data points thus the k+app values are 
given in Fig B-14. Also shown is the corresponding line based on the numbers given in Table 3-2 in the main text 
for this wavelength. 

 
Fig B-12 Structure of anthracene used: a: present work; b: previous work.6 
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Fig B-13 Fits of the short time experimental data for A dimerization at 260 nm. a: cA0 = 4.36 × 10-2 mol L-1; b: cA0 = 
2.20 × 10-2 mol L-1; c: cA0 = 1.74× 10-2 mol L-1; d: cA0 = 1.46× 10-2 mol L-1; e cA0 = 1.09 × 10-3 mol L-1. More detailed 
data on the experimental conditions can be found it Table B-2. 
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Fig B-14 Fits of the short time experimental data for A dimerization at 280 nm. a: cA0 = 4.36 × 10-2 mol L-1; b: cA0 = 
1.74 ×  10-2 mol L-1; c: cA0 = 1.09 × 10-2 mol L-1; d: cA0 = 8.72 × 10-3 mol L-1. More detailed data on the experimental 
conditions can be found it Table B-1. 

  
Fig B-15 Fits of the short time experimental data for A dimerization at 375 nm. cA0 = 4.36 × 10-2 mol L-1; b: cA0 = 
1.74 × 10-2 mol L-1; c: cA0 = 1.45 × 10-2 mol L-1. More detailed data on the experimental conditions can be found it 
Table B-1 & B-2. 
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S3.5 Fraction of light absorbed during small time A2 cleavage experiments   

Table B-8 Data on fraction of light absorbed by A and A2 during small 
time A2 cleavage experiments. 
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260 

0 3.52E-05 0.05 1.10E-02 0.95 
15 1.18E-04 0.15 1.09E-02 0.85 
30 2.24E-04 0.25 1.09E-02 0.75 
60 3.48E-04 0.35 1.08E-02 0.65 

270 

0 3.52E-05 0.00 1.10E-02 1.00 
15 6.03E-04 0.08 1.07E-02 0.92 
30 1.11E-03 0.14 1.04E-02 0.86 
60 2.01E-03 0.23 9.97E-03 0.77 

280 

0 3.52E-05 0.00 1.10E-02 1.00 
15 9.30E-04 0.07 1.05E-02 0.93 
30 1.66E-03 0.11 1.01E-02 0.89 
60 2.93E-03 0.20 9.51E-03 0.80 

290 

0 3.52E-05 0.00 1.10E-02 1.00 
15 7.69E-04 0.08 1.06E-02 0.92 
30 1.42E-03 0.14 1.03E-02 0.86 
60 2.69E-03 0.25 9.63E-03 0.75 

300 

0 3.52E-05 0.01 1.10E-02 0.99 
15 3.77E-04 0.10 1.08E-02 0.90 
30 6.03E-04 0.15 1.07E-02 0.85 
60 8.72E-04 0.20 1.05E-02 0.80 

310 

0 3.52E-05 0.03 1.10E-02 0.95 
15 3.27E-04 0.21 1.08E-02 0.78 
30 5.38E-04 0.30 1.07E-02 0.69 
60 7.28E-04 0.38 1.06E-02 0.62 

320 

0 3.52E-05 0.05 1.10E-02 0.88 
15 3.02E-04 0.31 1.08E-02 0.66 
30 4.47E-04 0.41 1.08E-02 0.58 
60 6.69E-04 0.51 1.06E-02 0.48 

330 

0 3.52E-05 0.07 1.10E-02 0.84 
15 3.01E-04 0.43 1.08E-02 0.56 
30 4.64E-04 0.54 1.07E-02 0.45 
60 5.80E-04 0.60 1.07E-02 0.40 

  

  



Appendix B 

 

A-46 
 

B.3.5 Data for determination of the reverse apparent rate coefficient  

 

 
Fig B-16 Visualisation of the fit for short time dimer cleavage experiments from Table B-3 and B-7. 
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Fig B-17 k-app (cA0, cA20) at different wavelength at initial conditions in the short time A2 cleavage experiment. 
cA20=1.10×10 - 2 mol L-1 and cA0=3.52×10-5 mol L-1 For more experimental conditions please refer to Table B-3. Plot 
with fitting line is shown in Fig B-17, also knowing that zero data point at 375 nm. 
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B.3.6 k2/k-1, k3/k-1 and k5/k-4 change with wavelength: experimental data and parameter 

tuning: lines at bottom of Table 3-2 in the main text 

 

Fig B-18 Summary of ratio of rate coefficients as used to construct the formulas as stated in Table 3-2 of the main 
text. a: k2/k-1 at different wavelengths; b: k3/k-1 at different wavelengths; k- 4/k5 at different wavelengths. For the 
former two a straightforward description based on exponential functions can be used. For the latter a more 
complex formula is needed. In the present work it is decided to use a physically relevant equation to capture the 
overall trend and knowing the absence of dimer cleavage at very high wavelength, as can be deduced from the 
extra added data on attenuation. 0.1 error bars are included for scale.
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B.3.8 Supplementary plot for Fig 3-8 aii. 

 

Fig B-19 Plot of k+app (cA,cA2) cA against k-app (cA,cA2) for the Fig 3-8a in the main text. As time progresses, the 
concentration of A decreases while the concentration of A2 increases leasing to a decrease in k+app (cA,cA2) cA and 
an increase in k-app (cA,cA2) until eventually photostationary state is reached with k+app (cA,cA2) cA being equal to k-

app (cA,cA2). 
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B.4 Extra sensitivity parameters beyond the examples in Fig 3-8 and 

considering general kinetic parameters  

In this section, an extra sensitivity analysis is considered for general kinetic parameters. Since individual rate 

coefficients are not required for the use of eq 3-24 and 3-25 ratios are used for convenience. In order to perform 

the analysis the following ratios are changed k2/k-1, k3/k-1 and k-4/k5. Each ratio was changed in turn while 

keeping the other two constant apart from the case where change in k-1 was mimicked, in that case both k2/k- 1 

and k3/k-1 where both changed proportionally. In Fig B-20 one can see the result of the sensitivity analysis 

accomplished by starting from pure monomer A. Overall with changes in each of the individual rate coefficients 

has led to the expected changes in the equilibrium concentrations.  

First, if we look at Fig B-20 a we will be able to see that decrease in k3/k-1, i.e. increase in k3, which corresponds 

to concentration quenching and thus not leading to formation of dimer, leads to equilibrium point shifting 

towards producing more dimer as expected. Fig B-20 b in turn shows, that increase in k-1 and, therefore a 

decrease in lifetime of A in the singlet excited state, leads to reduction in time available for the for the 1A 

species to react, consequently leading to less dimer being formed. Fig B-20 c corresponds to effect of change 

in k2, responsible for dimerization reaction itself. An increase in k2 thus leads to shift equilibrium towards 

producing more dimer. Finally, Fig B-20 d looks at the combined effect of k5/k-4 on the equilibrium. The 

parameter k-4 corresponds to the de-excitation of 1A2, while k5 is responsible for the dimer dissociation reaction, 

therefore a decrease in k5/k-4, i.e. increase in k-4 and/or decrease in k5, results in lower rates of dimer 

dissociation and, hence, a shift in equilibrium towards having more dimer. 

Furthermore in Fig B-21 one shows that if one selects three cases of the same overall amount of “A” groups 

one always ends with the correct equilibrium setting, highlighting the overall consistency of the developed 

platform. This is thus further supporting results in the second situation in Fig 3-8 in the main text. 
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Fig B-20 Sensitivity analysis performed on eq 3-24 and 3-25. Red lines represent anthracene monomer and blue 
lines anthracene dimer. The following conditions were used to predict reaction conversion: cA0=0.0174 mol L-1, 
cA2=0 mol L-1, 20Hz, 538 μJ pulse-1, 280nm;  

a: k2/k-1 = 5.41 𝑳 𝒎𝒐𝒍−𝟏, k5/k-4 = 1,  

i. k3/k-1 = 387.9 𝑳 𝒎𝒐𝒍−𝟏,  
ii. k3/k-1 = 38.79 𝑳 𝒎𝒐𝒍−𝟏,  
iii. k3/k-1 = 3.879 𝑳 𝒎𝒐𝒍−𝟏;  
b: k5/k-4 =1,  

i. k2/k-1 = 5.41 𝑳 𝒎𝒐𝒍−𝟏, k3/k-1 = 38.79 𝑳 𝒎𝒐𝒍−𝟏,  
ii. k2/k-1 = 3.25 𝑳 𝒎𝒐𝒍−𝟏, k3/k-1 = 23.27 𝑳 𝒎𝒐𝒍−𝟏,  
iii. k2/k-1 = 1.62 𝑳 𝒎𝒐𝒍−𝟏, k3/k-1  = 11.64 𝑳 𝒎𝒐𝒍−𝟏;  
c: k3/k-1 = 38.79 𝑳 𝒎𝒐𝒍−𝟏, k5/k-4 = 1,  

i. k2/k-1 = 54.10 𝑳 𝒎𝒐𝒍−𝟏,  
ii. k2/k-1 = 5.41 𝑳 𝒎𝒐𝒍−𝟏,  
iii. k2/k-1 = 0.541 𝑳 𝒎𝒐𝒍−𝟏;  
d:k3/k-1 = 38.79 𝑳 𝒎𝒐𝒍−𝟏, k2/k-1 = 5.41 𝑳 𝒎𝒐𝒍−𝟏,  
i. k5/k-4 = 0.1,  
ii. k5/k-4 = 1,  
iii. k5/k-4 = 10. 
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Fig B-21 An illustration of the ability to use eq 3-24 and 3-25 from any point of initial concentration combinations 

obeying the same overall amount of A moieties (same cA,tot,). Parameters were arbitrarily set to k2/k-1 = 5 𝑳 𝒎𝒐𝒍−𝟏, 
k3/k-1 = 35 𝑳 𝒎𝒐𝒍−𝟏, k5/k-4 = 1, molar attenuation coefficients were also arbitrarily set to 𝜺𝑨 = 𝟔𝟎𝟎 𝑳 𝒎𝒐𝒍−𝟏 𝒄𝒎−𝟏 and 𝜺𝑨𝟐 = 𝟑𝟎𝟎 𝑳 𝒎𝒐𝒍−𝟏 𝒄𝒎−𝟏. A same equilibrium point is always reached regardless of the initial ratio of monomer to 

dimer. a: 𝒄𝑨𝑶 = 𝟏𝟎−𝟏𝟎 𝒎𝒐𝒍 𝑳−𝟏 and 𝒄𝑨𝟐𝟎 = 𝟓 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑳−𝟏; b: 𝒄𝑨𝟎 = 𝟓 × 𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑳−𝟏 and 𝒄𝑨𝟐𝟎 = 𝟐. 𝟓 ×𝟏𝟎−𝟑 𝒎𝒐𝒍 𝑳−𝟏; c: 𝒄𝑨𝟎 = 𝟏𝟎−𝟐 𝒎𝒐𝒍 𝑳−𝟏 and 𝒄𝑨𝟐𝟎 = 𝟓 × 𝟏𝟎−𝟏𝟎 𝒎𝒐𝒍 𝑳−𝟏. 
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C. APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 

4 

C.1 Kinetics of anthracene exclusive dimerization in solution  

In this section, the kinetic expression for anthracene dimerization reaction, where anthracenes are freely 

reacting in solution, i.e. not attached to the polymer chain (Fig 4-2 a of the main text), is briefly described. The 

model for such a case has been previously derived in Ref 6. Therefore, here are only the main points stated. 

The simplified reaction scheme for anthracene dimerization can be seen in the figure below. 

  

Fig C-1 Simplified reaction scheme of Anthracene dimerization free in solution.6-7 k-1 and k3 are the de-excitation 

rate coefficients and k2 rate coefficient for A2 formation. 

Following the reaction scheme in Fig C-1, the rate expression for A species, assuming a steady-state (QSSA) 

for 1A species can be written and rearranged as: 

𝑑𝑐A,t𝑑𝑡 = −2𝑘+app(𝑐𝐴,𝑡) 𝑐𝐴,𝑡  eq C-1 

where 

𝑘+app(𝑐𝐴,𝑡) = k2k−1𝒥A,t(𝑐A, t)( 𝑘2𝑘−1+ 𝑘3𝑘−1)𝑐A,t+1    
 eq C-2 

𝒥𝐴,𝑡(𝑐𝐴, 𝑡) = 𝐸𝑝𝑝𝑇𝜆𝑓𝐸𝜆𝑁𝐴𝑉𝑠𝑎𝑚𝑝𝑙𝑒 (1 − 10−𝜀𝐴𝑐𝐴,𝑡𝐿)      
 eq C-3 

Here 𝒥A,t represents a molar volumetric rate of photon absorption in mol L-1 s-1. k-1, k2, and k3 rate coefficients 

are defined as per Fig C-1. In eq C-3, Epp is energy per pulse of the laser beam per pulse in J pulse-1, Tλ - the 

transmittance of the vial bottom, f - the frequency of the laser beam, in pulse s-1, Eλ - the energy of one photon 

A A1 + A A2

JA

k-1

k2

k3

A+ A
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at wavelength, λ, in J, Vsample - the sample solution volume in L, εA - the A molar attenuation coefficient L mol-1 

cm-1, and, finally, L is the height of the solution (i.e. light path) in cm.  

Model for photodimerization reaction of free anthracenes in solution (eq C-1 – C-3) will now be used as a basis 

for developing the model for photodimerization reaction of anthracenes attached to polymer chains. Sections 

C.2 and C.3 gradually adapt the model above to the SCNP environment.  

C.2 Derivation to describe folding of infinitely flexible identical linear, 

thus ideal chains  

 
The first step in the model construction for anthracene photo dimerization in the SCNP environment is an 

attachment of anthracenes to infinitely flexible identical ideal chains (Fig 4-3 a-b). This condition requires some 

adjustments to the model, which will be discussed below.  

All anthracenes are now divided into groups according to their attachment to a polymer chain, assuming no 

inter-chain reaction and that anthracenes are only able to react with other anthracenes attached to the same 

polymer chain, i.e. creating numerous small defined reaction volumes (Fig 4-2 b-c). To understand the folding 

behaviour within these volumes, the volumetric rate of light absorbed by the SCNP needs to be known at any 

reaction time t (JA SCNP, t). This requires a priori knowledge regarding the utilized molar concentration of polymer 

chains in the solution, cch, sol,0  [mol Lsample
-1], as defined in Fig 4-2 c. Since identical molecules/SCNPs are 

considered, JA SCNP, t can be derived from the overall value for the solution (JA sol, t) considering homogenization:  

𝒥A,SCNP t(𝑐A, sol, t) = 𝒥A sol,t(𝑐A, sol, t)𝑐ch, sol,0 NA𝑉SCNP,H,0    eq C-4 

in which NA is the Avogadro number, VSCNP, H,0 the initial single-molecule hydrodynamic volume. The 

denominator in this equation represents the SCNP amount, which is equivalent to ( 𝑐A, sol,0𝑐𝐴, SCNP,0 
) with cA, SCNP,0 

[mol LSCNP
-1] the initial molar concentration of A moieties within the initial hydrodynamic volume (Fig 4-2 c).  

JA,sol, t in eq C-4 depends on cA,sol,t, which is the (pseudo-)homogeneous molar concentration of A in the solution 

[mol L-1
sample], as shown in Fig 4-2 a. Formally we can wipe out the presence of chains for A movement, as 

they are assumed highly flexible to claim in the limit freely floating A moieties. For exclusive dimerization, JA,sol, 

t is using the Beer-Lambert law without the interference of A2 light absorption and is defined similarly to eq C-

3 in Section C.1 as:6 𝒥A,sol,t(𝑐A, sol, t) = 𝐸pp𝑇λ𝑓𝐸λNA𝑉sample (1 − 10−𝜀A𝑐A, sol,t𝐿)    eq C-5 

in which Epp is energy per pulse of the laser beam per pulse, Tλ the transmittance at the vial bottom, f the 

frequency of the laser beam, Eλ the energy of one photon at λ, Vsample the solution volume, εA the A molar 
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attenuation coefficient, and L the height of the solution. The overall equation for 𝒥A,SCNP t(𝑐A, sol, t) can be seen 

at the bottom of Fig 4-2. 

A second kinetic characteristic required to understand the ideal folding behaviour is the time variation of cA, 

SCNP,t, (𝑑𝑐A,SCNP,t𝑑𝑡 ), which is affected by JA, SCNP,t (eq C-4) and defines the progress of the intramolecular reaction 

in an SCNP. As A moieties are assumed to be freely moving in VSCNP,H (Fig 4-2 d), we can describe the 

dimerization kinetics using photoreaction rate laws as derived in our previous work (Section C.1),6 considering 

only A solution species (Fig 4-2 c), but properly adapting the reaction focus from the solution to one 

molecule/SCNP:  

𝑑𝑐A,SCNP,t𝑑𝑡 = −2𝑘+app,ideal(𝑐𝐴, 𝑠𝑜𝑙,𝑡 , 𝑐𝐴 𝑆𝐶𝑁𝑃,𝑡) 𝑐𝐴,𝑆𝑁𝐶𝑃,𝑡   eq C-6 

In eq C-6, k+app, ideal is an apparent rate coefficient for dimerization linked to the individual reactions in eq C-7, 

highlighting the fundamental nature of the theoretical approach from a chemistry point of view: 

𝑘+app,ideal(𝑐𝐴, 𝑠𝑜𝑙,𝑡 , 𝑐𝐴 𝑆𝐶𝑁𝑃,𝑡) = k2k−1𝒥A,SCNP,t(𝑐A,sol, t)( 𝑘2𝑘−1+ 𝑘3𝑘−1)𝑐A,SCNP,t+1   eq C-7 

with k2/k-1 and k3/k-1 ratios of rate coefficients that can be determined from low time experiments considering 

various cA,sol,0 values ideally in the absence of chains.6 

A stepwise integration of eq C-6 is required as k+app,ideal is t dependent.6 Only for a small time step, Δt, we can 

consider k+app,ideal constant so that the variation of the moles of A moieties in a highly flexible polymer chain 

(𝑛A,SCNP) always assuming in the first instance 𝑉SCNP,𝐻,0 can be calculated from: 

𝑛A,SCNP, t+Δt = 𝑛A,SCNP, te−2𝑘+app,ideal(𝑐𝐴, 𝑠𝑜𝑙,𝑡,𝑐𝐴 𝑆𝐶𝑁𝑃,𝑡)Δ𝑡   eq C-8 

However, as anthracenes react and form crosslinks, the polymer chain contracts (Fig 4-3 b), reducing the 

volume occupied by the chain, leading to decreasing VSCNP,H with increasing t, as shown in Fig 4-3 b. 

Therefore, VSCNP,H, t needs to be updated per Δt. This time variation for VSCNP,H, t can be calculated from the 

experimentally accessible SCNP hydrodynamic radius RSCNP, H, t: 

𝑉SCNP,𝐻,𝑡 = 43𝜋(𝑅SCNP,𝐻,𝑡 )3    eq C-9 

with RSCNP, H, t being the hydrodynamic radius. A lowered VSCNP,H, t goes hand in hand with a higher cA, SCNP, t 

and a lower k+app, ideal(cA, sol, t, cA, SCNP, t). To calculate the t variation of the radius of gyration, RSCNP, g, Martin et 

al.8 proposed the Zimm and Stockmayer contraction factor g.9-10 Contraction factor is defined as a ratio of the 

mean square radius of gyration of a branched-chain to a linear one, which here we apply to hydrodynamic 

radius:  
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𝑅𝑆𝑁𝐶𝑃,𝐻,𝑡 = 𝑅𝑆𝑁𝐶𝑃,𝐻,𝑡=0√𝑔𝑡 = 𝑅𝑆𝑁𝐶𝑃,𝐻,𝑡=0√1 − 𝛽𝜌𝑡𝛼  eq C-10 

with α and β  parameters with literature values of 0.5 and 0.7,9 and ρt the crosslinking density in mole crosslinks 

(thus A2 moieties) at t on a monomer unit basis.9 This density can be correlated with the A conversion at t (XA,t) 

and thus the folding kinetics: 

𝜌𝑡 = 𝑋𝐴,𝑡 𝑛𝐴,𝑆𝑁𝐶𝑃,𝑛𝑐=0 𝑁𝐴2𝑁𝑐ℎ,   𝑙    eq C-11 

with nA,  SCNP,  nc=0 the mole of A species for all chains without crosslinks (thus no A2 present) and Nch, l  the 

number of monomer units in the chain both reactive, i.e. containing A moieties, and not. Factor 2 is included 

to reflect that 2 A moieties create one link.  
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C.3 Derivation to describe folding of identical chains with given flexibility: 

confinement corrections added to the model in C.2 

 
The second step in the model for anthracene photo dimerization in the SCNP environment is a transition from 

infinitely flexible identical ideal chains to a more realistic scenario by application of additional considerations 

regarding the flexibility of the chain and other possible structural features of the chain (as is illustrated in Fig 

4-3 c-d).  

As per previous Section C.2, A moieties in Fig 4-3 a have been considered to be freely moving in VSCNP,H. At 

the start no A dimerization reactions have taken place yet and as a result, the A moieties should indeed be 

able to move rather freely. However, if initial dimerization reactions have taken place, as shown in Fig 4-3 c, 

further dimerization could be hindered due to the decreased mobility of A moieties as well as possible 

unfavourable spatial arrangements, although, volume contraction has brought them closer to each other (Fig 

4-3 c). Additionally, the A conversion is limited as one requires two A molecules for one dimerization and, thus, 

if there is an odd number of A molecules incorporated in a chain it is impossible for the remaining A moiety to 

react intramolecularly (Fig 4-3 c). 

To capture these mobility limitations k+app,ideal(cA,sol,t, cA,SCNP,t) from eq C-7, which is an essential input for the 

main eq C-6, needs to be adjusted with a confinement factor z with the previous highly flexible case retrieved 

if z = 1 (eq C-13). Thus k+app,ideal(cA,sol,t, cA,SCNP,t) becomes k +app(cA, sol, t, cA, SCNP, t) in eq C-6 (see Fig 4-3 c). In 

the present chapter, we propose a basic power law t dependent driven equation:  

𝑧𝑡 = 1 − ( 𝑋𝐴,𝑡𝑋A,lim)𝑤  
  

 eq C-12 𝑘+𝑎𝑝𝑝(𝑐𝐴,𝑠𝑜𝑙,𝑡 , 𝑐𝐴,𝑆𝐶𝑁𝑃,𝑡)  =  𝑘+𝑎𝑝𝑝,𝑖𝑑𝑒𝑎𝑙(𝑐𝐴,𝑠𝑜𝑙,𝑡 , 𝑐𝐴,𝑆𝐶𝑁𝑃,𝑡)𝑧𝑡    

 eq C-13 

in which XA,lim is the limiting A conversion that follows from 
2𝑁𝐴2,𝑙𝑖𝑚𝑁𝐴,𝑆𝑁𝐶𝑃,𝑛𝑐=0 with NA, SCNP, nc=0 the number of A 

available in a polymer chain with no crosslinks, and NA2,lim the maximum number of A2 that can be formed 

given by ⌊𝑁𝐴,𝑆𝑁𝐶𝑃,𝑛𝑐=02 ⌋, with the L type brackets denoting the floor function, i.e. the nearest integer value lower 

or equal to the value of NA, SCNP/2.  

Furthermore, in eq C-12, w is a system-dependent fitting parameter that depends on the structural 

characteristics of the chain, as illustrated in Fig 4-3 d. The stiffness of the polymer backbone and the spacer 

length for A units codetermine flexibility. These chemical characteristics could vary significantly implying a 

different w value per polymer/A system considered. In the long term, w data can be made even more 

fundamental by correlating them with polymer physics parameters such as the stiffness ratio C∞.11  
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C.4 Summary of interaction experimental and modelling work 

The summary of the protocol proposed in the current thesis is shown in Fig C-2 below. Step 1 of the current 

protocol determines the 𝛼 and 𝛽 constants in the expression for the contraction factor expression (eq C-10). 

Step 2 enables the determination of the w parameter for the efficiency function using eq C-6, eq C-12-eq C-

13. Step 3 validates the model and establishes confidence boundaries.  

The summary of all equations used in this model is provided in an interactive format in Fig C-3 below. In the 

first step 𝑐𝐴,𝑠𝑜𝑙,𝑡, 𝑐𝐴,𝑆𝐶𝑁𝑃,𝑡 and 𝑉𝑆𝐶𝑁𝑃,𝐻,𝑡 are calculated using initial number of moles of A available (𝑛𝐴,𝑆𝐶𝑁𝑃,𝑡 where 

t=0). Next, in step two the calculated values of concentrations and SCNP volume are used to determine 𝐽𝐴,𝑆𝐶𝑁𝑃,𝑡, which is turn is used to calculate 𝑘+𝑎𝑝𝑝 value in step 3. Correction factor, zt is also calculated. Finally, 

the new number of moles of A after time step Δ𝑡, 𝑛𝐴,𝑆𝐶𝑁𝑃,𝑡+Δ𝑡, is determined. 𝑡 + Δ𝑡 becomes t and the sequence 

is repeated with the new 𝑛𝐴,𝑆𝐶𝑁𝑃,𝑡 value. The result of using the protocol from Fig C-2 and Fig C-3 can be seen 

in Fig 4-4 of the main text. 
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Fig C-2 Schematic diagram of the protocol proposed in this chapter to determine the model parameters.  
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Fig C-3 Summary of the main steps to calculate the folding kinetics for a single molecule nanoparticle due to 
dimerization. 
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Fig C-4 Results of the sample model prediction for chain folding. Modelled conditions cch,  sol = 1.89×10-5 mol L-1, 
the ratio of non-functional monomer to A on the chain 16:1, 6.65 A per chain on average, sample irradiated with 
375 nm at 392 uJ pulse-1. a: change in pseudo homogenous concentrations of A (red) and A2 (blue) with time; b: 
change in apparent rate coefficient with time; c: change in SCNP volume with time; d: change in efficiency factor, 
z, with time; e: change in JA, sol, t (cA, sol, t); f: change in JA, SCNP, t (cA, SCNP, t, cA, sol, t) vs time. For the prediction, w is 
taken to be 0.065. 

C.5 Comparison with the existing simplified method  

Our method is related to the work of Liu et al. on the intramolecular coupling of benzocyclobutenes attached 

to a single polymeric backbone, in which the bimolecular crosslinking reaction rate displayed second-order 
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kinetics in the number of benzocyclobutenes (𝑥(𝑡) = 𝑥(0)1+𝑘∙𝑥(0)∙𝑡, where 𝑥 refers to unreacted 

benzocyclobutenes). Additionally, to predict (potentially incomplete) crosslinking progress, they generalized 

this model solution by including a parameter x∞ (similar to our proposed z-function:  𝑥(𝑡) = 𝑥(0)𝐵+𝑘∙𝑥(0)∙𝑡 + 𝑥∞ ) 
which allowed predicting a plateau value in the number of unreacted crosslinkers, e.g. representing steric 

hindrance.12 In contrast, in this chapter we do not hardcode any solution, instead, we separate the chemical 

kinetics from the steric hindrance on a model description level, followed by numerical solution integration. 

Hence, the present chapter goes way beyond previous work in which crosslinker conversion profiles have 

been formally fitted. 

C.6 Details of the kMC model 

In this section, some clarifications and additional data are presented regarding the “Macromolecular reverse 

engineering to unravel the folding of individual chains” section in the main text.  

C.6.1 RAFT polymerization 

The current kinetic model for RAFT polymerization builds on our previous kMC contributions,13-18 that enable 

the design and optimization of living polymerization, as well as reversible-deactivation radical polymerization 

(RDRP) processes, which in turn stems from the pioneering stochastic simulation algorithm developed by 

Gillespie.19 In this stochastic model, the reaction events, as well as the time between these events, are selected 

randomly according to their reaction probabilities calculated from the so-called MC reaction rates expressed 

in s-1 and the number of reactive molecules involved in each reaction event: 

τ = 
1
a0

ln (1
r1
)  = 

1∑ aj,k
ln (1

r1
)  eq C-14 

∑ aj,k

μ

j =1
≥ r2a0  eq C-15 

Here a0 stands for the total MC reaction rate, which is calculated from the sum of the individual Monte Carlo 

reaction rates following from the so-called MC reaction channels (a0 = ∑aj,k). Furthermore, r1 and r2 are 

uniformly distributed random numbers in the interval (0,1], and μ is the smallest integer that satisfies eq C-15.  

The rate coefficients used in the kMC model are summarized in Table C-1 below. Fig C-5 and Fig C-6 show 

some additional data from the RAFT polymerization modelling results presented in Fig 4-5. The additional data 

presented in Fig C-5 includes fractional comonomer conversion at different times, end-group functionality, 

polymer dispersity, and number-average chain length at different conversions. Fig C-6 e includes the explicit 



Appendix C 

 

A-65 

 

visualisation of 400 polymer chain samples. The chain length distribution and distribution of the monomers are 

also presented in Fig C-6 a-b.  

  



Appendix C 

 

A-66 
 

Table C-1 Mechanism and kinetic parameters used in the kMC model for the RAFT copolymerization of MMA 
(M1) and A containing monomer (modelled as BMA) (M2) at 343 K. 

Reaction Equation k (dm3 mol-1 s-1) Ref 

Bimolecular 
dissociation 𝐼2 

𝑓, 𝑘𝑑𝑖𝑠→   2𝐼∗ 4.35×10−5 20-21 

Chain initiation 

𝐼∗ + M1 kpI→ 𝑅1,𝑀1∗  3.6×103 
20-21 

𝐼∗ + M2 kpI→ 𝑅1,𝑀2∗  3.6×103 𝑅0∗ + M1 kp𝑅0→  𝑅1,𝑀1∗  3.6×103 𝑅0∗ + M2 kp𝑅0→  𝑅1,𝑀2∗  3.6×103 

Propagation 

𝑅𝑖,𝑀1∗  + M1 k𝑝11→  𝑅𝑖+1,𝑀1∗  1.0×103 20 

𝑅𝑖,𝑀1∗  + M2 k𝑝12→  𝑅𝑖+1,𝑀2∗  k𝑝12 = k𝑝11 𝑟1⁄ ; 𝑟1 = 0.79  22 𝑅𝑖,𝑀2∗  + M2 k𝑝22→  𝑅𝑖+1,𝑀2∗  1.2×103 20-21 𝑅𝑖,𝑀2∗  + M1 k𝑝21→  𝑅𝑖+1,𝑀1∗  k𝑝21 = k𝑝22 𝑟2⁄ ; 𝑟2 = 1.27 22 

RAFT exchange 

𝑅𝑖,𝑀1∗  + R0𝑋 k𝑡𝑟,0⇄ R𝑖,𝑀1𝑋 + 𝑅0∗ k𝑡𝑟,0 =  𝐶𝑡𝑟,0 × k𝑝11 𝐶𝑡𝑟,0 = 20 23 𝑅𝑖,𝑀2∗  + R0𝑋 k𝑡𝑟,0⇄ R𝑖,𝑀2𝑋 + 𝑅0∗ k𝑡𝑟,0 =  𝐶𝑡𝑟,0 × k𝑝22 𝐼∗ + R0𝑋 k𝑡𝑟,0⇄ 𝐼𝑋 + 𝑅0∗ k𝑡𝑟,0 = 𝐶𝑡𝑟,0 × kpI 

RAFT main 
equilibrium 

𝑅𝑖,𝑀1∗  + R𝑗,𝑀1𝑋 k𝑡𝑟⇄ R𝑖,𝑀1𝑋 + 𝑅𝑗,𝑀1∗  k𝑡𝑟 =  𝐶𝑡𝑟 × k𝑝11 
𝐶𝑡𝑟 = 76 23 

𝑅𝑖,2∗  + R𝑗,𝑀2𝑋 k𝑡𝑟⇄ R𝑖,𝑀2𝑋 + 𝑅𝑗,𝑀2∗  k𝑡𝑟 =  𝐶𝑡𝑟 × k𝑝22 𝑅𝑖,𝑀1∗  + R𝑗,𝑀2𝑋 k𝑡𝑟⇄ R𝑖,𝑀1𝑋 + 𝑅𝑗,𝑀2∗  k𝑡𝑟 =  𝐶𝑡𝑟 × k𝑝12 𝑅𝑖,𝑀1∗  + 𝐼𝑋 k𝑡𝑟⇄ R𝑖,𝑀1𝑋 + 𝐼∗ k𝑡𝑟 =  𝐶𝑡𝑟 × k𝑝11 𝑅𝑖,𝑀2∗  + 𝐼𝑋 k𝑡𝑟⇄ R𝑖,𝑀2𝑋 + 𝐼∗ k𝑡𝑟 =  𝐶𝑡𝑟 × k𝑝22 

Termination by 
recombination 

𝑅0∗ + 𝑅0∗ k𝑡𝑐,00→   𝑃0 1.0×107 

20-21 

𝑅𝑖,𝑀1∗ + 𝑅0∗ k𝑡𝑐,0→  𝑃𝑖 1.0×107 𝑅𝑖,𝑀2∗ + 𝑅0∗ k𝑡𝑐,0→  𝑃𝑖 7.5×106 𝑅𝑖,𝑀1∗  + 𝑅𝑗,𝑀1∗ 𝑘𝑡𝑐,11𝑖,𝑗→   𝑃𝑖+𝑗 1.0×107 𝑅𝑖,𝑀2∗  + 𝑅𝑗,𝑀2∗ 𝑘𝑡𝑐,22𝑖,𝑗→   𝑃𝑖+𝑗 5.5×106 𝑅𝑖,𝑀1∗  + 𝑅𝑗,𝑀2∗ 𝑘𝑡𝑐,12𝑖,𝑗→   𝑃𝑖+𝑗 7.5×106 

Termination by 
disproportionation 

𝑅0∗ + 𝑅0∗ k𝑡𝑑,00→   𝑃0 + 𝑃0 9.2×107 

20-21 

𝑅𝑖,𝑀1∗ + 𝑅0∗ k𝑡𝑑,0→  𝑃𝑖 + 𝑃0 9.2×107 𝑅𝑖,𝑀2∗ + 𝑅0∗ k𝑡𝑑,0→  𝑃𝑖 + 𝑃0 6.7×107 𝑅𝑖,𝑀1∗  + 𝑅𝑗,𝑀1∗ 𝑘𝑡𝑑,11𝑖,𝑗→   𝑃𝑖 + 𝑃𝑗 9.2×107 𝑅𝑖,𝑀2∗  + 𝑅𝑗,𝑀2∗ 𝑘𝑡𝑑,22𝑖,𝑗→   𝑃𝑖 + 𝑃𝑗 4.9×107 𝑅𝑖,𝑀1∗  + 𝑅𝑗,𝑀2∗ 𝑘𝑡𝑑,12𝑖,𝑗→   𝑃𝑖 + 𝑃𝑗 6.7×107 
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Fig C-5 a: fractional comonomer conversion versus time; b: end-group functionality vs conversion; c: dispersity 

vs conversion; d: number-average chain length vs conversion. 

 

a b

c d
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Fig C-6 Example of the results of the kMC code modelling RAFT polymerization under the conditions specified in 
Section C.6.1 a: number chain length distribution; b: chemical composition distribution; c: segment length 
distribution between two anthracene units per polymer chain; d: all possible combinations of length distributions 
between two anthracene units per polymer chain; e: 400 samples polymer chains as the end of the polymerization, 
green corresponds to MMA monomer, while red stands for the anthracene containing monomer.  

C.6.2 Folding of SCNP 

As mentioned in the “Macromolecular reverse engineering to unravel the folding of individual chains” section 

of the main text, eq 4-2 is used to calculate the fundamental dimerization apparent rate coefficient (𝑘+𝑎𝑝𝑝,𝐴−𝐴) 

for each possible pair on the chain. The variation of 𝑘+𝑎𝑝𝑝,𝐴−𝐴 with time is shown in Fig C-7 where the time-

average apparent rate coefficient is calculated. As expected, Fig C-7 is consistent with the apparent rate 

coefficient vs time curve in Fig C-4 b. 

a b

c d

e
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Fig C-7 An example of the resultant time-average apparent rate coefficient versus time for kMC folding. 

The folding of SCNP can proceed through multiple sequences as illustrated in Fig C-8 below, which is 

accounted for by the model presented in this chapter. As a result, at the end of the simulation, it is possible to 

restore the sequence of crosslinking events and visualise the polymer chain contraction process in a 3D space 

(see Fig C-9).  

 

 

 

Fig C-8 Examples illustrating some of the various folding scenarios upon irradiation for one chain capable of two 
clicks.   
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Fig C-9 Changes in a mean square radius of gyration (red line) and a mean square end-to-end distance (blue line) 

vs a number of clicks. A sample of 3D conformations is presented for each of the points.

1 2 3
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D. APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 

5 

 

Fig D-1 UV-VIS spectrum of IRG369 at 𝟐. 𝟎𝟐 × 𝟏𝟎−𝟒 𝐦𝐨𝐥 𝐋−𝟏 in propylene carbonate. 
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E. APPENDIX E: STATEMENT OF CONTRIBUTION OF CO-

AUTHORS FOR THESIS BY PUBLISHED PAPER  

E.1 Statement of contribution for Chapter 2 
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E.2 Statement of contribution for Chapter 3 
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