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ABSTRACT 

The present thesis reports a novel, expedient linker species as well as previously 

unforeseen effects of physical molecular parameters on reaction entropy and thus 

equilibria with extensive implications on diverse fields of research via the study of dynamic 

ligation chemistries, especially in the realm of macromolecular chemistry. 

A set of experiments investigating the influence of different physical molecular parameters 

on reaction or association equilibria is designed. Initially, previous findings of a mass 

dependant effect on the reaction entropy – resulting in a more pronounced debonding of 

heavier or longer species – are reproduced and expanded to other dynamic ligation 

techniques as well as further characterization methods, now including a rapid and catalyst-

free Diels–Alder reaction. The effects are evidenced via high temperature nuclear magnetic 

resonance spectroscopy (HT NMR) as well as temperature dependent size exclusion 

chromatography (TD SEC) and verified via quantum chemical ab initio calculations. 

Next, the impact of chain mobility on entropic reaction parameters and thus the overall 

bonding behavior is explored via the thermoreversible ligation of chains of similar mass and 

length, comprising isomeric butyl side-chain substituents with differing steric demands. 

The employed chains are synthesized via activators regenerated by electron-transfer 

(ARGET) atom transfer radical polymerization (ATRP), a controlled reversible deactivation 

radical polymerization (RDRP) technique. As the more mobile species are undergoing 

significantly higher degrees of chain cleavage, chain stiffness is demonstrated to have a 

similar impact on reaction equilibria as adduct masses, again verified via HT NMR and TD 

SEC as well as corroborating computational calculations. 

Furthermore, the universal applicability of the explored entropic effects is evidenced not 

only for reversible covalent chemistries, yet also for non-covalent, supramolecular 

associations via the investigation of the dissociation characteristics of differently sized 

associates. Polymer blocks are synthesized via another RDRP technique – reversible 

addition-fragmentation chain-transfer (RAFT) polymerization – and selectively associated 

via the hydrogen bonding of cyanuric acid with Hamilton wedge functional end-groups. The 
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dissociation constants of the self-assembled diblock polymers are quantified via NMR 

titration methods, verifying the occurrence of entropic mass effects also within non-

covalent ligation methods. 

Finally, the impact of the ligation position on the (de-)bonding characteristics of adducts in 

otherwise similar (chain) molecules of the same overall length – their building blocks again 

synthesized via ARGET ATRP or RAFT techniques – is explored. Both covalent step-growth 

adducts, studied via TD SEC, as well as non-covalent diblock associates, characterized via 

NMR titration, are considered and the results are interpreted via computational 

calculations of geometrical model systems. While at central bonding sites an entropically 

favored chain cleavage is observed, terminal ligation of molecules leads to relatively 

unfavorable scission of the dynamic linkage as established for analogous small molecular 

adducts. 

In addition, the computationally-driven design and implementation of dithiooxalates in a 

di-functional hetero Diels–Alder linker is described. The obtained linker enables mild, rapid, 

efficient, and thermoreversible linkage of diverse dienes, characterized via UV/Vis 

spectroscopy, (HT) NMR, high-resolution electrospray ionization mass spectrometry 

(ESI-MS) as well as TD SEC, rendering it a promising candidate for application in polymer 

science and organic chemistry as well as industry, the latter also due to its straightforward 

and cost effective synthesis from readily available starting materials. 
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ZUSAMMENFASSUNG 

Die vorliegende Arbeit beschreibt einen neuartigen, vorteilhaften Vernetzer sowie die 

Untersuchung von dynamischen – vor allem makromolekularen – Verknüpfungsmethoden. 

Dabei wurden bisher unbekannte Auswirkungen von physikalischen Molekülparametern 

auf die Entropie und damit auch Gleichgewichte von chemischen Reaktionen beobachtet 

und untersucht, die zu weitreichenden Auswirkungen auf verschiedenste 

Forschungsgebiete führen. 

Ein experimenteller Aufbau zur Untersuchung des Einflusses von verschiedenen 

physikalischen Molekülparametern auf Reaktions- oder Assoziationsgleichgewichte wird 

entworfen. Zunächst werden vorausgegangene Befunde eines Masseneffekts auf die 

Reaktionsentropie – welcher eine stärker ausgeprägte Entknüpfung von schwereren und 

längeren Addukten zur Folge hat – reproduziert und auf andere 

Charakterisierungsmethoden sowie chemische Verknüpfungsarten wie eine schnelle und 

katalysatorfreie Hetero-Diels–Alder-Reaktion übertragen. Die Effekte werden mittels 

Hochtemperatur-Kernresonanzspektroskopie (HT NMR) sowie temperaturabhängiger 

Größenausschlusschromatographie (TD SEC) aufgezeigt und mit Hilfe von 

quantenchemischen ab initio-Berechnungen verifiziert. 

Im nächsten Schritt wird der Einfluss der Kettenmobilität oder -steifigkeit auf entropische 

Reaktionsparameter und dadurch auf das Gesamtbindungsverhalten untersucht, indem 

Kettenmoleküle von gleicher Masse und Länge mit isomeren Butylseitenketten 

unterschiedlichen sterischen Anspruchs thermoreversibel verknüpft werden. Die 

eingesetzten Ketten werden mittels activators regenerated by electrontransfer (ARGET) 

Atom Transfer radikalischer Polymerisation (ATRP), einer kontrollierten reversibel 

deaktivierenden radikalischen Polymerisation (RDRP), synthetisiert. Abermals werden die 

Proben per HT NMR und TD SEC sowie computergestützten Berechnungen untersucht. Da 

die weniger steifen Ketten einem signifikant höheren Anteil an Kettenspaltung unterlaufen, 

kann ein vergleichbar großer Einfluss der Kettensteifigkeit wie der zuvor beschriebene der 

Kettenmasse und -länge auf Reaktionsgleichgewichte aufgezeigt werden. 
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Um die universelle Einsetzbarkeit der erforschten entropischen Effekte nicht nur für 

kovalente, sondern auch für nicht-kovalente, supramolekulare Assoziationsarten 

nachzuweisen, wurde das Dissoziationsverhalten verschieden großer Assoziate untersucht. 

Die dafür benötigten Polymerblöcke wurden mittels einer weiteren RDRP-Technik – der 

reversiblen Additions-Fragmentierungs Kettentransfer- (RAFT) Polymerisation – 

synthetisiert und selektiv über die Wasserstoffbrückenbindung von Cyanursäure- und 

Hamilton Wedge funktionalen Endgruppen assoziiert. Die Dissoziationskonstanten der 

selbstorganisierten Diblockpolymere werden per NMR-Titrationsmethoden quantifiziert 

und belegen den entropischen Masseneffekt auch für nicht-kovalente 

Verknüpfungsmethoden. 

Schließlich wird der Einfluss der reversiblen Verknüpfungsposition auf die 

Bindungscharakteristika ansonsten gleichartiger (Ketten-) Molekülen der gleichen 

Gesamtlänge untersucht. Die benötigten polymeren Bausteine werden abermals mittels 

ARGET ATRP- oder RAFT-Methoden synthetisiert. Sowohl kovalente 

Stufenwachstumsaddukte, untersucht per TD SEC, als auch nicht-kovalente 

Diblockassoziate, charakterisiert mittels NMR-Titration, wurden berücksichtigt und die 

gewonnenen Ergebnisse mit Hilfe von computergestützten Berechnungen an 

geometrischen Modellsystemen interpretiert. Während an mittelständigen 

Verknüpfungsstellen ein entropisch bevorzugter Kettenbruch zu beobachtet ist, führt die 

dynamische Anbindung von kleinen Molekülen an terminale Bindungsstellen zu einer 

relativ benachteiligten Abspaltung, die vergleichbar mit analogen niedermolekularen 

Bindungscharakteristika ist. 

Zusätzlich wird die computerunterstützte Planung, Synthese und Untersuchung eines 

Dithiooxalat-difunktionalen Hetero-Diels–Alder-Vernetzers beschrieben. Der gewonnene 

Vernetzer erlaubt die milde, schnelle, effiziente und thermoreversible Verknüpfung 

verschiedenster Diene, charakterisiert und belegt mittels UV/Vis Spektroskopie, (HT) NMR, 

hochauflösender Elektrospray-Ionisierungs-Massenspektrometrie (ESI-MS) sowie TD SEC. 

Die positiven Ergebnisse sowie seine unkomplizierte und wirtschaftliche Synthese aus 

leicht verfügbaren Ausgangsstoffen machen den neuartigen Vernetzer zu einem 

vielversprechenden Kandidaten für Anwendungen in den Polymerwissenschaften, der 

organischen Chemie sowie der Industrie. 
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1 
1 INTRODUCTION 

The ever ongoing efforts and progress in chemistry, biology, physics or science in general 

enables the design and employment of new or revisited materials with novel, adaptive 

characteristics.1 For many years, for example plastic materials have largely been 

inexpensive, lightweight and durable, yet at the same time inherently passive materials 

with certain mechanical or chemical characteristics. Only recently, progress in chemistry 

and polymer science allowed for the integration of stimuli-responsive and smart abilities, 

leading to the introduction of more dynamic materials and enabling the design and 

emergence of new material classes with added tailor-made functionality and value.1-6 The 

aforementioned smart materials, often based on basic principles adopted from nature, 

entail the capability to respond on-demand to physical or chemical stimuli from their 

environment such as altered temperature, changed solvents, redox potentials, pH values, 

irradiation with light and also magnetic or electric fields via, e.g., a change in conformation 

or bonding.2, 3, 5, 7-19 As a result, a wide field of applications of intelligent materials in sensors 

and switches, self-healing or shape-memorizing polymers, biomimetic and drug-delivery 

systems amongst others is possible, leading to great interest especially in the fields of 
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aerospace and biomedical materials, but also products of everyday use as for example in 

the automotive industry.1, 2, 5, 7, 20-25 One very popular avenue to create smart materials is 

the integration of dynamic covalent or supramolecular bonds in the chemical composition 

of a material. Thus, a reversible bonding or debonding on demand of the microscopic 

structure of so-called dynamats – or in the case of polymeric materials dynamers – via 

diverse stimuli is enabled.1, 5, 26 In doing so, self-healing, -assembling or -immolative species 

can be realized.5, 27-34 The example of self-healing materials is one of the great challenges 

in materials science of recent years, as it addresses the very important topic of material 

lifetime, durability and recyclability, leading to, e.g., sustainable, resource-efficient and 

lightweight materials with high mechanical strengths for applications such as aircraft or 

automotive manufacturing as well as in less and in-accessible areas such as medical and 

aerospace technology.1, 4, 5, 22, 35-37 With the ongoing progress and increasing use of dynamic 

chemistries in materials science, an in-depth understanding of the underlying principles of 

bonding is of great importance. While there is a great variety of possible dynamic covalent 

as well as non-covalent interactions such as Diels–Alder chemistry, the reversible cleavage 

of nitroxides or disulfide bridges, dynamic vitrimers formed via transesterification, 

metathesis or vinylogous urethanes, hydrogen bonding, metal-ligand interactions, pi 

stacking etc., their chemical integration in target molecules and compounds remains 

challenging.5, 6, 26, 36, 38-47 Consequently, a more general method to tune bonding attributes 

via physical molecular parameters is desired to facilitate the adjustment of dynamic 

properties. Furthermore, differences in observed (de-)bonding attributes in several studies 

of similar chemical linkage units can be accounted for in an altered molecular context to 

guarantee the desired material properties in the final product. 

Polymer chemistry with its versatile synthetic methods for well-defined molecules provides 

for a multitude of possibilities to investigate the influence of altered physical molecular 

parameters on ligation sites. For example, reversible deactivation radical polymerization 

(RDRP) of various monomers allows for high end-group fidelity, as well as very variable and 

precisely adjustable molecular characteristics such as mass, length, stiffness, bulkiness etc. 

The click-inspired, efficient, high yielding and robust nature of selected dynamic catalyzed 

or catalyst-free Diels–Alder cycloadditions in combination with their thermoreversibility – 

in numerous cases at expedient temperatures – renders them a prime example of covalent 
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dynamic chemistry.5, 48-51 The combination of both polymer and Diels–Alder chemistry has 

been demonstrated to result in materials of great academic as well as industrial interest 

and – together with additional non-covalent examples of reversible ligation via hydrogen 

bonding – forms the basis of the present thesis. 

The main part of the thesis investigates the different possibilities of manipulating dynamic 

equilibria of covalent or supramolecular association chemistries via non-enthalpic, i.e., 

entropic means. Hence, the possibility to harness physical parameters of (macro-) 

molecules in order to alter reaction entropies and thus equilibrium positions are 

experimentally as well as theoretically explored. More specifically, the influence of the 

molecular mass of ligated building blocks in covalently – and later on supramolecularly – 

joint adducts is investigated at first (Scheme 1-1 (a)). Subsequently, also the impact of 

intramolecular mobility or stiffness and finally of the ligation position inside a molecule 

itself is highlighted (Scheme 1-1 (b) and (c)). 

 

Scheme 1-1 Overview of the investigated possibilities to adjust the reaction entropy and thus equilibrium of 
(reversible) covalent or non-covalent ligation sites via altering (a) chain mass or length, (b) chain stiffness or 
(c) the ligation position of adducts as well as a schematic depiction of the novel self-reporting dithiooxalate 
hetero Diels–Alder linker (d) with valuable ligation properties. 
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Additionally, an offshoot of the project allows for the establishment and characterization 

of a novel, self-reporting, simple to synthesize and low-cost hetero Diels–Alder linker 

comprising dithiooxalates (Scheme 1-1 (d)) in an attempt to expand the toolbox of dynamic 

ligation chemistries with mild and efficient reaction properties. Thereby, the quest for 

beneficial ligation methods for applications in, e.g., polymer and organic chemistry as well 

as materials science is pursued further. 

The newly established effects studied in the present thesis provide for a basis and deepen 

the understanding of previously unforeseen physical influences on covalent and non-

covalent linkage mechanisms. Thus, the current work expands a mainly enthalpic research 

area via entropic contributions in – especially macromolecular – ligation chemistry and 

their impact on various research fields such as polymer synthesis and degradation, 

synthetic biochemistry and ligation chemistry in general is discussed. To further extend the 

possibilities of dynamic ligation tools, a very efficient all-purpose and industrially feasible 

Diels–Alder linker was designed and investigated.
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2 
2 THEORY AND BACKGROUND 

The following chapter introduces a literature review of the basic principles relevant for a 

general understanding of the present dissertation. In order to not go beyond the scope of 

the thesis, it is designed to give a general overview and background information on its 

topics, theories and employed methods, while not being exhaustive. To begin with, the 

development of polymer chemistry (Section 2.1.1), leading to an understanding of polymer 

properties (Section 2.1.2), common polymerization techniques (Sections 2.1.3 and 2.1.4) as 

well as advanced polymerization techniques (Section 2.1.5) enabling the generation of 

defined polymer chains suitable for the studies at hand, are summarized. Next, the 

employed examples of dynamic covalent as well as non-covalent ligation methods 

(Section 1.1) are highlighted. Finally, essential concepts of chemical thermodynamics and 

computational chemistry (Section 1.1) are summarized. For more details regarding 

particular topics, the reader is referred to the relevant literature. 
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2.1 Polymer Chemistry 

The current section describes the emergence and importance of polymer chemistry, 

underlying molecular principles leading to macromolecular characteristics and different 

basic as well as advanced polymerization techniques for the generation of defined 

polymeric materials. 

2.1.1 History of Polymer Chemistry 

Natural polymeric materials have been utilized by humankind since millennia, for instance 

natural fibers such as silk or cotton, cellulose in the form of wood or papyrus, natural 

rubber, polysaccharides etc. Besides other biopolymers, without one very specific polymer 

– our DNA (deoxyribonucleic acid) – life as we know it would not even be possible at all. In 

the course of the 19th century, first synthetically modified natural polymers were 

discovered and industrially produced due to their enhanced and tunable properties 

profiles. The most prominent examples are vulcanized rubber, developed by Charles 

Goodyear in the 1840s, or diverse nitrocellulose products, investigated by Christian 

Schönbein and Alexander Parks, amongst others, and successfully commercialized in the 

form of celluloid by John W. Hyatt in 1868.52-55 The first purpose-made fully synthetic 

plastic, a thermoset produced in a polycondensation of formaldehyde and phenol, was 

discovered in 1872 by Adolf v. Baeyer and commercialized in the early 20th century as 

Bakelite by Leo Baekeland.56-58 Nowadays common vinylic monomers, e.g., styrene or vinyl 

chloride, were known since the early 19th century but their use in a targeted polymerization 

was not discovered until the beginning of the 20th century.59, 60 Despite unfamiliar polymer 

characteristics being described at least since the beginning of the 19th century, the 

fundamental understanding of polymers and their properties was only established around 

1930. Although Hermann Staudinger fought for his conviction of a chain-like 

macromolecular structure of polymers consisting of covalently linked repeating units, for 

many years the misconception of polymers being colloids – an aggregation of small 

molecules with the supposed ability to crystallize, if they were sufficiently purified – was 

commonly spread in the scientific world.61, 62 Additional efforts of other scientists such as 

Herman Mark, investigating natural macromolecules via crystallography, Werner Kuhn and 

Hans Kuhn with statistical descriptions of chain molecules or Wallace Carothers exploring 
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polycondensation reactions in the late 1920s to obtain step-growth polymers such as nylon 

or neoprene substantiated Staudinger’s theses, finally leading to the bestowing of 

Staudinger with the Nobel Prize in 1953.54, 62 During World War II, shortages of resources 

led to expedited developments in polymer science to enable access to synthetic rubber and 

insulating materials. After World War II, the now extensive and sustained progress in 

polymer science in combination with economic growth allowed for countless novel 

developments and enabled a mass-production of plastic convenience products via, for 

example, the coordinative polymerization of ethylene or propylene with the help of 

metalorganic catalysts, discovered by Karl Ziegler and Giulio Natta, earning them the Nobel 

Prize in 1963.58, 63, 64 Since then, the growing demand for polymeric materials with their 

versatile characteristics and high availability drove the worldwide production of plastics to 

ever higher numbers, from 1.5 million tons in 1950 to 311 million tons in 2014.65 

Nonetheless, novel developments in polymer and organic chemistry, as for instance 

controlled polymerization techniques as well as the revisiting of established methods such 

as dynamic thermoreversible Diels–Alder adduct formation lead to more and more tailor-

made materials, for example with abilities to be responsive to external stimuli, self-healing, 

shape memorizing, immolative etc., demonstrating the abilities, possibilities and 

challenges for upcoming generations of chemists and materials scientists.3-5, 24, 66, 67 

2.1.2 Polymer Properties 

Polymers exhibit unique properties due to their chain-like macromolecular structure and 

typical molecular weights in the range of 10³-106 g · mol-1. To further define their 

characteristics, some basic definitions and classifications have to be introduced first. A 

description of the size of molecules can be obtained via the degree of polymerization DPn, 

which is the mass of the polymer Mpolymer divided by the mass of the incorporated 

monomeric units Mmonomer (equation 2-1), thus resulting in the number of polymerized 

monomer molecules: 

 
𝐷𝑃𝑛 =

𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝑀𝑚𝑜𝑛𝑜𝑚𝑒𝑟
 2-1 

The more or less controlled characteristics of different polymerization techniques (refer to 

Sections 2.1.3-2.1.5) lead to a distribution of different chain lengths and masses in standard 
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syntheses. Accordingly, an average molecular weight of a sample can be observed, e.g, via 

light scattering, viscosimetry, end-group analysis or size exclusion chromatography. The 

number averaged molecular weight (Mn, equation 2-2; ni: number of molecules of weight 

Mi) and weight averaged molecular weight (Mw, equation 2-3; wi: weight fraction of 

molecules of weight Mi) are the most commonly determined values:58 

 
𝑀𝑛 =

∑ 𝑛𝑖𝑀𝑖𝑖

∑ 𝑛𝑖𝑖
 2-2 

 
𝑀𝑤 =

∑ 𝑤𝑖𝑀𝑖𝑖

∑ 𝑤𝑖𝑖
 2-3 

As a result of the higher weighting of molecules of higher masses in Mw, a mass 

discrimination of smaller molecules can be observed in contrast to Mn. A quantification of 

the width of the chain mass or length distribution of polymer species – for example to 

determine the degree of control in a polymerization – is typically specified via the ratio of 

Mw/Mn to yield the dispersity Ð (equation 2-4): 

 Ð =
𝑀𝑤

𝑀𝑛
 2-4 

One method to categorize different types of polymers is to consider their thermal and 

mechanical properties. In doing so, three main groups of polymers can be specified: 

Thermoplasts are non-cross-linked – thus linear or branched – meltable and mostly soluble 

macromolecules which are amorphous or partially crystalline. With varying network 

density, cross-linked polymers – which cannot be molten or dissolved – can be divided into 

two subspecies: Less cross-linked elastic and amorphous elastomers which can significantly 

swell in appropriate solvents, and highly cross-linked, rigid and mechanically robust 

thermosets.54, 58 Other possible substructures are for example cyclic or branched 

polymers.54 While said properties allow for a general classification of polymeric materials, 

their individual nature can differ significantly for different employed monomers or 

monomer mixtures. A homopolymer is formed from one type of monomer or – more 

generally speaking – includes only similar repeating units. Accordingly, copolymers consist 

of two or more types of repeating units which can be arranged in various constitutional 

isomers such as random, statistical, alternating, block or graft copolymers.54, 68-71 If the 

employed monomers contain one or more stereogenic centers, tacticity arises with side-

chain substituents having different stereo-configurations such as iso-, syndio- or atactic 
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behavior, depending on the polymerization method and also monomer species. Due to 

such a more or less ordered orientation of the side-groups, drastically altered bulk material 

properties can arise, e.g., as a result of higher degrees of crystalline domains in isotactic 

samples, they fearture increased glass transition temperatures (Tg) and thus elevated viable 

application temperatures.54, 58, 60, 72 Besides constitution and configuration, the 

conformation, i.e., the spatial arrangement of a single polymer chain due to bond rotation 

as well as intra- and intermolecular interactions – thus being also highly dependent on the 

employed solvent – is of great importance for the macroscopic behavior of polymers. When 

employing a random walk algorithm with n → ∞ steps to theoretically model a freely-

jointed polymer chain with segments of the bond length l, the averaged square of the end-

to-end distance 〈𝑟2〉 can be obtained via equation 2-5 and its root mean square (RMS) 

〈𝑟2〉1/2 accordingly via equation 2-6:54 

 〈𝑟2〉 = 𝑛 ⋅ 𝑙2 2-5 

 〈𝑟2〉1/2 = 𝑛1/2 ⋅ 𝑙 2-6 

One immediate observation is the RMS end-to-end distance being shorter than the contour 

length, which equals the product of n and l, indicating the coiled nature of chain molecules. 

Such a simplified approach is obviously not capable to reflect complex factors as for 

example excluded volume, fixed bond and rotation angles or rotation potentials. By adding 

further restrictions such as bond rotation with a fixed bond angle ϴ and steric 

considerations – due to its complex theoretical assessment often simplified by an 

experimental steric parameter σ of typically 1.5 to 2.5 – the RMS end-to-end distance with 

hindered rotation and fixed bond angles 〈𝑟2〉0 can be described via equation 2-7:54 

 
〈𝑟2〉0 = 𝜎 ⋅ 𝑛 ⋅ 𝑙2 ⋅ (

1 − 𝑐𝑜𝑠𝜃

1 + 𝑐𝑜𝑠𝜃
) 

2-7 

The ratio of the mean square restricted vs. the freely jointed end-to-end distances enable 

a description of chain stiffness via the characteristic ratio C∞ (equation 2-8) with typical 

values ranging from 3 (very flexible) to up to 20 (very rigid):54, 73 

 
𝐶∞ =

〈𝑟2〉0

〈𝑟2〉
 

2-8 
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In an attempt to provide for a simplified, yet realistic description of chains, an equivalent 

freely-jointed chain with N steps of increased segment length lk while keeping the original 

contour length 𝑁𝑙𝑘 = 𝑛𝑙 as well as the original end-to-end distance can be utilized to 

indicate increasing restrictions of the conformation and thus stiffness with increasing 

segment lengths via equation 2-9:54, 58 

 〈𝑟2〉0 = 𝑁 ⋅ 𝑙𝑘
2 2-9 

Kuhn could validate the model via successive auxiliary segment vectors which exhibit the 

same probability for all possible bond angles. The Kuhn length lk as well as the number of 

equivalent steps N can be described with the help of C∞ via equation 2-10 or 2-11, 

respectively:54 

 𝑙𝑘 = 𝑙 ⋅ 𝐶∞ 2-10 

 𝑁 =
𝑛

𝐶∞
 2-11 

In order to provide more descriptive values for chain stiffness and to specify different 

polymer conformations from coil to rod, the rather complex persistence length lp can be 

consulted. Per definition, lp is the length necessary between two points on a chain to lose 

the correlation of the orientation of the chain tangents. In other words, the correlation of 

the chain direction decreases exponentially from 1 at the starting point to 0 after lp. 

Geometrically speaking, lp describes the sum of projections of segment vectors lj with j > i 

on the direction of li (equation 2-12):54, 58 

 
𝑙𝑝 ≡ 𝑙 ∑ 〈𝑐𝑜𝑠𝜃𝑖,𝑗〉

∞

𝑗=𝑖+1
 

2-12 

Several mathematical transformations and approximations in combination with 〈𝑟2〉0 and 

the Kuhn length enable the consideration of two extreme cases: for chain lengths much 

longer than lp, the model converges with the freely-jointed one and lp equals lk/2, while for 

a very rigid chain molecule with a persistence length longer than its contour length, its end-

to-end distance naturally equals the latter.58 Typical values of lp range from 1-3 nm for 

polyolefins to 10 nm for polyparaphenylene or even higher for DNA.73 
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2.1.3 Chain-Growth Polymerization 

An alternative method to classify polymers is via their synthesis mechanisms.74 One very 

common technique is the chain-growth polymerization, where an initiator activates a 

monomer. The created active center is able to bind to another monomer while at the same 

time transferring its active properties to the newly bound repeating unit or link and so on, 

rapidly adding up to a chain molecule, generating material of high molecular weight. The 

active species or center can be a radical, anion or cation, resulting in a radical, anionic or 

cationic polymerization.54 Conventional free radical polymerization (FRP) is the most 

popular polymerization technique due to very simple reaction conditions and a broad 

variety of applicable unsaturated monomers. The latter contain – mostly vinylic – C=C 

double bonds which are able to undergo homolytic cleavage of π-bonds, resulting in cheap 

manufacturing costs. (Radical) Chain-growth polymerizations can be divided into three to 

four basic steps.54, 58 Initiation takes place when radicals are formed from an initiator, e.g., 

via its homolysis due to heat, irradiation or in a redox process (Scheme 2-1, top), and 

subsequently the so-formed radicals add to a monomer (Scheme 2-1, bottom): 

 

Scheme 2-1 Two-step initiation process in free radical polymerization, top: initial radical formation via 
homolysis of an initiator, bottom: addition of the monomer to the initiator radical. 

The decomposition reaction of the initiator comprises rate coefficients kd of typically 

10-5 s-1.58 The radical concentration throughout a free radical polymerization usually lies in 

the order of 10-7 mol L-1. Most often, the initial radical formation reaction is much slower 

than the subsequent very rapid 2nd order addition to a monomer, rendering the radical 

formation the rate-determining step. During the following rapid chain-growth or 

propagation, further monomer units are added to the growing macroradical (Scheme 2-2): 

 

Scheme 2-2 Propagation of a (macro-)radical species with monomer molecules in a radical polymerization. 
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Examples for rate coefficients kp for the propagation are 104 L mol-1 s-1 for rapidly 

polymerizing acrylates or 102 L mol-1 s-1 for methacrylates, demonstrating the effect of 

secondary vs. tertiary radical stability on the propagation rate.75, 76 Finally, irreversible 

termination reactions lead to the deactivation of the active centers, depending on the 

monomer and reaction conditions via two possible pathways: In the first one, radical-

radical combination of two growing chain species or a propagating macroradical with a low 

molecular one result in an inactive polymer chain of combined weight (Scheme 2-3, top). 

The second pathway proceeds via hydrogen abstraction from a macroradical to another 

one, leading to two terminated chains via so-called disproportionation (Scheme 2-3, 

bottom). 

 

Scheme 2-3 Termination reactions in radical polymerization, top: recombination of radical species, bottom: 
disproportionation of two macroradicals. 

In contrast to propagation where only one radical species is involved, the kinetics of the 

termination steps are quadratically connected to the radical concentration. Thus, 

termination events exhibit a more pronounced dependency on radical concentration, 

utilizable for the establishment of modern reversible deactivation radical polymerization 

methods (refer to Section 2.1.5). Termination rate coefficients kt for acrylates are in the 

order of 108 L mol-1 s-1 but can vary greatly due to the increasing viscosity with 

conversion.76 As a result of the rapidly forming macroradicals and their more and more 

restricted diffusion, the fast termination reactions become diffusion controlled, potentially 

leading to an autoacceleration or Trommsdorff-Norrish effect due to the undamped 

exothermic propagation. Although the chain-length dependency of kt was subject to many 

detailed studies, its theoretical understanding and experimental investigation remains 

challenging, yet crucial, as kt also defines, e.g., polymer sizes.77 Because of the statistical 

nature of chain termination, free radical polymerization leads to a broad variety of chain 

lengths and thus also a broad molecular weight distribution and dispersity values of usually 

1.5 to 2. Another reaction channel leading to further unreactive chain species is the chain 
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transfer between a propagating chain and small molecules such as solvent and monomer 

species or transfer agents as well as between polymer chains themselves. Here, a 

propagating chain abstracts an atom from another molecule via homolysis, leading to the 

formation of a dead chain and a freshly formed radical (Scheme 2-4). 

 

Scheme 2-4 Chain transfer of an active center from a propagating chain to another molecule. 

As a new radical is generated in the course of this reaction, the propagation is not 

terminated and the new radical can re-initiate with further monomer. Therefore, also long-

chain branching of polymers occurs if the molecule of which an atom is abstracted is a chain 

species.54 Such intermolecular chain transfer is especially observed if tertiary – and thus 

more stabilized – radicals are formed, as, e.g., in the case of polyacrylates, where the 

tertiary backbone hydrogen is preferably cleaved.54, 78 However, for polyacrylates as well 

as polyethylene, the intramolecular chain transfer is probably more pronounced, leading 

to so-called backbiting via a six-membered transition state and thus short-chain 

branching.79, 80 Accordingly, the position of an abstraction event depends on the 

stabilization of the formed radical species and can hence be mainly suppressed if no labile 

atoms are present as for example in methacrylates.54 β-scission of non-terminal radical 

species can additionally result in macromonomer species and a further broadening of the 

molecular weight distribution.81, 82 

2.1.4 Step-Growth Polymerization 

Another important polymerization method yielding numerous everyday life products such 

as polyesters, polycarbonate, polyurethanes etc. is the step-growth polymerization via 

common and efficient condensation or addition reactions of di- or multifunctional species. 

In polycondensation reactions, alike their underlying small molecular organic reactions, a 

small molecule is cleaved upon polymerization which has to be removed in order to shift 

the reaction equilibrium to the polymerization. For example, the esterification of carboxylic 

acids with alcohols proceeds via the elimination of water. In contrast, (poly-)additions such 

as the reaction of isocyanates with alcohols to form urethanes are not leading to the 

cleavage of small molecules. Dissimilar to chain-growth reactions where single monomer 
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units are added to a growing chain, in step-growth polymerizations all monomers have – at 

least more or less, as chain-length effects are discussed in the literature and the present 

thesis – the same reactivity and form adducts with their reaction partners, thus step-wise 

activation leads to a step-wise propagation of chains.51, 54, 83 Linear polymerization occurs 

if the functional groups A and B, which are able to undergo condensation or addition, are 

either incorporated in two difunctional monomers A-A and B-B or in one difunctional 

monomer A-B. In the first case where the functionalities are incorporated in two different 

monomer units, equimolar ratios of both monomers have to be employed to allow for an 

efficient step-growth as otherwise at some point of the reaction all available functional 

groups are of one type and the reaction is stopped. In both cases, the reaction of two 

monomer species leads to the formation of a bifunctional dimer which can again react with 

another mono-, di-, trimer etc. (Scheme 2-5). 

 

Scheme 2-5 Schematic depiction of the step-growth polymerization of A-A- plus B-B-type (top) or of A-B-type 
monomers (bottom). 

To further understand the principle of step-growth polymerizations and to enable simple 

predictions of chain dimensions, the conversion p and degree of polymerization DPn in 

equimolar reaction mixtures have to be defined. Via the number of monomers N0 initially 

present at the beginning of the reaction and the number of monomers Nt after a 

polymerization time t, the conversion can be deduced via equation 2-13:54, 58 

 
𝑝 =

𝑁0 − 𝑁𝑡

𝑁0
= 1 −

𝑁𝑡

𝑁0
 

2-13 

In combination with the degree of polymerization being the ratio of N0 to Nt, Carothers 

equation is obtained in equation 2-14: 

 
𝐷𝑃𝑛 =

𝑁0

𝑁𝑡
=

1

1 − 𝑝
 

2-14 

Evidently, very high conversion values have to be achieved to be able to obtain polymeric 

material with a reasonable DPn (Figure 2-1), highlighting the importance of very efficient 

reactions to enable step-growth polymerizations. 
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Figure 2-1 Degree of polymerization DPn vs. conversion p in a step-growth polymerization. 

If no equimolar reaction mixture is present, that is, if the ratio r of the numbers of 

functional groups NA to NB is not 1, Carothers equation can be transformed to resemble the 

more general equation 2-15:54 

 
𝐷𝑃𝑛 =

1 + 𝑟

1 + 𝑟 − 2 ⋅ 𝑟 ⋅ 𝑝
 

2-15 

The general Carothers equation demonstrates the significance of equimolar reaction 

mixtures if high molecular material is desired, as, e.g., already an r value of 0.99 results in 

a highest achievable DPn of 199 for 100 % conversion. Then again, such a behavior allows 

for the facile adjustment of chain-lengths via the ratio of monomers. 

Due to the aforementioned assumption of equal reactivity in all polymerization steps 

disregarding the chain length, kinetic considerations are also simplified with one effective 

rate coefficient for the – potentially catalyzed – elementary reaction of -A with -B functional 

groups of the concentration [A] and [B]. The reaction rate is specified via equation 2-16, 

where the catalyst concentration [Cat.] can be regarded as constant and thus combined 

with the rate coefficient k.54 

 
−

𝑑[𝐴]

𝑑𝑡
= 𝑘′ ⋅ [𝐴] ⋅ [𝐵] ⋅ [𝐶𝑎𝑡. ] = 𝑘 ⋅ [𝐴] ⋅ [𝐵] 

2-16 

In the favorable case of equimolar reaction mixtures and thus [A] = [B] = c, equation 2-16 

can be simplified to resemble equation 2-17: 

 
−

𝑑𝑐

𝑑𝑡
= 𝑘 ⋅ 𝑐2 

2-17 
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After integration of equation 2-17 from c = c0 to c and from starting time t = 0 to t, in 

combination with Carothers equation 2-14 and c0/c = N0/N, the degree of polymerization 

is given by equation 2-18, demonstrating its proportionality to time:54, 58 

 
𝐷𝑃𝑛 =

1

1 − 𝑝
= 𝑘 ⋅ 𝑡 ⋅ 𝑐0 + 1 

2-18 

Accordingly, for known rate coefficients and starting concentrations, the targeted 

molecular weight can be adjusted via the reaction time. 

Statistical theories, e.g., as first described by Flory, additionally enable the theoretical 

investigation of weight-averaged molecular properties and associated values such as the 

dispersity Ð (equation 2-19):54 

 Ð =
𝑀̅𝑤

𝑀̅𝑛
= 1 + 𝑝 2-19 

With conversion values of conveniently near to 1, linear step-growth polymerizations 

exhibit a dispersity of approximately 2. 

2.1.5 Advanced Polymerization Methods 

Free radical polymerization is by far the most commonly employed method to industrially 

synthesize polymeric material, as it allows for facile reaction conditions, tolerates 

functional groups and impurities, can be performed in large scale etc. On the other hand, 

due to its non-controlled characteristics, no defined end-group fidelity, chain-lengths or at 

least narrow chain-length distributions can be achieved. Therefore, it is only capable to 

serve for the generation of bulk material, but not for materials with advanced properties. 

In contrast, anionic polymerization is the model example of a living polymerization 

comprising no termination reaction and thus a linear evolution of molar mass with 

conversion, quantitative end-group fidelity and perfectly controllable chain lengths.84 Thus, 

also blockcopolymers can be obtained via the simple addition of another monomer type 

after completion of the first block. However, the high demands of anionic polymerization 

techniques on the reaction conditions as well as a limited number of feasible monomer 

species strongly restrict their employment in standard and large scale syntheses. 

Accordingly, researchers tried to combine the advantages of free radical polymerization 

with the ones from anionic polymerization techniques to yield the so-called reversible 
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deactivation radical polymerization (RDRP) methods.66, 85 The underlying principle of RDRP 

techniques is the temporary deactivation of the radical species via, e.g., a reversible 

coupling, redox equilibrium or the degenerative transfer into a non-reactive radical species. 

Thereby, the termination step of the radical polymerization is greatly diminished, while the 

achievable reaction rates are still acceptable due to the quadratic concentration 

dependency of kt on the radical concentration and the only linear influence on the 

propagation rate kp (refer to Section 2.1.3). In the following sections, with atom transfer 

radical polymerization (ATRP) and reversible addition-fragmentation chain-transfer (RAFT) 

polymerization, two of the most popular and wide-spread RDRP techniques are introduced. 

Atom Transfer Radical Polymerization 

Atom transfer radical polymerization (ATRP) is a RDRP technique adapted from the atom 

transfer radical addition known from organic chemistry where it is employed to form 

carbon-carbon bonds between alkyl halides and alkene species via a transition metal 

catalyst.86 ATRP was independently introduced by the research groups of Sawamoto and 

Matyjaszewski in 1995 and is subject to constant investigations and enhancements to 

date.86-89 The basic principle of ATRP is the reversible deactivation of radical species via a 

redox cycle, transforming it into a temporarily dormant species which cannot undergo 

termination events. The initiator species in ATRP are organic halides (R-X) which are able 

to undergo a homolysis due to a single electron transfer from a transition metal catalyst or 

activator Mt to the halogen atom (Scheme 2-6).54 

 

Scheme 2-6 General mechanism for ATRP techniques enabling a reversible deactivation of a (propagating) 
radical species. Mt: transition metal activator with oxidation number m, L: ligand, R-X: organic halide, M: 
monomer. 

Although also other transition metals than copper can be used, ligand- (L) stabilized CuI/CuII 

redox systems are the most widely employed ones due to their expedient and versatile 

reaction properties.88 The formed radical can undergo chain-growth polymerization and 
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add a wide range of monomer species M until the redox process is reversed and the radical 

species is trapped as a halide again. To enable good control over the polymerization, i.e., 

highly restrict the bimolecular termination processes, the redox equilibrium has to be 

shifted to the side of the dormant organic halide, at the same time reducing the 

polymerization rate. Consequently, the achieved polymer chains bear halide end-groups 

which can straightforwardly be utilized to functionalize or ligate the macromolecules. To 

account for a decreased control and end-group fidelity at high conversion rates and reduce 

the oxygen sensitivity of the activator while at the same time reducing the necessary 

amount of transition metal species – which may be problematic due to possible cytotoxicity 

or other unwanted effects in the final product – different improvements of the ATRP 

method were established.88 In activators regenerated by electron transfer (ARGET) ATRP, 

for instance, the use of an excess of a reducing agent leads to the continuous regeneration 

of the activator species.90 Another interesting development is the investigation of light-

induced ATRP mechanisms, enabling spatial and temporal control over the polymerization 

reaction. Besides examples with transition metal catalysts such as iridium-based 

photocatalysts or the copper-catalyzed photoRDRP, also metal-free approaches could be 

realized via organic photoredox systems.91-94 

Reversible Addition-Fragmentation Chain-Transfer Polymerization 

Reversible addition-fragmentation chain-transfer (RAFT) polymerization – nowadays with 

ATRP the most commonly employed RDRP method – was first discovered by researchers at 

CSIRO (Australia) in 1998 while investigating dithioester transfer agents in free radical 

polymerizations.54, 95, 96 Analogous observations for xanthates as reversible transfer agents 

could be obtained by French researchers and were patented as macromolecular design via 

the interchange of xanthates (MADIX) technique at the same time.97 Actually, RAFT 

polymerizations are free radical polymerizations where a specialized reversible transfer or, 

in other words, RAFT agent is added. After initiation of the chain-growth reaction via 

standard initiators (Scheme 2-7 (a)), the RAFT agent – for example a dithioester, 

trithiocarbonate or xanthate – adds to the radical species in the pre-equilibrium 

(Scheme 2-7 (b)), causing a dormant state of the propagating chain radical. 
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Scheme 2-7 Mechanistic scheme of the RAFT polymerization process with (a) initiation, (b) pre-equilibrium, 
(c) re-initiation, (d) main equilibrium and (e) termination. 

Thus, the radical transfer reduces the probability of termination, with highly active transfer 

agents leading to a quasi-elimination of termination events as nearly all chains are in the 

dormant state. The main equilibrium (Scheme 2-7 (d)) not only serves to reduce 

termination, but also enables a more uniform chain growth via the constant degenerative 

exchange of propagating chains.98 As the overall radical concentration in RAFT 

polymerizations is not decreased in comparison to FRP – at least for well-chosen R-groups 

with comparable radical reactivity as the macroradicals (Scheme 2-7 (c)) – the reaction rate 

should also not be reduced.54 Nevertheless, while RAFT polymerizations are faster than 

other RDRP techniques with lowered radical concentrations as for example ATRP or 

nitroxide mediated polymerization (NMP), induction periods and retardation effects lead 

to decreased reaction rates, probably due to relatively stable intermediate radicals or their 

termination.98 To reduce these deviations from the ideal behavior, R- and stabilizing Z-

groups have to be carefully selected to match the reactivity of the desired monomer 

(Scheme 2-8). With appropriate RAFT agents and due to the robustness and tolerance of 

RAFT polymerizations towards functional groups, a large variety of monomers such as 

styrene or (meth-)acrylates, but also vinyl acetate or acrylic acid can be polymerized in a 

controlled manner, generating polymers with interesting end-group functionality due to 

the incorporated RAFT agents.98 Some of them enable rapid RAFT hetero Diels–Alder (HDA) 

reactions of dithioesters with dienes for macromolecular ligation, suitable for complex 

architectures or thermoresponsive materials (refer to Section 2.2.1).11, 50, 69, 99 
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Scheme 2-8 Schematic depiction of appropriately chosen R- and Z-groups for RAFT polymerizations of 
controlled (––) or limited controlled (---) character, employing various monomers (MMA: methyl 
methacrylate, HPMAM: N-(2-hydroxypropyl)methacrylamide, VAc: vinyl acetate, NVP: N-vinylpyrrolidone, 
St: styrene, MA: methyl acrylate, AM: acrylamide, AN: acrylonitrile). Adapted with permission from 
Reference100. Copyright 2012 American Chemical Society. 

Additionally, because of the insensitivity of RAFT processes, also diverse other 

functionalities can selectively be inserted at the α- or ω-position of the final polymer via 

tailor-made R- and Z-groups of the employed RAFT agent, with especially the R-group 

approach leading to outstanding results.32 Due to typically high RAFT agent to initiator 

ratios, nearly all polymer chains are initiated by an R-group radical (Scheme 2-7 (c)), leading 

to a very high degree of α-functionality even for terminated chains.98 
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2.2 Dynamic Ligation Systems 

Covalent and non-covalent reversible chemical linkage allows for the generation of 

dynamic materials with the ability to respond to certain external stimuli, e.g., via the 

entropically forced shift of ligation equilibria at elevated temperatures to the opened 

adduct.101 Especially in the case of hydrogen bonding, the solvent properties plays an 

important role in the degree of association, resulting in tunable bonding behavior not only 

by means of temperature, but also via the employed solvent. Besides temperature and 

solvents, other triggers such as light, electric fields, redox potentials etc. can be included 

with appropriate linkage sites (Scheme 2-9).14, 16, 19, 39, 41, 50, 102-107 

 

Scheme 2-9 Examples for dynamic covalent and non-covalent chemical linkage methods such as thermo-, 
redox- or photoresponsive (a) Diels–Alder reactions, (b) disulfide bridges, (c) alkoxyamines, (d) coumarine 
photodimerization, (e) hydrogen bonding, (f) metal-ligand complexation or (g) host-guest interactions. 

When incorporated in, e.g., polymeric materials, such an adjustable bonding behavior 

enables interesting adaptive materials with for example self-healing properties, facilitated 

recyclability, mimicked protein folding behavior, the ability to re-shape networks or to 

design targeted drug delivery systems amongst others.4, 5, 7, 17, 46, 102, 108-110 In the following 

sections, the two dynamic ligation techniques employed in the current thesis – covalent 

thermoreversible Diels–Alder reactions and non-covalent hydrogen bonding – are 

introduced. 
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2.2.1 Diels–Alder Reactions 

Diels–Alder reactions are pericyclic [4+2] cycloadditions of dienes with dienophiles, i.e., 

alkenes or their heteroatom analogues to form six-membered cyclohexene derivatives 

(formally depicted in Scheme 2-10), described by Otto Diels and Kurt Alder in 1928.111-113 

 

Scheme 2-10 Formal scheme of a pericyclic [4+2] Diels–Alder cycloaddition of a diene with a dienophile 
resulting in the formation of cyclohexene-analogue six-membered rings. 

Although also radical pathways are probable for some specific reactants, the pericyclic 

process is the dominating mechanism for Diels–Alder reactions.112 Thermodynamically 

speaking, two π-bonds are transformed into two energetically more favorable σ-bonds, 

greatly overcompensating the loss of diene conjugation.112, 114 The thermally allowed 

character of Diels–Alder reactions is defined in the Woodward–Hoffmann rules, stating that 

(4n+2) participating electrons are required, leading to an energetically lowered ground 

state and no additional energy barrier, as no excitation is necessary (Scheme 2-11).115-117 

 

Scheme 2-11 Correlation diagram of the [4+2] cycloaddition of 1,3-butadiene and ethylene. 
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In order to allow for a straightforward reaction in accordance with the frontier molecular 

orbital (FMO) theory, electron poor dienophiles are combined with electron rich dienes in 

Diels–Alder reactions of normal electron demand to ensure suitable interactions of the 

highest occupied molecular orbital (HOMO) of the diene with the lowest unoccupied 

molecular orbital (LUMO) of the dienophile.113, 117 The HOMO-LUMO gap and thus the 

reaction barrier is adjustable via different electron withdrawing or pushing substituents at 

the reactants, at the same time enabling a tuning of reaction rates.112 Accordingly, also 

Diels–Alder reactions of inverse electron demand are feasible, where appropriately chosen 

reactants allow the interaction of the dienophile HOMO with the diene LUMO, but the 

aforementioned normal electron demand is more commonly employed, for example in the 

popular reaction of cyclopentadiene with maleic anhydride or its derivatives 

(Scheme 2-12):39, 118 

 

Scheme 2-12 Diels–Alder reaction of cyclopentadiene and maleic anhydride and the kinetically preferred 
endo product. 

The concerted mechanism of pericyclic cycloadditions leads to a high stereospecificity, but 

no pronounced diastereospecificity.113, 117 While especially for inflexible, e.g., cyclic 

dienophiles the formation of the kinetically favored endo adduct with the dienophile 

substituent orientated in the direction of the diene π-system in the transition state is 

preferred – probably due to secondary orbital interactions – bulky substituents or altered 

reaction conditions can result in the generation of the sterically and thermodynamically 

favored exo product.112, 119 In general, no absolute selectivity occurs under standard 

conditions. FMO theory can also be utilized to investigate the regioselectivity of Diels–Alder 

reactions, adjustable by the diene substituent position as well as Lewis acid catalysts which 

are able to alter the orbital coefficients of polar functional groups.113, 117 In addition, chiral 

auxiliaries can be employed to enable enantioselective reaction control, for example in the 

total synthesis of natural substances.120 

In terms of kinetics, the configuration of the participating diene is of great importance, as 

it has to exist in a cisoid configuration to undergo a Diels–Alder reaction. Therefore, open-
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chain dienes – whose conformation equilibrium lies predominantly on the transoid side – 

exhibit slower reaction rates as dienes with a sterically or geometrically forced cisoid 

conformation, for instance 2,3-dimethyl-1,3-butadiene or cyclopentadiene.121-123 While 

solvent polarity is not playing an overly important role in Diels–Alder kinetics due to the 

unpolar transition state, reactions in water proceed significantly faster due to hydrophobic 

interactions and thus a closer proximity of reactants.124 As a result, even unreactive open-

chain dienes which otherwise require a catalyst and elevated temperatures in organic 

media to be able to undergo Diels–Alder conjugation in an expedient time frame are able 

to undergo a rapid uncatalyzed Diels–Alder reaction at ambient temperature in water as 

solvent.125, 126 

The application of heteroatom substituted reactants can be employed to complement the 

characteristics in hetero Diels–Alder (HDA) reactions via the generation of heterocycles as 

well as altered reactivities. Examples for hetero dienophiles are aldehydes, imines, azo- or 

nitroso-compounds, dithioesters and many others, but also hetero dienes can be used such 

as α,β-unsaturated carbonyls and thiocarbonyls, 2-azabutadiene, etc.127-129 Specialized 

HDA reactions enable fast reaction times under mild conditions and reasonable retro 

reaction temperatures as for example in the RAFT HDA method or in a reaction of 

cyanodithioesters with cyclopentadiene.11, 22, 69, 130-132 As all thermally allowed 

cycloadditions are able to undergo a cycloreversion in combination with the increasing 

impact of entropy at elevated temperatures, the Diels–Alder reaction can be reversed in a 

retro reaction at adjustable temperatures depending on the reactants.39, 113, 133 The 

reversible character of the Diels–Alder ligation can be utilized to obtain self-healing or 

other adaptive materials such as organic sheets or thermoresponsive surface modifications 

and adhesives.5, 134, 135 Nevertheless, only few reactant combinations which result in a 

degradation-free retro Diels–Alder (rDA) reaction at feasible temperatures – yet still 

allowing for stable adducts under ambient conditions or at slightly elevated application 

temperatures – are known. The most commonly employed Diels–Alder reactants amongst 

thermoreversible materials is the pairing of furan- and maleimide-functionalities 

(Scheme 2-13), which can conveniently be inserted in diverse chemical systems, but 

exhibits relatively slow forward and retro reactions, even at elevated temperatures. 
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Scheme 2-13 Diels–Alder Reaction of furan and maleimides functional species. 

Typical reaction times for the forward reaction of furan with maleimides are hours at 

elevated temperatures of 60-80 °C or up to days at ambient temperature while significant 

amounts of retro reaction are observable from approximately 100-130 °C on.27, 136 

Thiocarbonyl dienophiles can be utilized to obtain enhanced forward and retro reactivity. 

However, their increased reactivity also favors side-reactions as in the case of 

thioaldehydes, thioketones or highly activated dithioesters such as cyanodithioesters 

(Scheme 2-14 (a-c)), which is why they are mostly utilized in a trapped or precursor state 

and released in situ.132, 137, 138 Cyanodithioesters, for example, can be dynamically protected 

via the addition of cyclopentadiene, as otherwise dimerization and other side-reactions 

occur.132, 139-141 Upon heating of the protected cyanodithioeser, an immediate rDA reaction 

can be observed from approximately 70 °C on, releasing the volatile cyclopentadiene and 

providing the deprotected dithioester. The latter can then be subject to other rapid and 

catalyst-free HDA reactions within minutes with various dienes such as cyclopentadiene-

functional polymer chains, dimethylbutadiene or sorbic derivatives during cooling.22, 132, 142 

 

Scheme 2-14 Examples of thiocarbonyl compounds as dienophiles: (a) thioaldehydes, (b) thioketones, (c) 
activated dithioesters as well as (d) pyridinyl- or (e) phosphoryl-substituted dithioesters suitable for Lewis 
acid activation. 

A useful technique to balance the dienophile reactivity is the employment of pyridinyl- or 

phosphoryl-groups at the dithioester (Scheme 2-14 (d) and (e)) which are not highly 

activating the dienophile towards HDA or side-reactions, yet can be transformed to strongly 

electron withdrawing and thus activating groups via the addition of Lewis acids.50, 51, 130, 143 

Thereby, very rapid reactions with dienes at ambient conditions are possible. At the same 

time, similar compounds with appropriate R-groups can be utilized as transfer agents in 

RAFT polymerizations (refer to Section 2.1.5), thus enabling the formation of defined 
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polymer block lengths with high dithioester end-group fidelity for a subsequent RAFT HDA 

reaction with diene functional species.50, 69, 144 Other examples for hetero dienophiles 

enabling efficient and rapid HDA reactions are highly reactive nitroso-compounds 

(Scheme 2-15 (a)) as well as triazolinediones (Scheme 2-15 (b)) which are nitrogen-

derivatives of a maleimide.145, 146 

 

Scheme 2-15 Hetero Diels–Alder reactions via (a) nitrosocarbonyl or (b) triazolinedione hetero dienophiles. 

Nitrosocarbonyls can be formed in situ via, for example, thermally induced transformations 

or catalyzed pathways under ambient conditions, enabling thermoreversible HDA reactions 

with, e.g., cyclopentadiene functionalities. Triazolinediones allow very fast, yet irreversible 

conjugation of cyclic or open-chain dienes within seconds at ambient temperature. 

As a result of the extraordinary efficiency of many Diels–Alder reactions with high yields, 

no side-product formation and thus a facile purification, available starting materials as well 

as a robust and orthogonal operability, they are amongst the revisited reactions comprising 

click-characteristics as introduced by Sharpless in 2001.48 Another interesting development 

in the fields of Diels–Alder reactions is the light-induced generation of reactive species in 

order to allow for spatiotemporal control, for example to enable a precise surface 

patterning or biocompatible ligation.147, 148 One method is the light-triggered and reversible 

generation of a so-called photoenol species from ortho-methylphenyl ketones which can 

then undergo a rapid and uncatalyzed Diels–Alder reaction with, e.g., maleimides 

(Scheme 2-16).149-152 Thanks to the reversible formation of the reactive photoenol species 

upon irradiation, the reactivity is switchable. Thus, unwanted side-reactions are minimized 

and no protecting groups are necessary, while reactivity can be re-gained for, e.g., 

subsequent functionalization steps via further irradiation events.153, 154 
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Scheme 2-16 Light-triggered photoenol-formation from o-methylphenyl ketones and subsequent Diels–Alder 
reaction with a maleimide species. 

An alternative possibility to achieve photo-controlled Diels–Alder reactions is the in situ 

generation of thioaldehydes via photolysis of phenacyl sulfides (Scheme 2-17).138 

 

Scheme 2-17 Photo-induced formation of thioaldehydes from phenacyl sulfides and their Diels–Alder 
reaction with dienes. 

Due to the very high reactivity of thioaldehydes, they allow for rapid reaction rates, but at 

the same time undergo reactions with a variety of nucleophiles such as amines, 

hydroxylamines and thiols besides self-condensation.155-157 Thereby, also other functional 

groups can be trapped, leading to a high versatility, yet also numerous possible side-

reactions. 

In conclusion, the versatile and robust chemistry of Diels–Alder reactions allows for a wide 

range of possible applications such as the formation of complex (macro-)molecular 

architectures, surface patterns of high resolution, thermoresponsive materials, etc. 

Consequently, Diels–Alder reactions are not only one of the most commonly employed 

methods to produce dynamic covalent materials, but will undergo constant future research 

for the generation of further knowledge and opportunities. Currently, one big challenge is 

the design of easily accessible and stable reactant pairings which allow for a fast, preferably 

catalyst-free and orthogonal switching between closed and opened adduct species at 

expedient processing temperatures for the establishing of, e.g., cost-efficient and durable 
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self-healing materials or organic sheets.5, 6, 22, 158 Another emerging field for synthetic 

chemists as well as theoreticians is the investigation of further refined λ-orthogonal photo-

induced ligation methods such as the photoenol approach stated above to achieve more 

dimensions of control over the reactivity of participating species.148 Accordingly, the 

detailed knowledge of the influence of different molecular parameters – e.g., substituents, 

but also physical ones as demonstrated by Guimard et al. in 2013 – on the bonding behavior 

is crucial for a targeted adjustment of desired reactivity in different applications.83 

2.2.2 Hydrogen Bonding 

Classical chemistry mainly treats the formation and characterization of covalently bonded 

individual molecules. In contrast, supramolecular research – inspired by nature – combines 

fields of chemistry, physics, as well as biology to describe and establish inter- and 

intramolecular interactions of well-adjustable association characteristics via non-covalent 

means.159, 160 Thereby, a manifold of self-assembling and dynamic structures is obtainable, 

leading to the term “supramolecule” due to the defined characteristics of assembled 

multimolecular systems, comparable with the tertiary or quaternary structure of 

proteins.161 In 1987, the great impact of such a field of research was highlighted by the 

awarding of the Nobel Prize to three pioneers in supramolecular chemistry, namely Jean-

Marie Lehn, Donald J. Cram and Charles J. Pedersen.162 Examples for non-covalent bonds 

suitable for supramolecular association are van der Waals, specialized host-guest and 

donor-acceptor interactions or hydrogen and halogen bonding.102, 163-165 Originating from, 

e.g., metal-ligand coordination, the three-dimensional structure of biomacromolecules and 

the studies of natural as well as synthetic recognition units, supramolecular chemistry can 

now be utilized for the formation of complex molecular architectures and constitutes an 

important technique towards artificial proteins or enzymes and other intra- and 

intermolecularly folded or associated structures.32, 46, 102, 161 In doing so, also beneficial 

material attributes can be realized via incorporating supramolecular binding motifs in, e.g., 

the side- or main-chains of polymeric materials to allow for outstanding mechanical 

strengths as inherently observed in Kevlar and Nylon or to generate dynamic, stimuli-

responsive material characteristics such as self-healing abilities and processible 

networks.26, 159, 166, 167 Due to flexible synthetic procedures, its often directional and 

orthogonal bonding character, adjustable binding strengths or association constants Ka of, 
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e.g., 102 to 1012 M-1 and diverse stimuli-responsiveness, hydrogen bonding is one of the 

most commonly employed supramolecular ligation methods.168-171 Hydrogen bonding 

bases on the interaction of positively polarized hydrogen atoms, covalently bound to 

electronegative atoms such as nitrogen, oxygen or fluorine, and the free electron pair of 

another electronegative atom of the same or a different molecule. Accordingly, it is highly 

dependent on the polarity and protic character of solvents with polar and protic ones 

leading to drastically lowered association strengths. Thus, to achieve strongly conjugating 

interactions in hydrogen bonding, preferably apolar and aprotic solvents are employed. 

With approximately 7.5 kJ mol-1 per hydrogen bond, its strength lies below covalent bonds 

(some 100 kJ mol-1), but above van der Waals interactions (few kJ mol-1) and can be 

substantially increased via the combination of multiple bonding sites (Scheme 2-18).171, 172 

 

Scheme 2-18 Examples for (a) single, (b) two-centered, (c) triple, (d) quadruple and (e) multiple hydrogen-
bonding interactions. 

While for instance adenine-thymine pairings as naturally occurring in DNA 

(Scheme 2-18 (b)) with two-centered hydrogen bonding motifs exhibit association 

constants of 1.7 · 102 M-1, the quadruple hydrogen-bonding unit ureidopyrimidinone (UPy, 

Scheme 2-18 (d)) has a self-dimerization constant of more than 107 M-1 (both in 

chloroform).159 Such high association capabilities of self-complementary binding motifs can 

easily be utilized for the reversible formation of linear supramolecular polymers or 

networks as performed by Meijer and co-workers via UPy di- or multifunctional species.173 
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Another important factor influencing the bond strengths of hydrogen bonding units is the 

repulsive secondary interaction of neighboring opposing donor with donor (D) or acceptor 

with acceptor (A) groups, resulting in more attractive interactions between two recognition 

units if less alteration of D and A species is present on either side of the association pairing 

(Scheme 2-19).170, 171 However, unique donor-acceptor sequences and geometries can be 

harnessed to achieve a higher selectivity and thus orthogonality of specific recognition 

units. 

 

Scheme 2-19 Schematic depiction of (a) hydrogen bonding, (b) attractive and (c) repulsive secondary 
interactions between donor (D) and acceptor (A) species. 

As a result, self-dimerization can be excluded and thus selective intra- or intermolecular 

association of differently functionalized groups is viable. A popular example, named after 

Hamilton et al., is the hexafunctional Hamilton wedge (Scheme 2-18 (e)) which allows for 

distinctive heteroassociation (Ka ≈ 105 M-1) of barbiturates or cyanurates.174 Thereby, 

alternating supramolecular polymers of cyanurate and Hamilton wedge α,ω-difunctional 

building blocks or selective point-folding of polymer chains as a step towards the synthesis 

of artificial proteins is feasible amongst others.175, 176 Another example of hetero-

complementary binding motifs employed in polymer chemistry to supramolecularly 

associate diblock polymers are symmetrical in combination with asymmetrical 

oligoamides.177 They allow for selective binding of polymer chains with an exceptionally 

strong association constant Ka = 3.3 · 107 M-1, equivalent to an association enthalpy of 

56 kJ mol-1, yet can easily be separated via the addition of a protic solvent, thus enabling, 

e.g., the facile formation of nanoporous materials from phase-separated supramolecular 

diblock copolymers.178 Further improvements of association characteristics can be 

achieved via the pre-organization of recognition units in geometrically suitable and rigid 

systems to minimize bond rotation and dissociation events or, generally speaking, the 

entropic driving forces of a disassembly.179 

As demonstrated above, the large toolbox of diverse hydrogen bonding units allows for a 

multitude of association properties for the generation of tailor-made (supra-)molecules 
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and materials with remarkable dynamic and stimuli-responsive characteristics. The 

reversible and highly dynamic hydrogen bond can be utilized to generate, e.g., self-healing 

or recyclable materials, self-assembly of complex macromolecular architectures, materials 

of tunable viscosity and phase transition behavior, pH- and solvent-responsive aggregates 

in biomedical applications as well as specific conjugation of recognition units amongst 

others.23, 32, 164, 171, 180-182 With the ongoing progress in the research area of dynamic 

bonding, further potential is about to be unlocked, enabling a more and more specified 

understanding and application of supramolecular techniques such as hydrogen bonding. 
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2.3 Thermodynamics of Chemical Equilibria 

2.3.1 Classical and Statistical Thermodynamics 

Thermodynamics is the study of energy or its transfer in chemical or physical processes. 

The fundamental laws of thermodynamics are: 

0. If two systems without direct connection are both in equilibrium with a third one, 

they are also in equilibrium with each other, 

1. Closed systems have a constant intrinsic energy, 

2. Heat is not freely transferring from a colder to a warmer system, 

3. At absolute zero, a perfect crystal has zero entropy. 

Enthalpy H is the amount of energy which is transferred to the system in the form of heat 

q under constant pressure p. With U being the intrinsic energy and V the volume, the 

enthalpy is defined by equation 2-20: 

 𝐻 = 𝑈 + 𝑝 ⋅ 𝑉 2-20 

The intrinsic energy is dependent on the temperature, thus also the enthalpy is 

temperature dependent, yet its temperature dependency can typically be neglected for 

small changes of temperature.183 As all parameters in equation 2-20 are state functions, 

also H is a state function which only depends on the initial and final state of the system. 

The standard enthalpy of a process or reaction Δ𝑅𝐻𝑜 is similarly defined as the enthalpy, 

considering one process under standard conditions. Due to enthalpy’s state function 

characteristics, Hess’s law arises which states that the difference of standard enthalpies of 

a reaction Δ𝑅𝐻𝑜 is a composite of the standard enthalpies of the formal formation of the 

individual reactants. In a spontaneous process, part of its energy is transferred to the 

surrounding system and thus an increasing entropy S – again a state function – is 

introduced (equation 2-21): 

 
𝑆 =

𝑑 𝑞𝑟𝑒𝑣

𝑇
 

2-21 

Entropy occurs due to the number of energetically possible microstates W or, in other 

words, accessible energy levels, defined by the Boltzmann equation 2-22 with kB being the 

Boltzmann constant (1.38066 · 10-23 J K-1): 



Theory and Background 

34 

 𝑆 = 𝑘𝐵 ⋅ ln 𝑊 2-22 

Similar to the standard reaction enthalpies, standard reaction entropies Δ𝑅𝑆𝑜 are 

accessible via the difference of the entropy values of products and reactants. Spontaneous 

chemical reactions at constant temperature T and p occur in the direction of the minimal 

free enthalpy G (equation 2-23) of a system (equation 2-24): 

 𝐺 = 𝐻 − 𝑇 ⋅ 𝑆 2-23 

 𝑑 𝐺 = 𝑑 𝐻 − 𝑇 ⋅ 𝑑 𝑆 2-24 

The free reaction enthalpy ∆𝑅𝐺 is defined as the slope of the free enthalpy as a function of 

the extent of reaction ξ or the difference between the chemical potentials μ of products b 

and reactants a (equation 2-25):183 

 
∆𝑅𝐺 = (

𝑑𝐺

𝑑𝜉
)

𝑝,𝑇

= 𝜇𝑏 − 𝜇𝑎 
2-25 

For μa = μb, the free reaction enthalpy ∆𝑅𝐺 = 0, i.e., the reaction is in its equilibrium state. 

With μa > μb, ∆𝑅𝐺 is negative and the exergonic forward reaction occurs, while with μa < μb, 

∆𝑅𝐺 is positive or the endergonic retro reaction is observed. With the help of the chemical 

potential of ideal gases, the universal gas constant R (8.314 J mol-1 K-1) and the standard 

free reaction enthalpy ∆𝑅𝐺𝑜, the free reaction enthalpy can be further interpreted, 

resulting in a logarithmic dependency of ∆𝑅𝐺 on the reaction quotient QR (equation 2-26) 

which is the ratio of activities of products and reactants:183 

 ∆𝑅𝐺 = ∆𝑅𝐺𝑜 + 𝑅 ⋅ 𝑇 ⋅ ln 𝑄𝑅 2-26 

Similar to enthalpy and entropy, the (standard) free reaction enthalpy can again be 

obtained via the difference between product and reactant values. For appropriate 

conditions, the aforementioned activities can be approximately equalized with partial 

pressures or the concentrations of participating species. For ∆𝑅𝐺 = 0, QR equals the 

equilibrium constant K (equation 2-27).184 

 𝑅 ⋅ 𝑇 ⋅ ln 𝐾 = −∆𝑅𝐺𝑜 2-27 

Thus, equilibrium constants and the respective composition of a reaction mixture can be 

calculated from available thermodynamic data. Enthalpy and entropy contribute to K 
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according to the Boltzmann distribution of available energy levels for molecules. With the 

standard free reaction enthalpy being: 

 ∆𝑅𝐺𝑜 = Δ𝑅𝐻𝑜 − 𝑇 ⋅ Δ𝑅𝑆𝑜 2-28 

the equilibrium constant K can be written as: 

 𝐾 = 𝑒−Δ𝑅𝐻𝑜 𝑅𝑇⁄ ⋅ 𝑒Δ𝑅𝑆𝑜 𝑅⁄  2-29 

demonstrating the interplay of enthalpy and entropy values. For example, enthalpy values 

of one prefix can be counteracted by entropy values of the same prefix or vice versa. The 

equilibrium position can be shifted via the temperature dependent distribution of 

molecules over energy levels, as can be seen in the Van’t-Hoff equation 2-30:183 

 𝑑 ln 𝐾

𝑑 𝑇
=

Δ𝑅𝐻𝑜

𝑅 ⋅ 𝑇2
 

2-30 

Accordingly, with increasing temperature, exothermic reactions – i.e., ∆𝑅𝐻 < 0 – are 

shifted to the reactant side of the equilibrium, as K decreases. Such a behavior results from 

the decreased gain of entropy of the system and thus a loss of driving force due to a 

decreasing value for −Δ𝑅𝐻𝑜 𝑇⁄  (refer to equation 2-28). 

Statistical thermodynamics allows the combination and investigation of microscopic and 

macroscopic properties of systems and molecules. Here, partition functions describe the 

limited number of quantized thermally feasible microstates of, e.g., molecules as a product 

of translational (trans), rotational (rot) and vibrational (vib) as well as electronic (e) 

contributions. Said contributions depend on the degrees of freedom M of a molecule, 

summing up to, for example, its energy ε:183 

 𝜀 = 𝜀𝑡𝑟𝑎𝑛𝑠 + 𝜀𝑟𝑜𝑡 + 𝜀𝑣𝑖𝑏 + 𝜀𝑒 2-31 

The complete description of microstates is only possible by quantum mechanics, with 

classical mechanics as the limiting case for high energies.185 Thus, the properties of 

investigated molecules can be obtained via solving the time-dependent Schrödinger 

equation 2-32: 

 
𝐻̂Ψ𝑛 = 𝑖ℏ

𝜕 Ψ𝑛

𝜕 𝑡
 

2-32 
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The Schrödinger equation includes the wave function Ψ𝑛 of a system with n states, 

Hamilton operator 𝐻̂, Planck constant ℏ, time t and imaginary unit i. In applying 𝐻̂ on the 

wave function, the (kinetic and potential) energy of a system is characterized.185 For special 

cases as molecules in their ground state, a stationary, time-independent Schrödinger 

equation can be deduced. For equilibrated systems with finite volume V and defined 

number of particles or sub-systems N, microcanonical ensembles of adequate size can be 

defined. Here, the fluctuation of quantized energies due to exchange events between 

different hypothetical sub-systems can be summarized to result in the ensemble average 

intrinsic energy 〈𝜀〉 which is equal to the time averaged energy of isolated sub-systems.186 

For large systems with 𝑁 → ∞, only the most probable distribution of energies εi 

contributes to its average value. The probability pi for a sub-system to be in a particular 

state i is given by the number ni of systems in such a state divided by N. Thus, 〈𝜀〉 is the 

ratio of the total energy εtotal to N or the sum of products of pi and εi:184 

 〈𝜀〉 =
𝜀𝑡𝑜𝑡𝑎𝑙

𝑁
= ∑ 𝑝𝑖 ⋅ 𝜀𝑖

𝑖
 2-33 

The most probable distribution pi is given by the Boltzmann distribution: 

 
𝑝𝑖 =

exp(−𝜀𝑖 𝑘𝐵 ⋅ 𝑇⁄ )

∑ exp(−𝜀𝑖 𝑘𝐵 ⋅ 𝑇⁄ )𝑖
=

exp(−𝛽 ⋅ 𝜀𝑖)

𝑄
 

2-34 

The temperature dependent term 1/𝑘𝐵𝑇 can be abbreviated with 𝛽 while the denominator 

Q is called canonical partition function which allows for the calculation of all 

thermodynamic functions of a system.184, 185 Besides intrinsic energy and entropy, also free 

energy, (free) enthalpy as well as the pressure can be calculated and further ascribed to 

the average energies of the translational, rotational, vibrational or electric degrees of 

freedom M, defined via: 

 
〈𝜀𝑀〉 = −

1

𝑄𝑀
⋅ (

𝜕 𝑄𝑀

𝜕 𝛽
)

𝑉

 
2-35 

To obtain these values, the canonical partition function has to be divided into the 

contributions of the different degrees of freedom QM, depending on the nature of the 

investigated molecule.183 



  Thermodynamics of Chemical Equilibria 

37 

2.3.2 Computational Assessment of Reactions 

While similar quantum chemical methods as introduced below are employed in the course 

of the current thesis in order to predict and identify the underlying microscopic causes of 

entropic effects in macromolecular ligation chemistry (Chapter 3) as well as to support the 

choice and synthesis of a novel hetero Diels–Alder linker (Chapter 4), the corresponding 

calculations were performed by collaboration partners under the supervision of Prof. 

Michelle Coote at the Australian National University (Canberra). Thus, the section at hand 

shall only provide for an introductive presentation of the general methodology to enable a 

more facile understanding of the reader. 

Computational chemistry can serve as a tool to model chemical problems, for example 

structures or transition states and their molecular energies, enabling an investigation of 

reactions. But also vibrational frequencies, NMR spectra, bond properties, molecular 

orbitals and many other fields of interest are accessible in a theoretical way.187 Based on 

the laws of physics – in part or fully – computational studies can be utilized to obtain 

qualitative and quantitative insights without the need for experiments.  

Computational chemistry of molecules can be divided into two large sections: molecular 

mechanics and electronic structure theory.187 Molecular mechanics methods treat the 

interactions of nuclei via classical physics, employing force fields. Potential energies 

dependent on the relative position of atoms in combination with atom parameters and 

fitting the employed equations to experimental data is used to evaluate bond lengths, 

angles and vibrational frequencies. After establishing parametric functions, molecular 

mechanics are computationally inexpensive, yet electronic effects have to be included for 

each system – thus, there is no generally applicable method. In addition, processes such as 

bond scission or formation cannot be treated in molecular mechanics.187 In contrast, 

quantum mechanical calculations should in principle allow for the universal solution of 

countless chemical problems. While quantum mechanics originated at the beginning of the 

20th century, their complexity prohibited a facile employment on the majority of chemical 

questions.183 The ever increasing computational power enabling faster and faster 

approximation and iterative optimization of quantum mechanical equations in addition to 

the progress in theoretical physics and chemistry led to the establishment of expedient 

techniques to theoretically assess larger molecules.188 Still, exact solutions of the 
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Schrödinger equation 2-32 are only feasible for the smallest possible chemical systems, e.g, 

the hydrogen atom.183 Therefore, electronic structure methods aim for mathematically 

approximated solutions of the Schrödinger equation for problems at hand. Besides 

parametrized semi-empirical methods, ab initio calculations are not including experimental 

parameters, yet only quantum mechanical laws and the physical constants of the speed of 

light, charges and masses of nuclei and electrons as well as the Planck constant.187 As a 

result of the particular approximations taken and the size of the investigated system or 

molecule, the computational cost or duration of calculations as well as their accuracy may 

differ drastically, wherefore a careful selection of quantum chemical models has to be 

considered to obtain qualitative or even quantitative results in a convenient time span. 

These so-called model chemistries are theoretical models which allow for the approximate 

solution of the Schrödinger equation for a given structure and should reproduce its exact 

solution as good as possible while being generally applicable. Due to different constraints 

such as a less expedient approximation of wave functions with increasing system size vs. 

the overall (computational) efficiency of model chemistries, different combinations of 

methods and basis sets are formed to provide model chemistries for different applications 

and computer generations. A method defines the theoretical procedure of approximation 

or, in other words, the level of theory. Common examples are the numerical iterative 

Hartree-Fock (HF) self-consistent field method, Becke-style 3-parameter density functional 

theory with Lee-Yang-Parr correlation functional (B3LYP) or different orders of the Møller-

Plesset perturbation theory (abbreviated with, for instance, MP2 or MP4).183, 189-191 The 

basis set mathematically characterizes the molecular orbitals, with larger basis sets 

resulting in more accurate results at the cost of longer computation times.187 

With appropriately chosen model chemistries, the energy of a specified molecule can be 

obtained via single point calculations, representing one specific point – defined by the 

supplied molecular geometry – on the potential energy surface. To perform a geometry 

optimization of an initially indicated structure and thus determine the energetically most 

favorable arrangement of atoms in space for a target molecule, the minima of the potential 

energy surface is located via the fulfillment of convergence criteria. For optimized reactant 

and product compounds of a reaction, the calculation of their energies allows, e.g., for the 

determination of the thermodynamic parameters of the reaction in question. To account 
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for altered molecular and reaction properties in solution, often the method of a self-

consistent reaction field (SCRF) is employed. Here, a continuous reaction field with a 

defined dielectric constant is modeled and the molecule under investigation is placed in a 

cavity within this field. Thereby, more or less stabilizing effects are introduced due to the 

interaction of molecule dipoles and the solvent field.187 

In summary, computational ab initio methods can be harnessed to calculate diverse 

molecular parameters such as the thermodynamic values of reactions without the need for 

any experimental data. Such studies are especially valuable if the experiments in question 

cannot be actually conducted or if general insights and first studies of feasibility are desired 

to guide further experimental work. In addition, quantum chemistry allows for the 

determination and ascription of microscopic effects which cannot be isolated via 

macroscopic factors. 
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3 
3 ENTROPIC EFFECTS 

ON CHEMICAL EQUILIBRIA 

3.1 Motivation 

Recently, more and more dynamic chemistries are being employed for the design of 

stimuli-responsive materials, aiming at the generation of smart materials, for example self-

healing, self-assembling, recyclable, switchable or immolative ones amongst a multitude of 

possibilities.4, 5, 13, 15, 30, 33, 47, 109, 158, 166, 192-199 Such dynamic chemistries include, e.g., 

reversible covalent bonding via Diels–Alder reactions, boronic esters, alkoxyamines, oximes 

or disulfide links, as well as supramolecular association via hydrogen bonding, π-π-stacking 

or metal-ligand interactions.14, 22, 26, 27, 38-41, 46, 47, 51, 83, 99, 123, 132, 144, 166, 169, 197, 200-219 To 

generate a manifold of diverse association pairings necessary for different applications with 

variable requirements regarding bond strengths, association rates, retro reaction or 

dissociation temperatures etc., novel and possibly complex chemistries have to be 
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identified, investigated and established to insert the desired functionality into a target 

compound. Typically, tuning of the bonding parameters is established via enthalpic 

parameters, i.e., the modification of the electronic structure of the reactants via different, 

e.g., electron withdrawing or pushing, substituents in order to alter HOMO-LUMO 

interactions and thus bond strengths or cleavage temperatures.113, 117 A factor which is 

mainly untouched by the efforts of synthetic chemists when tuning bonding parameters of 

established reactions is the entropy of the reactive system, although its impact is evident 

in the Gibbs equation (∆𝐺 = ∆𝐻 − 𝑇 ⋅ ∆𝑆).183 While the somehow related topic of 

enthalpy-entropy compensation is discussed in several cases of intermolecular binding, 

stating that small losses of enthalpic interactions lead to higher entropy values and vice 

versa, thus counteracting any changes in the free energy, it is more focused on the different 

interactions of the recognition units of ligated molecules.220-222 Accordingly, it is not 

isolating for similar bonding conditions while generating different entropic values of the 

residual respective specimen. Granted, the entropy of involved species cannot easily be 

modified in larger extents for a given phase and number of small molecules, but entropy 

values of different macromolecular species can vary substantially. Not only can 

macromolecules enormously differ in length and molecular weight, they can also be 

composed of variable backbones of different steric mobility and thus chain stiffness 

(Scheme 3-1). 

 

Scheme 3-1 General scheme of entropic influences on dynamic reaction equilibria via physical molecular 
parameters such as (a) molecular weight and length, (b) chain stiffness or (c) the ligation position inside a 
molecule. 

These factors substantially determine the amount of translational, rotational or vibrational 

entropy of a system which sums up to its total entropy, rendering polymers a perfect 
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platform for an investigation of the influence of physical molecular parameters on entropy 

and thus also the Gibbs free energy. Consequently, particularly in the fields of 

macromolecular ligation, reaction or association parameters and equilibria should not only 

be tunable via different or differently substituted functional groups, but also via the 

physical properties of the ligated molecule in total while keeping the actual ligation 

chemistry unaltered (Scheme 3-1). This way, established chemistries may well be left 

unmodified while bonding and material properties can be changed via different 

macromolecular characteristics as for example individual chain length or simply 

exchangeable side-chain substituents. In addition, it should be kept in mind that all – i.e., 

also “non-dynamic” – chemical reactions underlie an equilibrium which is more or less 

shifted to one side, leading to a universal applicability of entropic effects to all reactions or 

associations involving macromolecular species. Actually, first studies exploring the 

thermoreversible Diels–Alder bonding of macromolecules or irreversible thermal 

degradation of polymers with differing chain lengths support the assumption of entropic 

effects.51, 83, 223 These preliminary findings allow for an initial explanation of different 

reported retro reaction temperatures for identical functional groups incorporated in 

dissimilar molecules and highlight the importance of further, more detailed studies.27, 108, 

200 In the following sections of the current chapter, different possibilities of molecular 

parameters (Scheme 3-1) influencing reaction entropy and thus Gibbs free energy and the 

macroscopic equilibrium position at a given temperature are being investigated 

experimentally as well as in theoretical calculations, leading to the establishment of 

entropic effects on macromolecular reactions. 
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3.2 Mass/Length Effect on Dynamic Reactions 

An obvious choice for parameters with an influence on entropy is the weight or length of 

the examined species, as these factors greatly affect the translational and rotational 

entropy of a given molecule. Thus, the first section on entropic effects treats the impact of 

macromolecular mass or length of reversibly connected adducts on covalent (retro) 

reaction parameters (Scheme 3-2).* 

 

Scheme 3-2 Reversibly ligated building blocks of differing length or mass. 

3.2.1 Experimental Design 

Chain length and mass of a functional molecule can be defined in a facile way for polymers 

via controlled polymerization methods (refer to, e.g., Section 2.1.5) and the application of 

different side-chain substituents. Reversible deactivation radical polymerization methods 

as for example activator regenerated by electron transfer (ARGET) atom transfer radical 

polymerization (ATRP) allow for the straightforward generation of polymer chains of 

adjustable and reproducible lengths with high end-group fidelity.224 Although small 

amounts of unreactive species with lost end-group functionality cannot be completely 

excluded due to irreversible chain termination processes still operational to minor degrees 

in such relatively controlled polymerization techniques, their proportion in the entire 

sample and impact on measurements or the comparability of different similarly 

synthesized samples is negligible when a careful adjustment of reaction parameters such 

                                                      
* Parts of the current section are reproduced or adapted from K. Pahnke, J. Brandt, G. Gryn'ova, P. Lindner, 
R. Schweins, F. G. Schmidt, A. Lederer, M. L. Coote, C. Barner-Kowollik, Chem. Sci. 2015, 6, 1061-1074, with 
permission from The Royal Society of Chemistry. J. Brandt carried out the TD SEC and SANS measurements. 
G. Gryn'ova conducted the quantum chemical calculations. P. Lindner and R. Schweins helped with the SANS 
measurements. F. G. Schmidt, A. Lederer and M. L. Coote helped with discussions. C. Barner-Kowollik 
motivated and supervised the project and contributed to the scientific discussions. 
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as low conversion and quantitative post-polymerization functionalization methods are 

employed.90 Therefore, polymers resemble an ideal and facile model platform when 

investigating the impact of physical molecular parameters on their reactivity, while entropy 

and its diverse effects are essential for all kinds of reaction and association equilibria and 

thus the demonstrated investigations should be generally applicable and transferrable. A 

favorable ligation method (not only) in the realm of polymer chemistry are Diels–Alder (DA) 

reactions due to their possible efficiency, lack of side-products and – especially for the 

studies at hand where bond cleavage at defined positions is envisaged – in several cases 

due to their thermoreversible character at experimentally accessible temperatures (refer 

to Section 2.2.1).5, 39, 48-50, 225, 226 Via the combination of polymers with thermoreversible 

Diels–Alder ligation, various model compounds comprising dynamically connected 

macromolecular building blocks of different length or mass were realized. The individual 

degree of bonding of the generated thermoreversible DA adducts at different 

temperatures was monitored via high temperature nuclear magnetic resonance 

spectroscopy (HT NMR, Section 3.2.3) as well as temperature dependent size exclusion 

chromatography (TD SEC, Section 3.2.4). To derive and clarify initial assumptions and to 

generate a fundamental understanding of the impact of the underlying entropic factors on 

reaction parameters, quantum chemical ab initio calculations were employed 

(Section 3.2.2). 

3.2.2 Computational Studies 

Quantum chemical ab initio as well as density functional theory calculations via the 

Gaussian 09 software package – performed by collaboration partners at the Australian 

National University (Canberra) – led to first insights into the occurrence and the basic 

principles of effects of physical molecular parameters on reaction entropy and thus the 

Gibbs free energy of the reversible cycloaddition of a cyanodithioester (CDTE) dienophile 

dilinker and differently sized and substituted cyclopentadiene (Cp) functional polymer 

chains.227 As a result of computational constraints, the theoretical calculation of enthalpy 

and entropy could only be realized for model reactions with building block chain lengths of 

n = m = 0-2 (Scheme 3-3), nevertheless yielding valuable information on the entropic 

causes of the observed effects. While the final data is provided in the Experimental Section, 

refer to the original publication for full details on the theoretical methodology.142 
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Scheme 3-3 Model DA reaction of CDTE linkers plus Cp functional polymers with side-chain substituents of 
different masses studied using quantum chemistry. Fragments in bold correspond to the reaction center in 
the ONIOM-like approximation. Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Due to the size of the analyzed specimen, another approximation – known to be valid for 

small molecules, but not quantitative for larger, e.g., polymeric systems – had to be utilized 

to gain nonetheless realistic and expedient qualitative trends: The reactant and product 

species were considered in their minimum energy conformation in a solvent field, while 

gas-phase translational, rotational and vibrational entropic fractions of the (de-)bonding 

process were adjusted via their additional solvation energy proportions.83  

 

Figure 3-1 Optimized geometries of the DA adducts of CDTE and Cp difunctional poly(methyl acrylate) (with 
n = m = 2) corresponding to (a) the lowest energy conformation and (b) the extended chain conformation. 
Reproduced from Ref.142 – Published by The Royal Society of Chemistry. 

In addition, optimized linear extended chain conformations based on the lowest energy 

optimized core molecule were investigated for modelling of longer vs. shorter chains 

(Figure 3-1), as the steric properties of polymer side-chains are likely to prevent a globular 

organization as observed for the oligomers, thus leading to a linear structure with 
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entropically very different attributes. The obtained globular and extended linear structures 

were then tested in relation to their differences in reaction entropy for the proceeding 

(retro) DA reaction between dienophile linker and diene-functional polymer species with 

poly(methyl acrylate) (PMA) or poly(isobornyl acrylate) (PiBoA) backbones (Figure 3-2).  

 

Figure 3-2 Calculated changes in the entropy (ΔS in J mol-1 K-1) of model DA reactions for different n, m (chain 
lengths) of poly(methyl acrylate) (PMA) or poly(isobornyl acrylate) (PiBoA) macromonomers in their lowest 
energy or extended chain conformation. In these figures, the more negative ∆S, the lower the Gibbs free 
energy of bonding, or the greater the extent of debonding, at a given temperature. Adapted from Ref.142 – 
Published by The Royal Society of Chemistry. 

As the translational entropy ΔStrans only depends on the (molecular) mass, there are no 

individual calculations for the different conformations necessary. Consequently and similar 

to previous findings, ΔStrans decreases to reach more negative values with increasing chain 

length or mass of the side-chain substituents (PMA < PiBoA), thus leading to a more favored 

debonding alias a less favored bonding process or, in other words, a decreased retro 

reaction temperature for heavier and longer ligated chain species.83 In contrast to ΔStrans, 

the rotational entropy ΔSrot is not only dependent on the mass of the involved species, but 

also its distribution in space, leading to a dependence on molecular geometry and 

conformation. Despite such a complex interplay, the same trends as observed for ΔStrans 

also emerge for ΔSrot, leading to a further reinforcing of debonding events for longer and 

heavier chains. A detailed analysis of the effect of chain stiffness on reaction properties will 
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be conducted in the next part of the thesis (Section 3.3). However, a first look into the 

vibrational entropy ΔSvib – being related to the phenomenon of chain stiffness – leads to 

very dissimilar results for the lowest energy and extended chain conformers, as the 

complex interplay of vibrational modes for newly formed inter- as well as intramolecular 

covalent and non-covalent interactions is highly dependent on the respective 

conformation. These observations are hinting at a possibly changed relative behavior of 

short vs. extended chain pairings of PMA and PiBoA, as – especially for the lowest energy 

PiBoA conformer – the vibrational contributions to entropy may counteract the previously 

expected effect of its higher molecular mass and bulkiness on the Gibbs free energy via the 

translational and rotational parts of reaction entropy. The combination of the calculated 

entropic values with reaction enthalpy as well as solvation energy can be utilized to 

determine a qualitative temperature dependent degree of bonding or debonding (%debond) 

for the different employed conformers (Figure 3-3). 

     

Figure 3-3 Degree of debonding (determined from the calculated reaction energies for n = m = 2 chain 
lengths) vs. temperature for (a) lowest energy and (b) extended chain conformers of PMA (■) or PiBoA (). 
Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Interestingly, as expected above, the calculated %debond for the different conformers – 

modeling short or extended longer chains – actually reflect the altered influence of ΔSvib: 

For short and globular chain conformations (Figure 3-3 (a)), the increased impact of ΔStrans 

and ΔSrot of heavier and bulkier chains which should lead to a lower debonding temperature 

is counteracted, while for extended systems (Figure 3-3 (b)), the previously established 

effect of increased chain masses leading to lower debonding temperatures is reproduced.83 

To test and verify these theoretical and qualitative results, the computationally assessed 

systems were experimentally investigated in the following sections. 
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3.2.3 High Temperature NMR 

Diene difunctional building blocks were synthesized via ARGET ATRP with the help of a 

bromo difunctional initiator to enable a high end-group fidelity (Scheme 3-4 (a), refer to 

Figure 3-4 for the SEC chromatograms of the molecular weight distributions) and a 

subsequent substitution of the resulting bromo end-groups with a cyclopentadiene 

function via nickelocene (Scheme 3-4 (b), refer to Figure 3-4 for the SEC 

chromatograms).228 

 

Scheme 3-4 Reaction scheme for the generation of thermoreversibly connected macromolecules of different 
building block sizes via (a) ARGET ATRP of acrylate monomers with a bromo difunctional initiator, 
(b) subsequent substitution of the bromo end-groups via nickelocene and (c) Diels–Alder step-growth of 
diene and dienophile difunctional blocks. Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Analogous to the computational calculations of model systems for small and extended 

chains, shorter and longer polymer blocks of both PMA and PiBoA of either 10 or 50 

repeating units were prepared (Table 3-1). Step-growth polymers, formed from 

cyclopentadiene α,ω-difunctional polyacrylate building blocks, were assembled via a 

cyanodithioester (CDTE) dilinker (Scheme 3-4 (c), refer to Figure 3-4 for SEC 

chromatograms). A DA reaction of linker and diene functional polymer is readily occurring 

upon heating of the concentrated reaction mixture in anisole to 120 °C – at the same time 

enabling an evaporation of the released Cp as well as a dynamic protection of the re-

activated dithioester in its equilibrium with the newly formed DA adduct – and subsequent 

cooling to ambient temperature. Note that the employed catalyst-free DA reaction of a 

cyanodithioester with dienes is not stereoselective, but such a characteristic is also not 

necessary for its envisaged application in thermoreversible polymer ligation. 
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Figure 3-4 SEC chromatograms of the dibromo precursor polymer (····), Cp functional building block (----), 
Diels–Alder polymer (–––) and control sample of heated Cp difunctional macromonomer without CDTE 
dilinker (·-·-) for 10 (a) methyl acrylate and (b) isobornyl acrylate repeating units or for 50 (c) methyl acrylate 
and (d) isobornyl acrylate repeating units per building block, measured in THF at 35 °C. Adapted from Ref.142 
– Published by The Royal Society of Chemistry. 

Table 3-1 List of the synthesized bromo and Cp difunctional polyacrylates, their number average molecular 
weight Mn, dispersity Ɖ and average number of repeating units n. 

Polymer Mn / g · mol-1 Ɖ n 

Br2PMAsmall 1200 1.04 9 

Br2PiBoAsmall 2300 1.05 9 

Br2PMAlarge 4600 1.07 49 

Br2PiBoAlarge 9800 1.09 45 

Cp2PMAsmall 1300 1.06 11 

Cp2PiBoAsmall 2900 1.13 12 

Cp2PMAlarge 4800 1.09 52 

Cp2PiBoAlarge 10200 1.12 47 
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Step-growth adducts ought to allow for a good demonstration of entropic effects due to 

their relatively large size and the availability of multiple dynamic bonding sites within one 

molecule. An average degree of (Diels–Alder) polymerization (DPn) of approximately 6 was 

envisaged for the step-growth adducts to enable comparable and reproducible results for 

the subsequent HT NMR evaluation. Suitable Mark-Houwink parameters for the SEC 

evaluation of macromolecular samples were employed (refer to Experimental Section, 

Methods and Instruments). Additional control samples of the Cp difunctional 

macromolecules without linker, but under the same heating conditions as employed for 

the step-growth formation, assured a significantly slower occurrence of the unwanted DA 

dimerization of Cp groups in comparison with the desired DA reaction channel of CDTE with 

Cp (Figure 3-4, control samples). The gained DA step-growth specimen underwent HT NMR 

measurements from 25 to 140 °C to allow for a quantification of the degree of (r)DA 

reaction for different backbone materials and lengths. In contrast to previous studies 

where the degree of bonding could be evaluated via offline SEC characterization of 

polymeric DA adducts with slow (r)DA properties, the DA reaction of cyanodithioesters with 

Cp exhibits very fast reaction rates and thus an online analysis via (concentration 

controlled) HT NMR is not only possible, but mandatory.83, 132  

 

Figure 3-5 Calculation of the temperature dependent degree of debonding %debond via the 1H NMR signal 
ratios of (a) free Cp chain end groups and (b) closed HDA adducts. Adapted from Ref.142 – Published by The 
Royal Society of Chemistry. 

The temperature dependent degree of debonding (%debond) was calculated via the ratio of 

free Cp group vs. DA adduct 1H NMR signals (Figure 3-5), with the employed integration 
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limits being determined via measurements of isolated Cp functional chains or DA adducts. 

Repeated measurements allowed for the determination of an error of ±2 %debond. When 

plotting the determined temperature dependent %debond for all four specimen (Figure 3-6), 

clear trends in accordance with the theoretical results were deduced. 

 

Figure 3-6 Temperature dependent degree of debonding for Diels–Alder polymers consisting of Cp 
difunctional PMAlarge (■, 50 repeating units), PiBoAlarge (●, 50 repeating units), PMAsmall (□, 10 repeating units) 
or PiBoAsmall (○, 10 repeating units) building blocks and CDTE dilinker assessed by HT NMR spectroscopy. 
Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

First of all, in a comparison of only similar backbone materials with different chain lengths 

(i.e., PMAsmall vs. PMAlarge or PiBoAsmall vs. PiBoAlarge, Figure 3-6), a clear mass effect on 

entropy and thus the reaction equilibrium and the resulting degree of (de-)bonding is 

demonstrated, as longer and heavier building blocks of the same monomer lead to an – in 

the case of PiBoA drastic – increase of the %debond of up to ca. 30 percentage points. Then 

again, for the adducts formed from short chains with ca. 10 repeating units with differing 

backbone materials (PMAsmall vs. PiBoAsmall, Figure 3-6), the – theoretically foreshadowed 

(Section 3.2.2) – significantly increased influence of vibrational entropy with decreased 

chain length is reflected (refer to Figure 3-2 and Figure 3-3 (a)): Despite incorporating 

heavier building blocks, the PiBoAsmall specimen undergoes nearly 10 percentage points less 

debonding at the same temperature than the PMAsmall one. Such a behavior hints at the 

parallel occurrence of a stiffness effect on reaction equilibria which levels off for longer and 

thus also more mobile chains, but a definitive conclusion can only be achieved via specified 

experiments of isomeric systems comprising similar chain lengths and masses while 

incorporating sterically different side-chains as performed in Section 3.3. Finally, for the 
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samples of differing backbones with increased building block chain lengths of ca. 50 

repeating units (PMAlarge vs. PiBoAlarge, Figure 3-6), the increased influence of ΔSvib is again 

counteracted by the dominating mass effect, as was predicted via the quantum chemical 

calculations (Figure 3-3 (b)), leading to a preferred cleavage of long and heavy building 

blocks with debonding values increased by 10 percentage points in comparison to lighter 

ones of the same length. 

3.2.4 Temperature Dependent SEC 

In an approach to further experimentally verify these results, temperature dependent size 

exclusion chromatography (TD SEC) was conducted for the specimen comprising the longer 

building blocks PMAlarge and PiBoAlarge. An additional advantage of the employed step-

growth polymers – at least for said larger building blocks, as in the cases of the specimen 

containing smaller building blocks, the relatively similar adduct, linker and building block 

signals cannot be isolated sufficiently well for a reliable assessment of the obtained data – 

is their significant difference in weight between building blocks and formed adduct, leading 

to a possible evaluation via TD SEC. As a consequence, the evolution of the molar mass 

distributions can be monitored while they undergo a rDA reaction, leading to more 

information on the debonding process in total. With increasing reaction time at elevated 

temperatures, the detected peak signal shifts from higher adduct masses to lower ones for 

the cleavage products, until it converges with the chromatogram of the isolated building 

block. Unfortunately, a facile data evaluation of average molar masses determined via a 

calibration with polymer standards is not possible due to the mixed composition of the 

samples and the variable temperature in TD SEC. Hence, via monitoring the decrease of DA 

polymer concentration throughout the rDA reaction, another methodology was utilized 

(Figure 3-7, refer to the original publication142 for a detailed description of the employed 

TD SEC technique). Such values cannot be directly related to the previously via HT NMR 

determined degree of debonding, as the sensitivity of the employed TD SEC techniques 

towards small molecular cleavage, i.e., the scission of single linker molecules from 

macromolecules, is not as high as in NMR measurements due to the small mass and elution 

time differences and the associated overlapping of signals, thus leading to an exaggeration 

of debonding. 
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Figure 3-7 TD SEC results: decrease of concentration of DA polymer due to rDA reaction of the DA polymers 
consisting of Cp difunctional PMAlarge (■, 50 repeating units) and PiBoAlarge (●, 50 repeating units) building 
blocks and CDTE dilinker. Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Nevertheless, valuable qualitative insights into the validity of the previously observed 

characteristics of entropic effects on dynamic reactions can be obtained. In accordance 

with the theoretical calculations and the HT NMR measurements, the TD SEC 

measurements also evidence the highest decrease of DA polymer concentration at a given 

temperature for the DA step-growth adduct formed from heavier PiBoA building blocks 

(Figure 3-7). Accordingly, the counteracting influence of ΔSvib resulting in increased retro 

reaction temperatures for short PiBoA chains (compare Section 3.2.2 and 3.2.3) is again 

overcompensated by the increasing mass effect in elongated chains, demonstrating the 

impact of chain mass and length also via SEC techniques. 

3.2.5 Summary 

The principle of an entropic mass effect on dynamic reaction equilibria, previously only 

established for one specific catalyzed DA reaction, was expanded to and clearly reproduced 

for another catalyst-free DA reaction of a CDTE linker with Cp moieties comprising rapid 

reaction rates.83 In the course of these studies, quantum chemical ab initio calculations 

isolated characteristic trends for different building block lengths, masses or substituents 

and provided for detailed insights into the entropic causes of the observed effects. 

Subsequently, the computationally assessed reversible bonding systems were synthesized 

and experimentally characterized via HT NMR and TD SEC, yielding results in good 

accordance with the theoretic outcomes. For reversibly ligated polymer blocks of the same 
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backbone material, longer and thus also heavier blocks lead to a significantly decreased 

retro reaction temperature, with higher degrees of debonding of up to 30 percentage 

points at a given temperature being observed for the employed chemistry. Clearly, such 

effects can be harnessed to shift reaction equilibria and thus material properties as, for 

example, the temperature dependent cross-linking of different backbone materials via 

dynamic chemistries or the reversible ligation of (bio-)molecules. At the same time, the 

influence of entropy must be considered when defined bonding properties are envisaged 

while transferring known parameters from small-molecular to macromolecular reactions. 

Also, the herein observed effect of chain mass and length was shown to be counteracted 

by the vibrational entropy in short and bulky chains, leading to a possibly lower degree of 

debonding for short and stiff chains of higher mass vs. more mobile chains of lower mass 

and hence the assumption of an impact of chain stiffness on entropy as well as the 

connected dynamic equilibrium. To assess the question of a possible chain stiffness effect, 

additional more specified studies with a focus on the reversible bonding behavior of chain 

species of varying intramolecular mobility while excluding different masses and thus an 

overlapping mass effect were carried out in the next section (Section 3.3).
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3.3 Chain Stiffness Effect on Reaction Equilibria 

Not only length and mass of a molecule define its degrees of freedom and thus entropic 

properties, but also the chain mobility alias its stiffness. In addition to the promising 

findings regarding the differently pronounced influence of vibrational entropy for different 

chain lengths in the preceding section, more specialized experiments for an isolation of the 

impact of molecular stiffness (Scheme 3-5) on dynamic bonding properties were designed.† 

 

Scheme 3-5 Reversibly ligated building blocks of differing backbone stiffness. 

3.3.1 Experimental Design 

Similar to the experimental setup in Section 3.2, diverse thermoreversible DA adducts of 

macromolecular building blocks – now comprising different backbone stiffness while 

keeping the same chain length and in the cases of the butyl isomers also weight – were 

synthesized and assessed (Scheme 3-7).73 In addition to the aforementioned step-growth 

polymers from diene difunctional building blocks comprising different backbones and a 

CDTE dienophile dilinker, also A,A’-diblock polymers were synthesized via the ligation of Cp 

monofunctional polymethacrylate chains and characterized via HT NMR and TD SEC. 

Polymethacrylate blocks with similar numbers of repeating units and thus length, but 

different side-chain substituents were chosen due to their better precipitation abilities in 

comparison to polyacrylates. In employing also diene monofunctional species, the 

specificity of entropic effects in molecules with decreased a number of dynamic ligation 

                                                      
† Parts of the current section are reproduced or adapted from K. Pahnke, J. Brandt, G. Gryn'ova, P. Lindner, 
R. Schweins, F. G. Schmidt, A. Lederer, M. L. Coote, C. Barner-Kowollik, Chem. Sci. 2015, 6, 1061-1074, with 
permission from The Royal Society of Chemistry. J. Brandt carried out the TD SEC and SANS measurements. 
G. Gryn'ova conducted the quantum chemical calculations. P. Lindner and R. Schweins helped with the SANS 
measurements. F. G. Schmidt, A. Lederer and M. L. Coote helped with discussions. C. Barner-Kowollik 
motivated and supervised the project and contributed to the scientific discussions. 
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sites or predetermined cleavage points should be investigated and a possible influence of 

Cp-Cp dimerization should be decreased, as here – in contrast to Cp difunctional materials 

– an under the given conditions irreversible dimerization leads to non-functional material 

and thus no falsification of the measurements via elongated block sizes. On the other hand, 

polyacrylates allowed for lower dispersity values below Ð = 1.1 and hence a lower 

broadening of effects, so analogous step-growth systems from Cp difunctional 

polyacrylates as employed in Section 3.2 were also investigated, now comprising three 

differently substituted isomeric butyl acrylates of the same chain length. Again, the 

experimental studies were guided and substantiated via quantum chemical ab initio 

calculations. 

3.3.2 Computational Studies 

First, to computationally investigate the influence of different side-chain substituents with 

their inherently different impact on chain stiffness via their altered steric properties while 

keeping the same molecular weight, poly(tert-butyl acrylate) (PtBuA) and poly(iso-butyl 

acrylate) (PiBuA) building blocks and their reversible ligation to a CDTE linker was assessed 

as model systems via ab initio calculations in the Gaussian 09 software package, conducted 

by collaboration partners at the Australian National University (Canberra).  

 

Scheme 3-6 Model DA reaction of isomeric polyacrylates of differing chain stiffness with a CDTE linker studied 
using quantum chemistry. Fragments in bold correspond to the core layer (reaction center) in the ONIOM-
like approximation. Adapted from Ref.142 – Published by The Royal Society of Chemistry. 
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In this way, due to their isomeric structure, the previously investigated effect of molecular 

mass on entropy and thus the Gibbs free energy of a reaction can be excluded and a 

possible effect of chain stiffness on such parameters can be isolated. Similar to the previous 

calculations, rotational (ΔSrot) and vibrational (ΔSvib) entropy of the DA reaction between 

oligomeric building block species (n = m = 0-2) of said differing backbone materials with a 

CDTE linker (Scheme 3-6) was each calculated for the optimized lowest energy conformer 

and an optimized extended chain version of these initial structures (refer to Figure 3-1) to 

resemble short or longer chains and their respective altered entropic characteristics 

(Figure 3-8). 

 

Figure 3-8 Calculated changes in the entropy (ΔS in J mol-1 K-1) of model DA reactions for different n, m (chain 
lengths) of poly(iso-butyl acrylate) or poly(tert-butyl acrylate) macromonomers in their lowest energy or 
extended chain conformation. In these figures, the more negative ∆S, the lower the Gibbs free energy of 
bonding, or the greater the extent of debonding, at a given temperature. Adapted from Ref.142 – Published 
by The Royal Society of Chemistry. 

With the translational entropy (ΔStrans) being only dependent on the mass of the employed 

molecule and not its mass distribution in space, no different conformers had to be analyzed 

and naturally, the calculations for both isomers of similar molecular weight led to the same 

result (Figure 3-8, top left). With increasing length of the oligomeric species, the previously 

obtained trend of heavier and longer species leading to a more favored debonding via 

ΔStrans and ΔSrot is reproduced. The differences in ΔSrot between either the different 
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conformers or the different isomers are not sufficiently large for clear conclusions on the 

debonding behavior of actual polymeric species, but a slight trend of the longest calculated 

oligomer (n = m = 2) to lower values for the iso-butyl derivative may indicate its more 

favored debonding for longer species. Due to its high dependency on conformation, the 

data obtained for ΔSvib again differs strongly for the globular vs. the extended chain models. 

While for very short, globular chains modelled via the lowest energy conformer, the 

supposedly less stiff iso-butyl moiety – which nevertheless leads to a more spread mass 

distribution in very short chains – may undergo less debonding due to its higher ΔSvib values, 

the trend is reversed for the long-chain model of optimized extended geometries. A similar 

behavior was already attributed to short vs. long chains of PiBoA vs. PMA (Section 3.2.2) 

and is also reflected in the calculated degree of (de-)bonding vs. temperature in Figure 3-9 

with DA adducts of short PiBuA chains with the CDTE linker undergoing rDA reactions at 

higher temperatures than the adducts comprising short PtBuA chains, while the extended 

chain models result in lower debonding temperatures for the more mobile PiBuA species 

in comparison with the stiffer PtBuA one. 

     

Figure 3-9 Degree of debonding (determined from the calculated reaction energies for n = m = 2 chain 

lengths) vs. temperature for (a) lowest energy and (b) extended chain conformers of PiBuA (▶) or PtBuA (★). 
Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Although these general trends allow for the anticipation of an impact of chain stiffness on 

association equilibria, due to the limited validity of these results for significantly larger 

polymer systems, experimental studies are necessary to quantify the obtained results. The 

final computational data is provided in the Experimental Section, yet for full details, refer 

to the original publication.142 
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3.3.3 High Temperature NMR 

Samples for HT NMR measurements were prepared in a similar way as described in 

Section 3.2.3 from – in the case of the DA step-growth polymers close to – equimolar 

amounts of Cp (di-)functional blocks and CDTE dilinker (Scheme 3-7 (c)). The building blocks 

were synthesized via ARGET ATRP (Scheme 3-7 (a)) with a subsequent quantitative 

substitution of the bromo end-groups via NiCP2 (Scheme 3-7 (b)) to ensure a near to 

quantitative Cp end-group fidelity (refer to Figure 3-10 for SEC chromatograms).90, 229 

 

Scheme 3-7 Reaction scheme for the generation of thermoreversibly connected macromolecules of different 
building block sizes via (a) ARGET ATRP of (meth-) acrylate monomers with a bromo (di-) functional initiator, 
(b) subsequent substitution of the bromo end-groups via nickelocene and (c) Diels–Alder step-growth or 
diblock formation of dienophile difunctional and diene mono- or difunctional blocks. Adapted from Ref.142 – 
Published by The Royal Society of Chemistry. 

Chain lengths of all blocks were adjusted to approximately 50 repeating units (Table 3-2) to 

enable an investigation of the influence of the chain stiffness of extended polymer species 

without the complicating effects of a globular conformation of very short chain species 

(refer to ΔSvib in Section 3.3.2 and 3.2.2). The diblock DA adducts were composed from 

blocks of isomeric poly(iso-butyl methacrylate) (PiBuMA) or poly(tert-butyl-methacrylate) 

(PtBuMA) chains and were in addition compared to an adduct of similarly long, but lighter 

poly(methyl methacrylate) (PMMA) blocks to allow for a classification of stiffness vs. mass 
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effect. DA step-growth adducts with a DPn of approximately 6 in each case for good 

comparability were formed from the reaction of the CDTE linker with isomeric Cp α,ω-

difunctional poly(n-, iso-, or tert-butyl acrylates) (PBuAs). 

     

     

     

Figure 3-10 SEC elugrams of the (di-) bromo precursor polymer (····), Cp functional building block (----), Diels–
Alder diblock or step-growth polymer (–––) and control sample of heated Cp difunctional acrylate 
macromonomer without CDTE dilinker (·-·-) for 50 (a) iBuMA, (b) tBuMA, (c) MMA, (d) nBuA, (e) iBuA and 
(f) tBuA repeating units per building block, measured in THF at 35 °C. Adapted from Ref.142 – Published by The 
Royal Society of Chemistry. 
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The efficient coupling of all block types as well as the negligibility of unwanted Cp-Cp 

coupling of the polyacrylates during heating of control samples without linker was 

monitored via SEC, employing appropriate Mark-Houwink parameters (Figure 3-10). 

Table 3-2 List of the synthesized bromo and Cp (di-)functional polymers, their number average molecular 
weight Mn, dispersity Ɖ and average number of repeating units n. 

Polymer Mn / g · mol-1 Ɖ n 

BrPMMA 5600 1.19 52 

BrPiBuMA 7200 1.23 48 

BrPtBuMA 6800 1.19 45 

Br2PnBuA 6600 1.07 49 

Br2PiBuA 6800 1.07 50 

Br2PtBuA 6600 1.08 49 

CpPMMA 5600 1.16 52 

CpPiBuMA 7600 1.21 51 

CpPtBuMA 7200 1.16 48 

Cp2PnBuA 6700 1.08 49 

Cp2PiBuA 7000 1.07 52 

Cp2PtBuA 6700 1.08 49 

    

All samples of similar concentration underwent HT NMR measurements up to 140 °C in 

toluene-d8 in a pressure tube and the degree of debonding of the DA adduct was calculated 

via the ratio of Cp to DA adduct signal as described in Section 3.2.3. The evaluation of the 

data obtained from the HT NMR measurements of the poly(butyl methacrylate) (PBuMA) 

DA A,A’-diblock specimen clearly demonstrates the variable effect of differing side-chain 

substituents on reaction equilibria (Figure 3-11). The previously established chain-mass 

effect on dynamic reactions is reproduced in the comparison of the lighter PMMA vs. the 

heavier PBuMA samples, the latter both exhibiting lower rDA temperatures or higher 

degrees of debonding at a given temperature. Remarkably, as anticipated via the 

computational ab initio calculations of oligomeric model systems in Section 3.3.2, the 

employment of isomeric side-chain substituents of differing steric properties effectively 

results in altered bonding properties of the individual blocks with a similar specificity as 
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observed for the blocks of different masses: Both the difference in the degree of debonding 

between samples with PMMA or PtBuMA as well as PtBuMA or PiBuMA amounts to 

approximately 7 percentage points. 

 

Figure 3-11 Temperature dependent degree of debonding for Diels–Alder A,A’-type diblockcopolymers 
consisting of PMMA (▴), PiBuMA (▾) or PtBuMA (◂) building blocks with a length of 50 repeating units assessed 
by HT NMR spectroscopy. Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Analogous to the mass effect, the causes of such a substituent effect can be ascribed to the 

entropic parameters via theoretical calculations (Section 3.3.2). The dissimilar chain 

mobility values as a consequence of the different steric demands of the side chains is an 

obvious reason: In chain scission events, the rotational and vibrational degrees of freedom 

are being decreased, as the resulting smaller chain segment lengths are closer to their 

stiffness-defining persistence length and thus possess less flexibility.58, 230, 231 When keeping 

all other parameters such as segment weight and cleavage position similar, the difference 

in entropic potential of differently mobile backbone materials should in fact lead to 

differences in the debonding behaviour with more mobile (i.e., less stiff) chains underlying 

less entropic constraints and thus cleave more facile. As a rough approximation for chain 

mobility, the glass transition temperature Tg of the respective polymers were examined. 

Although Tg values are clearly an inadequate measure for polymer stiffness in solution, as 

these temperatures are properties of bulk polymer melts, for similar backbones with 

altered side-chain substituents of differing steric demand they should approximately 

reflect their relative molecular mobility without the possibility of solvent interactions 

leading to deviations.232, 233 With a distinctive difference in reported Tg values of 70 K 

(Tg,PtBuMA = 118 °C, Tg,PiBuMA = 48 °C), it can be assumed that PiBuMA should essentially be a 
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significantly less rigid polymer species than PtBuMA and thus exhibit lower cleavage 

temperatures, as was indicated by the computational calculation of ΔSrot as well as ΔSvib of 

extended acrylate chain species with iso- or tert-butyl substituents (Figure 3-8) and actually 

observed in experiment, thus supporting the hypothesis of the presumed chain stiffness 

effect.234-236 On a side note, although a PMMA backbone (Tg,PMMA = 105 °C) may be more 

mobile than a PtBuMA one, its lower mass and thus also less significant translational as well 

as rotational entropy seems to overcompensate the effect of chain stiffness on the Gibbs 

free energy, hence leading to lower debonding values in experiment.237, 238 As the 

difference in Tg is not as substantial for PMMA vs. PtBuMA and a quantification of chain 

stiffness would be desirable to allow for a clear assignment of causality, small angle neutron 

scattering (SANS) measurements of building block persistence lengths (lp) as well as 

additional HT NMR measurements of isomeric DA step-growth polymers formed from PBuA 

macromonomers were conducted to verify the previously obtained results. During SANS 

measurements, the same solvent as utilized later on in the HT NMR measurements 

(toluene-d8) was employed. The obtained data was evaluated via a procedure by Casassa 

and Holtzer, resulting in quantitative persistence lengths for the three PBuA isomers in 

toluene-d8 (Table 3-3).239, 240 

Table 3-3 The different poly(butyl acrylates) investigated in the current section and the corresponding 
literature values for their glass transition temperatures Tg as well as measured persistence lengths (lp) in 
toluene-d8. 

Polymer Tg / °C Ref. lp / nm 

poly(n-butyl acrylate) -54 238 2.0 

poly(iso-butyl acrylate) -24 241 1.8 

poly(tert-butyl acrylate) 43 242 2.3 

    

The obtained persistence lengths allow for the conclusion that the effect of the solvent on 

chain conformation and stiffness should not be underestimated: Although the Tg value of 

PnBuA is 30 K lower than for PiBuA, its persistence length in the employed solvent is actually 

longer and thus the chain is more rigid in the employed solvent. As solvents in general are 

well known to be crucial for polymer conformation, it is not surprising that also in other 

solvents as for example tetrahydrofuran, PiBuA is reported to be less stiff than PnBuA, 
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therefore demonstrating the importance of the careful evaluation of molecular parameters 

for the given conditions.243 The characterization of the experimental reversible bonding 

behavior of the DA step-growth polymers formed from the three different isomeric Cp 

difunctional PBuA building blocks and a CDTE dienophile dilinker (refer to Scheme 3-7 for 

the synthesis route and Figure 3-10 (d)-(f) for SEC chromatograms) via HT NMR 

measurements at 25 to 140 °C (Figure 3-12) clearly substantiates the previous 

experimental results and validates the hypothesis of a chain stiffness dependent effect on 

ligation equilibria via the differences in reaction entropy: In good accordance with the 

computational calculations of extended chain conformers (Figure 3-8 and Figure 3-9) and 

the findings for thermoreversibly connected PBuMA A,A’-diblock polymers (Figure 3-11), 

the bonding of the investigated isomeric PBuA step-growth polymers is proportional to 

their respective persistence lengths (Table 3-3), as the least rigid PiBuA blocks lead to a 

lower rDA temperature than PnBuA ones, finally followed by the most rigid PtBuA 

macromonomers (Figure 3-12). 

 

Figure 3-12 Temperature dependent degree of debonding for Diels–Alder polymers consisting of Cp 

difunctional PiBuA (▶), PnBuA (◆) or PtBuA (★) building blocks with a length of 50 repeating units and CDTE 
dilinker assessed by HT NMR spectroscopy. Adapted from Ref.142 – Published by The Royal Society of 
Chemistry. 

The obtainable %debond of specimen containing n-butyl side chains lies ca. 11 percentage 

points above the isomeric samples comprising tert-butyl substituents, while it is 

approximately 7 percentage points lower than for similar samples with iso-butyl groups. In 

conclusion, the degree of debonding was altered by nearly 20 percentage points via the 

simple substitution of isomeric side-chain substituents of similar mass, but different steric 
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properties, resulting in altered chain stiffness and thus also conformation and reaction 

entropy. 

3.3.4 Temperature Dependent SEC 

As previously noted, the employed DA step-growth adducts of relatively long 

macromonomers allow for an evaluation via TD SEC experiments, because their molecular 

mass is drastically reduced during chain cleavage, leading to a reliable separation and 

detection of masses via such chromatographic methods. Figure 3-13 shows an exemplary 

chromatogram of the DA step-growth polymer formed from Cp difunctional PtBuA building 

blocks and CDTE and its thermally induced cleavage at 80 °C. 

     

Figure 3-13 TD SEC chromatograms, (a) DA-PtBuA after different rDA times at 80 °C in 60 % TCB and 40 % 
DMF, (b) DA-PtBuA after 60 min. rDA at 80 °C and distributions calculated by peak deconvolution of the 
individual components. Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Similar to Section 3.2.4, the analysis of such temperature dependent chromatograms 

enabled the determination of a concentration decrease of the initially present DA polymer 

at elevated temperatures, performed in a mixture of 60 % 1,2,4-tricholorobenzene (TCB) 

with 40 % N,N-Dimethylformamide (DMF) (Figure 3-14). Again, the obtained values cannot 

be directly compared to the %debond values as calculated via HT NMR measurements due to 

the limited sensitivity of the employed SEC method towards the release of a small 

molecular linker, thus accompanied by an overestimation of debonding, yet they provide 

for a convenient visualization of the debonding process and its qualitative trends. 

Interestingly, while the tert-butyl derivative again features the lowest decrease of DA 

polymer and is thus in perfect agreement with the HT NMR measurements (Figure 3-12), 

the specimen containing n- or iso-butyl side-chain substituents interchange their respective 



Entropic Effects on Chemical Equilibria 

68 

debonding characteristics in TD SEC experiments with n-butyl residues leading to the 

highest decrease of DA polymer at a given temperature, now reproducing the trends as 

expected via the order of Tg values (Table 3-3). 

 

Figure 3-14 TD SEC results: decrease of concentration of DA polymers due to rDA reactions of the DA polymers 

consisting of Cp difunctional PiBuA (▶), PnBuA (◆) or PtBuA (★) building blocks with a length of 50 repeating 
units and CDTE dilinker. Adapted from Ref.142 – Published by The Royal Society of Chemistry. 

Most probably, these deviating results can be traced back to the altered solvent necessary 

for the employed TD SEC method with its substantially changed influence on chain 

conformation. Still, the significant effect of different side-chain substituents, their steric 

properties and thus the inherent chain stiffness was again demonstrated, at the same time 

highlighting the vital impact of the solvent in reactions of polymeric species. 

3.3.5 Summary 

The role of physical molecular parameters influencing reaction entropy and thus leading to 

altered reaction equilibria was expanded to the steric properties of side-chain substituents 

and the associated chain stiffness of thermoreversibly ligated isomeric poly(butyl 

methacrylates) and poly(butyl acrylates). The computationally backed evaluation of A,A’-

diblock or step-growth polymers, bonded via the thermoreversible reaction of a 

cyanodithioester dienophile linker with cyclopentadiene end-group functionalities of 

polymers, by HT NMR and TD SEC led to the conclusion of a more favored release of more 

mobile (i.e., less stiff) chains in a cleavage process. Such a behavior can be explained via 

the less constrained rotational and vibrational entropy of less rigid species in connection 

with the increasing rigidity of cleaved and thus shortened chain species. In addition, the 
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crucial importance of solvent, solvation properties and resulting conformational properties 

of chain molecules were pointed out via the altered reactivity of similar specimen in 

different solvent mixtures. These findings once again emphasize the importance of entropic 

effects while evaluating especially reversible bonding processes, as – besides the previously 

explored effect of molecular mass and length – also less obvious molecular characteristics 

such as their stiffness or mobility are revealed to alter ligation properties.  
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3.4 Entropic Effects on Non-Covalent Ligation 

After establishing entropic effects on dynamic covalent chemistries, the question arose if 

the general principle – which in theory should apply to all kinds of association – can be 

transferred to supramolecular chemistries as for example a mass effect on hydrogen 

bonding (Scheme 3-8) to corroborate its universal applicability.‡ Effects of entropy on non-

covalent interactions such as enthalpy-entropy compensation, the characteristics of phase 

transition or aggregation of supramolecularly associated block polymers have been 

described previously, highlighting the importance of entropy in supramolecular chemistry 

and indicating a likely presence of other entropic effects on association equilibria which 

formerly may not have been investigated.220-222, 244-247 As supramolecular chemistries are 

increasingly being employed for the generation of reversibly ligated substrates with 

applications such as self-healing or -assembling materials and structures, selective 

recognition or first approaches towards the synthesis of artificial proteins and enzymes, an 

in-depth understanding of the different underlying factors with an impact on bonding 

parameters is essential.9, 23, 29, 31, 46, 70, 110, 162, 169, 182, 193, 215, 248-253 

 

Scheme 3-8 Supramolecularly ligated building blocks of differing length or mass. 

Not only can entropic effects be potentially harnessed to achieve an adjustment of ligation 

properties, but they also have to be taken into account when standard chemistries are 

transferred to macromolecular species, e.g., when mimicking protein self-folding behavior 

with reversible recognition units along a chain molecule, as the entropic properties of the 

                                                      
‡ Parts of the current section are reproduced or adapted with permission from K. Pahnke, O. Altintas, 
F. G. Schmidt, C. Barner-Kowollik, ACS Macro Lett. 2015, 4, 774-777. Copyright 2015 American Chemical 
Society. O. Altintas helped with the synthesis of RAFT agents, small molecular binding motifs and medium-
sized PnBuA polymer samples. F. G. Schmidt helped with discussions. C. Barner-Kowollik supervised the 
project and contributed to the scientific discussions. 
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ligation sites in a polymer may be drastically altered in comparison to small molecules. 

Thus, this section describes an approach to explore the basic principles of a chain length 

and mass effect on supramolecular association via hydrogen bonding motifs (Scheme 3-8). 

3.4.1 Experimental Design 

To achieve insights into chain-length or -mass dependent effects on supramolecular 

association equilibria, the temperature dependent association behavior of diblock 

polymers with different block sizes, ligated via hydrogen bonding motifs, should be 

investigated. (Figure 3-15). 

 

Figure 3-15 Set of experiments with the applied (macro-)molecules of different functionality, chain length 
and their corresponding average molecular mass: CA small molecule (378.22 g mol-1), HW small molecule 
(598.69 g mol-1), CA- and HW-functional PnBuAsmall (Mn,avg. = 3000 g mol-1), PiBoAsmall (MNMR,avg. = 3300 g mol-1), 
PnBuAmedium (Mn,avg. = 12700 g mol-1) as well as PiBoAlarge (Mn,avg. = 25000 g mol-1). Adapted with permission 
from Reference254. Copyright 2015 American Chemical Society. 

For the present section, the hetero-complementary association pairing of cyanuric acid 

(CA) with Hamilton wedge (HW) functionalities – ligating polymeric residues of different 

sizes – was chosen due to its selective and strong binding behavior.182, 251, 255 An expedient 

method to achieve end-group functional polymers of specific lengths (Figure 3-16) is the 

robust and versatile reversible addition-fragmentation chain transfer (RAFT) 

polymerization (Scheme 3-9, also refer to Section 2.1.5) via functionalized RAFT agents. Not 

only does it allow for high end-group fidelity in an R-group approach as well as low 

dispersity values due to its living characteristics, but it also tolerates functional groups such 

as hydrogen bonding motifs.98 In this way, individual blocks can be synthesized in a facile 

way when the respective functional RAFT agents are available.  
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Figure 3-16 SEC chromatograms of the employed CA- and HW-functional polymer building blocks, measured 
in THF at 35 °C. Adapted with permission from Reference254. Copyright 2015 American Chemical Society. 

 

Scheme 3-9 Reaction scheme of the employed RAFT polymerizations to obtain CA- and HW-functional 
polymers of defined chain lengths. 

Unwanted intramolecular interactions of acrylate backbones with the binding motifs was 

inhibited via an aliphatic spacer comprising six carbon atoms.256 Water impurities and thus 

a falsification of measurements due to hydrogen bonding of water to the recognition units 

was excluded via drying of the specimen over sodium sulfate as well as under reduced 

pressure for 24 h and storage in a desiccator over silica gel. Qualitative evidence regarding 

the degree of association of the investigated hydrogen bonding pairing can be given via the 

association dependent shift of the cyanuric acid imide proton signal in 1H NMR 

measurements, while quantitative conclusions in terms of association constants can be 

gained via NMR titration methods.  
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3.4.2 NMR Measurements 

To be able to observe hydrogen bonding, an aprotic solvent with good solvation qualities 

for polyacrylates, tetrachloroethane-d2 (C2D2Cl4), was chosen for the NMR measurements 

of the supramolecular diblocks.73 During sample preparation for the NMR measurements, 

diblock formation was achieved via dissolution of equimolar amounts of cyanuric acid as 

well as Hamilton wedge functional small molecular or polymeric species. An end-group 

concentration of 6 mmol L-1 was employed for all samples to circumvent different degrees 

of association due to differing concentrations and thus a shifted equilibrium. The samples 

were left for 6 h to guarantee full equilibration. In addition, intermolecular interaction of 

the employed polyacrylate backbones with the recognition units was excluded via test 

measurements of the small molecular recognition unit pairing and equimolar amounts of 

non-functional PnBuA or PiBoA samples, leading to the conclusion of an unaltered behavior 

in comparison with similar samples without polyacrylate content (refer to the Experimental 

Section). In order to enable consistent spectra evaluation, all measurements were 

normalized on tetramethylsilane (TMS) as internal standard (δ = 0 ppm). All diblock 

samples underwent HT 1H NMR measurements at 25 to 140 °C to examine the 

temperature-dependent association via the association-dependent shift of the imide 

proton signal of the cyanuric acid species (Figure 3-17). 

 

Figure 3-17 Exemplary temperature dependent 1H NMR spectra of the CA- and HW-functional small molecule 
pairing (refer to Figure 3-15) in C2D2Cl4 (6 mmol L-1, each) with the association dependent shift of the CA imide 
proton resonance (*). Adapted with permission from Reference254. Copyright 2015 American Chemical 
Society. 
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The higher the observed downfield shift, the higher is the underlying degree of association 

and vice versa while heating of the sample leads to higher degrees of dissociation.32, 257 

Repeated measurements allowed for the assumption of an experimental error of 

±0.01 ppm. The chemical shift values obtained via these measurements were then plotted 

vs. the respective measurement temperature (Figure 3-18), demonstrating the differences 

in imide proton resonances for hydrogen bonding motifs with chain substituents of 

different lengths and masses. Evidently, these qualitative measurements visualize a 

dependence of the association equilibrium on the respective chain substituent. 

 

Figure 3-18 Temperature dependent chemical shift values of the CA imide proton resonance for CA and HW 
functional building block pairings of different lengths and masses in C2D2Cl4. Adapted with permission from 
Reference254. Copyright 2015 American Chemical Society. 

In accordance with the previously discussed findings for dynamic covalent species 

(Section 3.2), longer chains or higher chain masses presumably result in an increased 

degree of dissociation due to their increased translational and rotational entropic values 

and thus in a decreased downfield shift of the imide resonance in question.142 To exclude 

other possible causes for the observed phenomena, e.g., dissimilar polarities or solubilities 

of the different investigated species leading to potentially altered self-aggregation 

characteristics, and to quantify the observed differences in association, the dissociation 

constants Kdiss were evaluated for all diblock pairings via NMR titration experiments (refer 

to the Experimental Section for details) of different ratios of Hamilton wedge to cyanuric 

acid end-groups from 0 to 3 at a fixed concentration of the CA end-group functional species 

of 2 mmol L-1.258 Due to unfavourable exchange rates at ambient temperature which lead 

to an insufficient signal resolution, while at 140 °C the imide proton resonance was 
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overlapping with other signals for some end-group ratios, a temperature of 100 °C was 

chosen to bypass problems of signal isolation. The obtained dissociation constants were 

plotted against the averaged molar mass Mn,avg. of ligated species (Figure 3-19), 

demonstrating a clear correlation of molecular mass of associated building blocks and their 

degree of dissociation at a given temperature. Before an off-levelling of the entropic effect 

can be observed for block masses above approximately 13 kDa, the determined Kdiss values 

double from small molecular adduct (1.78·105) to large polymeric systems (3.71·105). 

 

Figure 3-19 Dissociation constant values Kdiss at 100 °C of differently sized CA and HW functional building 
block pairings, associated via hydrogen bonding in C2D2Cl4. Adapted with permission from Reference254. 
Copyright 2015 American Chemical Society. 

3.4.3 Summary 

Following the establishment of an entropic mass and chain-length effect on dynamic 

covalent ligation, the principle was transferred to a system associated via supramolecular 

hydrogen bonding. Particularly for elevated temperatures, these findings highlight the 

necessity to not only consider data obtained for small molecules when employing similar 

recognition units in large, e.g., macromolecular and thus entropically altered systems, but 

also physical parameters such as chain-length or -weight of the desired target system. A 

coherence between such parameters, which clearly have an influence on the entropic 

contributions of a molecule, and the degree of association is evidenced with a doubling of 

dissociation constants for small molecular vs. macromolecular associates. As a result, it is 

highly likely that differences in the dissociation constants and thus the temperature 

dependent degree of association are connected to similar entropic causes as demonstrated 
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for covalently bonded systems, validating the general applicability of entropic effects on 

diverse – covalent as well as non-covalent – ligation methods. 
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3.5 Effect of the Ligation Position on Reactions 

Finally, the previously explored effects of physical molecular parameters on the reaction 

entropy and thus reaction or association equilibria posed the question if also the position 

of a ligation site or scission of a chemical bond inside a molecule may affect the reversible 

formation or cleavage of adducts (Scheme 3-10).§ The supposedly grave differences in 

entropy for a cleavage of a molecule in the middle vs. a cleavage of a terminal section 

provided for a promising initial position for further computational as well as experimental 

studies of mathematical models, covalent and supramolecular adducts. Thereby, not only 

deeper insights into the specificity of reversible bonding processes, but also into 

degradation mechanisms should be generated. 

 

Scheme 3-10 Reversibly ligated building blocks with differing ligation positions inside a molecule. 

3.5.1 Experimental Design 

As foreshadowed previously, the studies of entropic chain length and mass effects as well 

as general knowledge led to the assumption of different bonding characteristics at different 

positions inside a molecule. To test this hypothesis, the two extremes – a ligation position 

at the end vs. one in the middle of a molecule – should undergo computational as well as 

experimental assessment. Thus, a series of theoretical as well as chemical experiments 

investigating these specific linkage or chain scission positions (Scheme 3-11) was 

considered. 

                                                      
§ Parts of the current section are reproduced or adapted from K. Pahnke, J. Brandt, G. Gryn’ova, C. Y. Lin, 
O. Altintas, F. G. Schmidt, A. Lederer, M. L. Coote, C. Barner-Kowollik, Angew. Chem. 2016, 128, 1537-1541, 
with permission from Wiley-VCH. Josef Brandt carried out the TD SEC measurements. G. Gryn’ova and C. Y. 
Lin conducted the quantum chemical calculations. O. Altintas synthesized the RAFT agents. F. G. Schmidt and 
A. Lederer helped with discussions. C. Barner-Kowollik and M. L. Coote motivated and supervised this project 
as well as contributed to the scientific discussions. 
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Scheme 3-11 Schematic view of the theoretical and experimental setup to determine characteristic 
differences between bond cleavage (a) in the middle and (b) at the end of a molecule. Adapted with 
permission from Reference259. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Although naturally a plethora of other positions inside a molecule are possible, by focusing 

on the two extremes, the most significantly different positions are covered. To begin with, 

a simplified mathematical model of chemical cleavage of chains was employed for first 

insights into and to isolate the entropic causes of a position dependent cleavage of chains. 

In the experiments, supramolecular diblock adducts with their reversible association site 

located either in the middle or at the end of a chain molecule of similar length were 

compared. Finally, covalent step-growth adducts were analyzed via TD SEC to investigate, 

if small-molecular, terminal linker molecules are cleaved-off as readily as the 

macromolecular adducts they are connecting. 

3.5.2 Computational Studies 

In an attempt to theoretically verify the hypothesis of differing entropic bonding attributes 

at different positions inside a (macro-)molecule, a universally applicable mathematical 

model of bonding chemistries was examined by our cooperation partners at the Australian 

National University (Canberra). Polymers were modeled as linear chains of point masses of 

arbitrarily chosen, but realistic proportions. Via standard textbook equations, a 

determination of translational (ΔStrans) and rotational (ΔSrot) measures of the entropy 

released upon chain cleavage was conducted (Table 3-4), with additional calculations of 

increased weight or length based on the initial arbitrary system for further information on 

the impact of physical molecular parameters and their alteration on the association or 

binding characteristics. For full details on the employed mathematical model, refer to the 

original publication.259  
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Table 3-4 Values for the translational and rotational entropya for de-bonding of simple geometric models 
determined via statistical thermodynamics methods. 

Cleavage in/at the … 
… middle: … end: 

ΔStrans ΔSrot ΔStrans ΔSrot 

initial 148.9 82.4 136.1 -2.6 

longer 148.9 87.6 136.1 -0.7 

heavier 157.5 99.3 137.4 -0.3 

a ΔS in J mol-1 K-1 at 298 K. 

Although simplified, the model should allow for qualitative insights into the occurrence of 

entropy-caused effects leading to a general preference or discrimination of molecular 

cleavage at specific positions and at the same time enable the investigation of significantly 

larger systems in comparison to the very complex and time consuming calculation of actual 

chemical structures, especially for computationally non-feasible polymer dimensions. The 

employed method disregards enthalpic contributions as well as vibrational entropy – two 

factors mainly controlled by the local chemistry of the utilized reactive groups, but quite 

unaffected by chain-length and thus negligible in the current study – to allow for the 

isolation of the chain-length dependent causes in question without further complexation 

of computation and interpretation of the obtained data.142 Clearly, the data displayed in 

Table 3-4 leads to the assumption of an entropically favored – i.e., increased positive values 

for ΔS – chain cleavage in the middle vs. at the end of a chain molecule, as both translational 

as well as rotational entropy are significantly larger for the central cleavage position. An 

additional conclusion provided by the computational data is an increased specificity of the 

observed preference of a chain cleavage in the middle of molecules with increasing weight 

or length of the analyzed chain species, leading to more distinctive and presumably more 

slowly converging chain length or mass effects observable for mid-chain cleavage. These 

promising theoretical results represent a substantial basis for further experimental work 

and enable a more facile tracing of the underlying entropic causes of macroscopic effects. 

3.5.3 NMR Titration of Hydrogen-Bonding Specimen 

In a next step, the theoretical findings should be transferred to and verified via actual 

chemical systems to provide for a confirmation of the simplified model calculations. 
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Moreover, experimental work should allow for not only qualitative trends, but also a 

quantification of observable effects. A promising method to gain more insights into 

position-dependent bonding characteristics is the investigation of differently sized diblock 

polymer building blocks, e.g., associated via hydrogen bonding. As demonstrated in 

Section 3.4.2, temperature dependent 1H NMR measurements can be utilized for both 

qualitative visualization of the association of specific hydrogen bonding pairings as well as 

the quantitative determination of association or dissociation constants via titration 

experiments and thus provide for a suitable characterization technique in this context. 

Analogous to the specimen in Section 3.3, associates assembled from cyanuric acid or 

Hamilton wedge functional polymers, synthesized via reversible addition-fragmentation 

chain transfer (RAFT) polymerization (refer to Section 2.1.5), were also used for the present 

study. 

 

Figure 3-20 The supramolecular building block pairings with (a) poly(isobornyl acrylate) moieties of 
Mn,SEC/NMR = 25 kDa on both sides of the ligation site, (b) one small molecular CA unit in combination with a 
HW functional poly(isobornyl acrylate) of MNMR = 60 kDa and (c) the small molecular control test. Adapted 
with permission from Reference259. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Two supramolecular diblocks of similar molar concentration and total length – one 

assembled from two blocks of the same size to model association in the middle 

(Figure 3-20 (a)), the other comprising one large chain of essentially the envisaged total 

length plus an associated small molecular binding motif (Figure 3-20 (b)) – were compared 

to the association characteristics of a small molecular sample of similar recognition units 

(Figure 3-20 (c)). The samples were self-assembled in tetrachloroethane-d2 (C2D2Cl4, 

c = 6 mmol L-1), an aprotic and good solvent for polyacrylates allowing for the observation 

of hydrogen bonding between the employed specific binding motifs.32, 73 As stated above 

in Section 3.4.2, unwanted intra- and intermolecular interactions were excluded via an 

aliphatic spacer between binding motif and polymer backbone as well as measurements of 

CA and HW species with and without non-functional polyacrylate samples.254, 256 Again, the 

1H NMR resonance of the CA imide proton can be utilized to visualize the temperature 

dependent degree of association – a higher downfield shift being linked to increased 

degrees of association – of the specimen with differing ligation positions in HT NMR 

experiments (Figure 3-21).32, 254, 257 

 

Figure 3-21 Temperature dependent CA imide proton resonance in C2D2Cl4 for building blocks associated via 

CA and HW recognition units in the middle (■) or at the end (●) of macromolecules as well as for small 

molecular adducts (▴), indicating higher degrees of association for higher downfield shift values. Adapted 
with permission from Reference259. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

As theoretically predicted, the qualitative evaluation of the respective degrees of 

association via Figure 3-21 underpins the occurrence of a preferred cleavage of – here 

supramolecular – adducts in the middle rather than at the end of a chain molecule, 

indicating a comparably unfavorable dissociation of terminal association sites as in small 
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molecules. Similar NMR titration experiments as seen in Section 3.4.2 – also conducted at 

100 °C for reasons of signal isolation – yielded quantitative dissociation constants Kdiss, 

confirming the previously obtained theoretical and qualitative experimental trends: It was 

shown that – under the employed conditions – dissociation in the middle 

(Kdiss,middle = (3.7±0.15) · 10-3) is two times more favorable than dissociation of small 

molecules at terminal ligation sites (Kdiss,end = (1.9±0.15) · 10-3), the latter thus being as 

(un-)favorable as the dissociation of small molecular samples (Kdiss,small = (1.8±0.15) · 10-3, 

refer to Section 3.4.2). As a result, the impact of the ligation position and the hereby 

resulting entropic differences were demonstrated for supramolecular association. At the 

same time, the computationally estimated greater effect of physical molecular properties 

on cleavage events in the center of a macromolecule (refer to Section 3.5.2) was fortified, 

as – in spite of the highly extended dimensions of the employed polymers – a possibly 

occurring mass effect with supposedly higher degrees of dissociation for heavier cleavage 

products as present for the system seen in Figure 3-20 (b) could not counteract the effect 

of the association position and thus increased dissociation of central binding motifs. 

3.5.4 Temperature Dependent SEC of Covalently Bonded Materials 

Lastly, temperature dependent SEC measurements allowed for insights into the position 

dependent cleavage of reversible covalent adducts. Similar step-growth polymers from a 

cyanodithioester dilinker and Cp α,ω-functional macromolecular building blocks as 

employed in previous studies (refer to Section 3.2 and 3.3) – for this study comprising 

poly(methyl acrylate) (PMA), poly(isobornyl acrylate) (PiBoA) as well as polystyrene (PS) 

backbones – underwent TD SEC measurements to reveal the degree of depolymerization 

vs. the degree of released small molecular CDTE linker species. In doing so, the statistical 

or non-statistical nature of the debonding of building blocks and linker molecules should 

be investigated. The thermoreversibly connected step-growth polymers formed from 

different macromolecular building blocks underwent TD SEC measurements at 90 °C after 

different heating intervals to guarantee a good equilibration of the temperature dependent 

DA reaction. During an initial measurement of the exemplary PMA system, as anticipated, 

a fairly broad mass distribution is observed (Figure 3-22 (a)), but the insetting retro reaction 

is evidenced via the loss of high molecular weight material (compare Figure 3-4 (c) for an 

initial chromatogram of the starting material, measured in THF at 35 °C). 
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Figure 3-22 TD SEC chromatogram of a thermoreversible DA-PMA at 90 °C and 160 °C and its corresponding 
building block in 1,3,5-trichlorobenzene (TCB) as well as a schematic view of the degradation process of such 
DA step-growth polymers, consisting of macromonomers (blue) and a small molecular dilinker (red), at 
increasing temperatures, here T0 = ambient temperature, T1 = 90 °C, T2 = 160 °C. Adapted with permission 
from Reference259. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

It has to be noted that the TD SEC setup has a limited resolution in comparison to standard 

SEC devices due to a smaller number of chromatography columns, nevertheless the trends 

of cleavage processes can clearly be observed. To allow for the highest achievable degree 

of debonding for the employed temperature, the next measurement was conducted after 

225 min. (Figure 3-22 (b)), illustrating the expected shift to higher elution times and thus 

lower molecular weights as well as a more narrow distribution as a consequence of the rDA 

reaction and therefore chain cleavage of the step-growth adduct taking place. Naturally, as 

a thermal degradation of the employed polymers in solution was excluded via additional 

measurements of the isolated polymer block species at the respective temperatures, the 

lowest feasible weight of released macromolecules in such a cleavage process should 

match the one of the incorporated building blocks and thus their initial chromatogram 

(Figure 3-22 (d)). Yet, the obtained chromatogram after prolonged heating times at 90 °C 

shows a distinctive shift of the chromatogram to unreasonably high elution times and thus 

lower molecular weights as should be possible in the retro DA cleavage process. A possible 

cause for such behavior in liquid chromatography is an enthalpic interaction of a polar 

analyte with the column material, resulting in a prolonged retention of the examined 

molecule and thus leading to the assumption of a lower molecular weight. Due to the highly 

polar groups of the employed CDTE linker, the observed behavior can be ascribed to 
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polymer building blocks which are still ligated to one or two linker molecules, leading to an 

altered retention despite their weight being quite similar to non-ligated polymer blocks. 

Accordingly, further heating of such specimen to higher temperatures should lead to a 

more distinctive cleavage of the terminal linker species and thus a shift of the signal of 

released, non-ligated polymer blocks to resemble its primordial chromatogram without 

polar linker content. Actually, upon heating the very same sample to 160 °C for 30 min. and 

then immediately measuring it at 90 °C to achieve similar conditions (Figure 3-22 (c)), the 

anticipated signal shift back to lower elution volumes can be detected, indicating the 

cleavage of polar linker molecules and the merging of released block with the initial 

building block weight distribution signal. In doing so, the enthalpic interactions of the polar 

CDTE linker was intentionally harnessed to investigate the cleavage behavior of ligation 

sites, supporting the hypothesis of a less favorable cleavage of terminal small molecules, 

as their scission can only be observed upon drastically elevated temperatures, while the 

central bonding positions between macromolecules cleave at significantly lower 

temperatures. Similar observations were made for an analogous system comprising PS 

building blocks (refer to the original publication259 for details). 

 

Figure 3-23 Temperature dependent decrease of DA-PiBoA or DA-PMA in comparison with the release of the 
DA dilinker. Adapted with permission from Reference259. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. 

Further experiments with the DA-PiBoA or DA-PMA step-growth adducts formed from the 

larger building blocks as stated in Section 3.2.3 and 3.2.4 (refer to Figure 3-4 (c) and (d) for 

initial SEC chromatograms at 35 °C in THF), now employing modified solvent mixtures (60 % 

TCB with 40 % dimethylformamide (DMF)) to circumvent solvent signal overlap and 
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suppress the observed enthalpic interactions of polar CDTE molecules with the column 

material, allowed for the isolation and thus quantitative measurement of the temperature 

dependent degrees of released linker vs. polymer signals (Figure 3-23, refer to the original 

publication259 for details). The overall increased degree of depolymerization for the PiBoA 

sample in comparison with the PMA specimen, the latter being synthesized from building 

blocks with lower molecular weight, can again be ascribed to a mass effect as discussed in 

Section 3.2. But more importantly, no pure statistical chain scission with a proportional 

release of CDTE linker and degree of depolymerization is proceeding for both samples: 

After a rapid depolymerization of the step-growth adduct into pieces of approximately the 

size of the employed macromolecular building blocks, considerably elevated temperatures 

are necessary to cleave off significant fractions of the linker, again proving the disfavored 

cleavage of terminally bound small molecules. 

3.5.5 Summary 

In conclusion, after the establishment of entropic mass, chain-length and -stiffness effects 

in the previous sections, also a favored debonding or dissociation of covalently or 

supramolecularly connected molecules in the middle vs. at terminal ligation sites was 

demonstrated. The reported behavior could again be ascribed to entropic causes via 

computational calculations and experimentally assessed for hydrogen bonded diblock 

polymers as well as covalent Diels–Alder step-growth adducts. Such a position-dependent 

effect can not only be utilized to alter reaction or association equilibria and explain 

dissimilar binding attributes of similar ligation sites at different positions within a molecule, 

but could also lead to drastic consequences regarding all reactions which include 

macromolecules. As the observed effects arise due to the physical molecular attributes of 

the employed chains – and not due to the chemical parameters of the ligation site – they 

are not exclusive to self-healing or other dynamic materials, but are a universal principle of 

bonding. As such, moreover, these chain effects on equilibria do not have to be limited to 

diffusion controlled reactions, thus also have a likely impact on chemically-controlled 

bimolecular reactions of macromolecules. Consequently, a position dependence of 

reactivity in terms of bonding or debonding should also have an impact on, for example, 

the degradation of polymers, a control agent addition during controlled radical 

polymerizations or chain transfer events between smaller or larger (chain) species. In fact, 
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polymer degradation via shearing or, more specifically, ultrasonication is known to result 

in favored mid-chain cleavage.260, 261 On the other hand, thermal or oxidative degradation 

of polymers is more prone to various side reactions, e.g, via the diverse possibilities of 

radical formation in such a process, leading to, for example, an exceeding impact of 

terminal unsaturated initiation sites in comparison to an entropically favored homolysis in 

the middle of a chain, rendering an isolation of reaction channels challenging.262 Thus, only 

the impact of molecular mass with an accelerated degradation of longer polymer chains 

was known from literature until now.223, 263, 264 Continuing with the example of controlled 

radical polymerizations such as RAFT processes, a lower reactivity of macromolecular 

control agents proportional to the conversion and thus chain length of the propagating 

polymer chain in comparison to their small molecular analogues is suggested by the 

outcomes of the present section. In other words, the addition of a growing radical polymer 

species to a RAFT agent attached to a polymer chain should be thermodynamically as well 

as kinetically disfavored in comparison to otherwise chemically similar small molecules. 

Consequently, the discussed entropic effects could lead to a better understanding and 

explanation of inconsistencies when transferring measured or calculated thermodynamic 

or kinetic properties from small molecules to macromolecular systems.98, 265, 266 
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3.6 Conclusions 

In the preceding chapter, diverse previously unforeseen entropic effects of physical 

molecular parameters such as chain length and mass or stiffness as well as the ligation 

position within a molecule on dynamic chemistries were demonstrated and investigated in 

experiment and via quantum chemical calculations. The principle of a mass effect on 

macromolecular ligation leading to a more favored chain scission of heavier and longer 

chains due to entropic causes such as increased translational and rotational terms of 

entropy – hardly investigated in previous works – was expanded and transferred to more 

diverse covalent as well as supramolecular and thus more universal association methods, 

corroborating the versatility and general applicability of the observed effects. In addition, 

the – until now unexpected – impact of chain stiffness or intramolecular mobility on 

cleavage events was assessed via thermoreversibly linked isomeric polymer systems of 

similar weight – excluding any overlapping effect of molecular mass – but differing steric 

properties of the side-chain substituents and hence chain flexibility. In the course of these 

studies, a stiffness effect on reversible bonding sites due to the differences in rotational 

and vibrational entropy was established, with more stiff chains being less easily cleaved 

due to their more pronounced restrictions in terms of entropy. That is to say, in other 

words, that lower retro reaction temperatures can be observed for more mobile adducts 

as a result of their less decreased degrees of freedom upon chain scission events. Finally, 

the explored principles were further combined to look into the question of a possibly 

altered bonding behavior in the middle vs. at the end of a chain molecule due to the 

established differences in entropy. In fact, for block systems of similar total size, but 

differently positioned reversible ligation sites either in the middle or at terminal binding 

spots, a significantly altered bonding character was observed with debonding being 

strongly favored in the middle of a chain molecule in comparison to terminal bonding sites. 

Again, such an outcome was verified for both covalent and supramolecular association 

mechanisms and the underlying entropic causes were identified via a computational model 

of chain scission. All mentioned effects are presumed to have a substantial impact on 

dynamic bonding in numerous applications such as, for example, self-healing or stimuli 

responsive materials, re-shapeable organic sheets or thermoreversible networks, the 

mimicking of proteins via supramolecular folding of synthetic polymer chains or, in general, 
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the transfer of small molecular chemistries to macromolecular or otherwise extended and 

thus entropically very different systems. Accordingly, bond attributes can not only be 

chemically altered, but also entropy can be harnessed for a more universal tuning of 

parameters without the need to change the actual binding motifs. In addition, these newly 

described effects can also be consulted to generate a better understanding of ligation 

chemistry and explain differences in reported bonding characteristics of similar ligation 

sites in altered molecular environments or when comparing experiments or 

computationally assessed predictions of isolated small molecular sections of 

macromolecules with experimental results of the actual extended chain systems. 
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4 
4 EXCURSION: DITHIOOXALATES 

AS THERMOREVERSIBLE LINKERS 

4.1 Motivation 

While the preceding chapter of the present thesis pointed out the influence and versatility 

of entropic effects on reaction or association equilibria of established ligation pairings, the 

current chapter addresses the enthalpic part of a dynamic reaction via establishing a novel, 

efficient and thermoreversible Diels–Alder dienophile dilinker.** Although the previously 

explored entropic effects allow for a significant adjustment of the (de-)bonding parameters 

of assembly equilibria, the necessary substitution of macromolecular backbones or their 

                                                      
** Parts of the current chapter are adapted or reproduced from K. Pahnke, N. L. Haworth, J. Brandt, 
U. Paulmann, C. Richter, F. G. Schmidt, A. Lederer, M. L. Coote, C. Barner-Kowollik, Polym. Chem. 2016, 7, 
3244-3250 with permission from The Royal Society of Chemistry. N. L. Haworth carried out the quantum 
chemical calculations. J. Brandt conducted the TD SEC measurements. U. Paulmann and C. Richter 
synthesized the MTTA dilinker. F. G. Schmidt and A. Lederer helped with discussions. C. Barner-Kowollik and 
M. L. Coote supervised this project and contributed to the scientific discussions. 
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side-chains might not always be feasible. Moreover, different reactive groups may have 

different advantages or restrictions as for example differing kinetics, the need for a 

protecting group or catalyst and more or less suitable debonding temperatures for small 

molecular ligation. In general, dynamic linkers can be characterized via key features, e.g., 

their capability to undergo a (retro) reaction with specific reaction rates, and the bond 

strengths of the formed adducts. Based on the plentiful possibilities to form dynamically 

switchable adducts via covalent or supramolecular association of building blocks, due to its 

efficiency and flexibility in many cases, the Diels–Alder [4+2] cycloaddition (also refer to 

Section 2.2.1) of dienes with dienophiles is one of the most renown and employed 

possibilities to generate self-healing or other thermoreversibly ligated materials as for 

instance organic sheets, re-codeable surfaces or self-reporting debonding on-demand 

adhesives.22, 27, 135, 267 The presently available Diels–Alder systems allow for a manifold of 

bonding conditions, yet still there are individual limitations to their applicability in 

academic or industrial processes. For example, while the reaction of furan dienes with 

maleimide dienophiles is very popular due to the facile integration of such functional 

groups in chemical systems and their readily occurring addition, with long forward and 

retro reaction times and rather high retro reaction temperatures it also possesses 

limitations. Accordingly, numerous efforts have been undertaken to discover, explore and 

generate more convenient reaction conditions, including the aforementioned entropic 

effects, supporting hybrid networks and – importantly – hetero Diels–Alder (HDA) 

reactions.5, 83, 120, 142, 145, 206, 259 The latter allow for adjusted HOMO-LUMO interactions 

which can enable straightforward reactions under ambient conditions, but may require a 

catalyst or lead to side reactions. As an example, many thiocarbonyls, available, e.g., after 

RAFT polymerizations as an end-group, or nitrosocarbonyls readily undergo cycloaddition 

with diverse dienes, but require elevated temperatures or alternatively a catalyst to allow 

for ambient reaction conditions.50, 126, 130, 145 There also exist dienophiles with even higher 

reactivity as for instance cyanodithioesters, thus enabling a catalyst-free reaction, but the 

reactivity comes at a price: To prevent dimerization and other degradation reactions of the 

reactant, it has to be handled in a trapped state where the dienophile is protected by the 

addition of a cleavable diene, e.g., cyclopentadiene.22, 132 Such an approach not only results 

in lower atom- and cost-efficiency, but it also requires elevated temperatures for an in situ 

re-activation of the dienophile, thus potentially supporting unwanted degradation 
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mechanisms of the reactants. As a result, possible Diels–Alder pairings and their reaction 

conditions undergo a constant process of optimization. With all the advantages and 

disadvantages mentioned above in mind, literature-known dithiooxalates seem to be 

promising with respect to their applicability in mild, straightforward, efficient as well as 

catalyst-free cycloadditions with diverse diene species (Scheme 4-1). 

 

Scheme 4-1 General approach of the thermoreversible ligation of diene-functional (macro-) molecules via 
dithiooxalates. Adapted from Ref.123 with permission from The Royal Society of Chemistry. 

A limited set of previous investigations demonstrated readily and sometimes rapidly 

occurring small molecular reactions under ambient conditions with and without catalyst, 

for example in studies of stereoselective formations of heterocycles.268-271 Nevertheless, 

no multifunctional linker species or studies of a potential thermoreversibility of the Diels–

Alder adducts of dithiooxalates with dienes have been explored yet, so more detailed 

insights should be gained in the subsequent sections. 

4.2 Computational Guidance 

Due to the limited information available in the literature, the Gaussian 09 software package 

was employed by cooperation partners at the Australian National University (Canberra) to 

carry out ab initio quantum chemical calculations, determining the Gibbs free energies and 

the respective associated thermodynamic parameters of the forward and retro Diels–Alder 

(DA and rDA) reactions of a dithiooxalate monofunctional small molecular model system 

(methyl 2-(methylthio)-2-thioxoacetate) with diverse dienes (Scheme 4-2) as a guidance for 

the experimental selection of possible reactants and a first classification of reactivity.227 For 

such an investigation, common and readily available small molecular dienes were chosen: 

cyclopentadiene (Cp), 2,3-dimethyl-1,3-butadiene (DMBD), furan as well as the two sorbic 

derivatives sorbic alcohol and ethyl sorbate. 
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Scheme 4-2 Schematic view of the computationally investigated reaction of a small molecular model 
dithiooxalate with different diene species as well as the difunctional dithiooxalate. 

The calculations of reactants and products in their optimized minimum energy 

conformation were conducted in an acetonitrile (MeCN) solvent field to represent realistic 

experimental conditions as employed later on in UV/Vis measurements (refer to 

Section 4.4). To allow for a facile comparison and classification of the results, the 

temperature at which the equilibrium constant corresponds to 20 % debonding (i.e., 80 % 

of diene species bound to a dithiooxalate) was determined, as such degrees of open 

reversible ligation points are known to enable self-healing behavior in dynamic materials 

(Table 4-1).27, 132 

Table 4-1 List of computationally determined temperatures for DA reaction equilibrium constants of a 
dithiooxalate with different diene species in MeCN corresponding to a degree of debonding of 20 %.a 

Methyl 2-(methylthio)-2-thioxoacetate + … T20 % debonding, theo. / °C 

furan -169 

cyclopentadiene 166 

ethyl sorbate 225 

sorbic alcohol 240 

2,3-dimethyl-1,3-butadiene 427 

a All calculations were based on a single ligation equilibrium for a small (monofunctional) model of 
MTTA, for a concentration of reactive groups of 0.05 M. Refer to the experimental part or the 
original publication for more information.123 

Evidently, some first assumptions can be deduced from the quantum chemical calculations. 

First of all, a reaction of furan with a dithiooxalate species seems to be thermodynamically 

very unlikely at ambient temperature, whereas all other investigated pairings should allow 
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for a straightforward product formation of a Diels–Alder adduct between dithiooxalate 

dienophile and the respective diene. Moreover, a thermoreversible character of the 

cycloadducts formed from dithiooxalates and Cp or – at fairly more elevated temperatures 

– probably also the sorbic derivatives should be possible, whereas the ligation of DMBD via 

dithiooxalates should lead to a very stable product in regard to its theoretical retro reaction 

temperature. As a difunctional linking agent is envisaged in the experimental studies, the 

calculations of a small monofunctional dienophile species can only account for a coarse 

classification of relative reaction parameters. In doing so, the entropic contributions to the 

debonding process are highly underestimated when directly transferring these results to a 

larger difunctional dithiooxalate species. For such longer and heavier molecules, it should 

be expected to observe lower debonding temperatures than for the monofunctional model 

system analogue due to the stated entropic effects (see also Section 3.2). To verify this 

assumption and calculate realistic theoretical debonding temperatures for comparison 

with experimental ones, additional calculations of the two-step reaction of a full, 

difunctional ethane-1,2-diyl bis(2-(methylthio)-2-thioxoacetate) (MTTA, Scheme 4-2) 

dilinker with Cp or sorbic alcohol was quantum chemically assessed (Table 4-2). 

Table 4-2 List of computationally determined temperatures for DA reaction equilibrium constants of full 
MTTA with different diene species in MeCN corresponding to a degree of debonding of 20 %.a 

MTTA + … T20 % debonding, theo. / °C 

cyclopentadiene (2-step) 105 

sorbic alcohol (2-step) 240 

a Concentration of reactive groups: 0.05 M. Refer to the experimental part or the original 
publication for more information.123 

As anticipated, the debonding temperature decreases for the Diels–Alder reaction of Cp 

with the full MTTA dilinker molecule, resulting in a temperature of 105 °C for 20 % 

debonding which is in very good agreement with the experimentally determined value (ca. 

100 °C according to HT NMR, refer to Section 4.5.2). In contrast, the debonding 

temperature of sorbic alcohol is unaltered in comparison with its small molecular model 

system, as hydrogen bonding of both ends of the fully ligated linker compensate for the 

entropically more favored cleavage of heavier and longer molecules due to a stabilization 

of the adduct. Nevertheless, incorporating sorbic alcohol type dienes – or, in an attempt to 
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circumvent hydrogen bonding and besides enable a facile linkage, its esterified derivatives 

– in polymeric systems should again lead to an increasing influence of the entropy which is 

released upon product cleavage and thus decreased debonding temperatures, indicating a 

possible application of sorbic derivatives in thermoreversible linkage at temperatures 

between 150-200 °C. The computational data is provided in the experimental part, for full 

details on the employed procedure refer to the original publication.123 

4.3 Design of a Novel Diels–Alder Linker 

Due to the encouraging outcomes of the computational studies, a synthesis route – later 

on performed by collaboration partners at Evonik Industries – of an easily accessible 

dithiooxalate difunctional linker was designed via adopting a literature procedure, while 

focusing on cheap and readily available starting materials (Scheme 4-3).272, 273 

 

Scheme 4-3 Reaction scheme of the two-step synthesis route employed for the generation of a dithiooxalate 
difunctional HDA dilinker. Adapted from Ref.123 with permission from The Royal Society of Chemistry. 

Ethylene glycol was chosen as a difunctional core molecule which can readily undergo an 

esterification with chloroacetic acid. The resulting chloro difunctional species can then be 

employed in a one-pot oxidation with elemental sulphur with a subsequent methylation 

via methyl iodide. A total product yield of 60-70 % deep purple, oily-solid ethane-1,2-diyl 

bis(2-(methylthio)-2-thioxoacetate) (Scheme 4-3) could be isolated in a 100 g scale 

synthesis, demonstrating the straightforward synthesis route. Successful product 

formation could be evidenced via 1H and 13C NMR (Figure 4-1) as well as quadrupole mass 

spectrometry (ESI-MS (M+Na)+ C8H10O4S4+Na+ m/ztheo = 320.9360, m/zexp = 320.9370, 

Δ m/z = 0.0010). More information on the employed reaction conditions can be found in 

the experimental part (Synthetic Procedures, Section 6.3). 



  UV/Vis Kinetics Studies 

97 

 

Figure 4-1 1H and 13C NMR spectra of MTTA in CDCl3. Adapted from Ref.123 with permission from The Royal 
Society of Chemistry. 

4.4 UV/Vis Kinetics Studies 

With its deep purple color as a consequence of the absorbance of the C=S thiocarbonyl 

double bond at 500 nm (Figure 4-2), the Diels–Alder reaction and conversion of MTTA in a 

[4+2] cycloaddition – resulting in the C=S double bond being converted to a C-S single bond 

(Scheme 4-4) and thus leading to the discoloration and a self-reporting character of the DA 

reaction of dithiooxalates – can easily be monitored via UV/Vis spectrometry. 

 

Scheme 4-4 Diels–Alder reaction of a deep purple dithiooxalate species with a diene, leading to the 
conversion of a C=S double bond to a C-S single bond and an accompanying discoloration of the dienophile 
species. Adapted from Ref.123 with permission from The Royal Society of Chemistry. 

Such a behavior can be harnessed to gain access to more insights into the reactivity of the 

newly formed MTTA HDA dilinker in combination with, e.g., the theoretically assessed 

dienes (Section 4.2) in a facile way, enabling a quantification of reaction rates for different 

reactant combinations, ratios and reaction conditions. 
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Figure 4-2 UV/Vis spectrum of the characteristic C=S double bond absorbance of MTTA (10 mg mL-1, 
33.5 mmol L-1 in MeCN) at 500 nm. Adapted from Ref.123 with permission from The Royal Society of 
Chemistry. 

Consequently, a set of experiments with differing ratios of diene to dienophile as well as 

reaction temperatures was considered. In an attempt to demonstrate the efficiency of the 

cycloaddition at near to equimolar reaction conditions while still guaranteeing full 

conversion of the dithiooxalate species and thus its full discoloration, 1.2 eq. of diene 

species regarding dithiooxalate end-groups were employed at both ambient conditions 

(25 °C) or slightly elevated temperatures (50 °C). In addition, also 5 eq. of diene were 

employed under ambient conditions to exhibit other possibilities to accelerate the reaction 

via the excess of one reactant. To guarantee good comparability of the results, if possible, 

all UV/Vis measurements were performed with a concentration of 20 mg mL-1 

(67.0 mmol L-1) of MTTA dilinker in MeCN as solvent due to its suitable UV/Vis 

characteristics as well as boiling point, allowing also for measurements at elevated 

temperatures. Nevertheless, test reactions were also carried out in dichloromethane to 

enable a more facile solvent evaporation, yielding similar results as observed for MeCN. 

Not surprisingly, no discoloration can be observed for a reaction mixture of furan with 

MTTA, confirming the theoretical calculations of a very low retro temperature for such a 

pairing. In contrast to furan, mixtures of MTTA with all other investigated dienes resulted 

in a more or less rapid discoloration and thus conversion of the reactants: as one could 

expect, Cp undergoes the fastest reaction with MTTA in only minutes due to its cis-

configuration, followed by DMBD, where the methyl substituents are forcing a higher 

degree of cis-configuration than for the other open-chain dienes, sorbic alcohol and ethyl 

sorbate (Figure 4-3). 
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Figure 4-3 Kinetic plot of the C=S double bond absorbance at 500 nm of a reaction mixture of 20 mg mL-1 
(67 mmol L-1) MTTA in acetonitrile or toluene and several dienes vs. time with different equivalents of diene 
species as well as reaction temperatures. Adapted from Ref.123 with permission from The Royal Society of 
Chemistry. 

The fast reaction kinetics – especially for Cp – emphasize the efficient and straightforward 

process of the investigated ligation. Therefore, the use of dithiooxalates is also promising 

for methods such as polymer ligation, cross-linking or step-growth processes where very 

great demands are made concerning efficiency while having limited purification 

possibilities.226 As a result of the obtained UV/Vis kinetics, a quantification of rate 

coefficients is readily possible by normalizing the reactant concentrations to the observed 

absorbance values. Via judiciously assuming a 2nd order reaction kinetic due to the 

negligible degree of retro reaction at the employed reaction temperatures and repeated 

measurements, rate coefficients with an error of approximately ±15 % were obtained 

(Table 4-3).183 A good consistency of rate coefficients determined for the same diene at 

different concentrations and – reasonably – an approximate doubling of reaction rates for 

a temperature increase of 10 K can be observed. The rate coefficients for similar reactant 
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ratios at different temperatures allow for the determination of an average activation 

energy of 52 kJ mol-1 K-1 via the Arrhenius equation.183 

Table 4-3 List of rate coefficients (±15 %) for the DA reaction of MTTA with different equivalents of dienes in 
MeCN at ambient or elevated (50 °C) temperature. 

20 mg mL-1 MTTA in MeCN + … k / L mol-1 s-1 

1.2 eq. furan at 25 °C – 

1.2 eq. Cp at 25 °C 7.1 · 10-2 

5.0 eq. Cp at 25 °C 7.3 · 10-2 

1.2 eq. Cp at 50 °C 3.6 · 10-1 

1.0 eq. Cp2PtBuA 4 · 10-1 

1.2 eq. DMBD at 25 °C 3.4 · 10-3 

5.0 eq. DMBD at 25 °C 2.5 · 10-3 

1.2 eq. DMBD at 50 °C 1.8 · 10-2 

1.2 eq. sorbic alcohol at 25 °C 1.7 · 10-3 

5.0 eq. sorbic alcohol at 25 °C* 1.9 · 10-3 

1.2 eq. sorbic alcohol at 50 °C 8.4 · 10-3 

1.0 eq. IPDI-SA 7 · 10-3 

1.2 eq. ethyl sorbate at 25 °C 1.2 · 10-4 

5.0 eq. ethyl sorbate at 25 °C 0.9 · 10-4 

1.2 eq. ethyl sorbate at 50 °C 6.4 · 10-4 

*measured in toluene due to poor solubility in MeCN. 

To assure the desired product formation, the solvent of the reaction mixture as well as – if 

volatile – the excess of diene was evaporated after completion of the UV/Vis 

measurements and the products were characterized without further purification via 

1H NMR (refer to Figure 4-4 for an exemplary data set, depicting spectra of reactants and 

product of the reaction of MTTA plus Cp) as well as quadrupole mass spectrometry 

(Table 4-4), clearly verifying the straightforward generation of the anticipated Diels–Alder 

adduct.  
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Table 4-4 Sum formulae and experimental as well as theoretical m/z ratios of reaction products of MTTA + 
diverse small molecular dienes in ESI-MS. 

MTTA + … Sum formula m/zexp m/ztheo Δ m/z 

Cp C18H22O4S4+Na+ 453.0315 453.0299 0.0016 

DMBD C20H30O4S4+Na+ 485.0941 485.0925 0.0016 

sorbic alcohol C20H30O6S4+Na+ 517.0843 517.0823 0.0020 

ethyl sorbate C24H34O8S4+Na+ 601.1062 601.1034 0.0028 

 

Figure 4-4 1H NMR spectra of (top) Cp, (middle) MTTA and (bottom) the resulting HDA adduct in a reaction of 
both reactants, measured in CDCl3. An endo/exo ratio of approximately 60:40 can be calculated via the 
integral ratios of signals of different stereoisomers. Adapted from Ref.123 with permission from The Royal 
Society of Chemistry. 

4.5 Transfer to Reversible Polymer Ligation 

4.5.1 Step-Growth Polymerization of Difunctional Dienes 

As indicated before, with its efficient characteristics in Diels–Alder reactions, dithiooxalates 

hold great promise for polymer ligation and related applications such as step-growth 

polymerization or cross-linking of macromolecules. In a first approach, to clarify if the MTTA 

dilinker can measure up to such expectations, it was tested in its ability to form step-growth 

polymers in combination with Cp α,ω-difunctional macromolecular poly(tert-butyl 

acrylate) building blocks (Cp2PtBuA, 6000 g mol-1, Figure 4-5 (a)) – simultaneously 

mimicking linear “cross-linking” of polymer chains – or a small molecular open-chain diene 

difunctional isophorone bis(sorbic carbamate) (IPDI-SA, Figure 4-5 (b)). 
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Figure 4-5 Kinetic plot of the C=S double bond absorbance at 500 nm of a reaction mixture of 20 mg mL-1 
MTTA in acetonitrile with equimolar amounts of (a) Cp difunctional poly(tert-butyl acrylate) (Cp2PtBuA) or (b) 
isophorone bis(sorbic carbamate) (IPDI-SA) at 50 °C. Adapted from Ref.123 with permission from The Royal 
Society of Chemistry. 

The reaction was again monitored via UV/Vis spectroscopy under similar conditions as 

tested for the small molecules (20 mg mL-1 MTTA in MeCN, 50 °C), as they led to rapid 

product formation in ca. 5 minutes for MTTA plus Cp or 2-3 h for sorbic alcohol, but to 

enable a step-growth character, equimolar amounts of linker and difunctional diene were 

employed now. During the evaluation of the UV/Vis kinetics of – especially Cp2PtBuA, but 

also to some degree for IPDI-SA plus MTTA – the color of the (polymeric) diene difunctional 

building block, its time-consuming solvation process – and thus an ongoing reaction and 

loss of data points before starting the actual measurement – as well as the high viscosity of 

the reaction mixture have to be considered. As a result, increased error margins should be 

assumed due to a less dependable analysis. Still, the determined reaction rate coefficient 

of 0.4 L mol-1 s-1 for the Diels–Alder reactions of Cp2PtBuA plus MTTA or 7 · 10-3 L mol-1 s-1 

for IPDI-SA plus MTTA are in accordance with the values determined for the small molecular 

model systems (compare Table 4-3). Subsequent characterization via SEC confirms an 

efficiently proceeding step-growth behavior for both systems (Figure 4-6) and thus the 

applicability of MTTA in polymer ligation, step-growth processes and – probably – also 

cross-linking of polymer species. While for the PtBuA-system, appropriate MHKS 

parameters could be employed, no calibration for the IPDI-SA species is available, thus 

rendering the use of a calibration via polystyrene standards most probably inadequate. 

Nevertheless, the step-growth behavior of both samples can readily be visualized by SEC 

measurements. 
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Figure 4-6 SEC trace of (a) Cp2PtBuA (---) or (b) IPDI-SA and their DA step-growth adduct (––) with equimolar 
amounts of MTTA (20 mg mL-1 in MeCN), measured in THF at 35 °C. Adapted from Ref.123 with permission 
from The Royal Society of Chemistry. 

The relatively large amount of starting material in the IPDI-sample likely arises due to 

unfunctionalized IPDI-species, as in 1H NMR measurements of the adduct no free dienes 

can be detected anymore (refer to Experimental Section). 

4.5.2 Demonstration of Thermoreversible Bonding Character 

In a next step, the thermoreversible character of the adduct formation should be 

experimentally proven and investigated. As a result of their in theory most convenient retro 

reaction temperature range (refer to Table 4-1 and Table 4-2) and rapid conversion rates 

(see Table 4-3, Figure 4-3 (a) and Figure 4-5 (a)), adducts of MTTA with Cp functional 

groups were chosen for this study. High temperature (HT) 1H NMR measurements should 

allow for a facile quantification of free to ligated diene ratios while temperature dependent 

size exclusion chromatography (TD SEC) enables a good visualization of de- and re-bonding 

of thermoreversibly connected macromolecular building blocks.132, 142, 274 During HT NMR 

experiments, a sample is heated inside the NMR instrument to directly observe the 

cleavage of diene species from the DA adduct via their characteristic signals, while 

subsequent cooling should lead to recurring adduct formation. Both the adducts of small 

molecular Cp as well as the step-growth polymer of Cp2PtBuA with MTTA underwent such 

treatment (Figure 4-7). 
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Figure 4-7 Demonstration of the thermoreversibility of the DA adduct of (a) MTTA and Cp or (b) MTTA and 
Cp α,ω-difunctional poly(tert-butyl acrylate) via 1H HT NMR measurements in toluene-d8. Adapted from 
Ref.123 with permission from The Royal Society of Chemistry. 

The signal ratio of free Cp to DA adduct signal allows for an estimation of approximately 

20 % debonding at 100 °C for the small molecular adduct (Figure 4-7 (a)), being in good 

agreement with the theoretical results obtained via quantum chemical calculations (20 % 

debonding at 105 °C, refer to Table 4-2) despite a difficult 1H NMR signal isolation due to 

overlapping adduct and diene signals and the use of a different solvent, toluene-d8, due to 

its higher boiling point in comparison with MeCN used for UV/Vis measurements and the 

computational calculations. In the case of the thermoreversibly joint step-growth adduct 

of MTTA with Cp2PtBuA, higher degrees of free Cp end-groups and thus debonding values 

of ca. 50 % at 100 °C are observed (Figure 4-7 (b)). Such behavior most probably arises due 

to entropic effects as discussed in Section 3.2, but could also be a consequence of lower 

end-group concentrations in the macromolecular specimen or a slight excess of Cp end-

groups during product formation as a consequence of the relative mass determination of 

the polymeric building block via SEC, although fitting Mark-Houwink parameters were 

employed, and thus a possible resulting error during the composition of an equimolar 

reaction mixture. For both the small molecular as well as the polymeric step-growth 

adduct, a good thermocyclability was evidenced, as the initial signal ratios are recurring 

upon cooling the specimen to ambient conditions (Figure 4-7 (a) and (b)). 

Finally, TD SEC experiments enabled the visualization of the thermoreversible product 

formation or cleavage for the macromolecular step-growth sample. A solution of the 

specimen in a suitable solvent for TD SEC, dimethylacetamide (DMAc), underwent multiple 
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temperature cycles between ambient temperature and 100 or 120 °C. As the employed 

sample concentration – necessary for a rapid re-polymerization of the building blocks at 

lower temperatures – is too high for a direct measurement via SEC methods, small volumes 

of the sample solution were further diluted and measured via TD SEC (Figure 4-8) at 70 °C 

to achieve readily comparable measurement conditions. 

 

Figure 4-8 SEC trace of the step-growth polymer formed from equimolar amounts of MTTA and Cp2PtBuA 
after multiple thermocycles. The rDA reactions were induced by heating the sample to 100-120 °C, the re-
emerging DA reactions were achieved upon cooling to ambient temperature. Inset: fluctuation of the molar 
mass of the DA step-growth adduct as a function of the bonding/debonding cycles. Adapted from Ref.123 with 
permission from The Royal Society of Chemistry. 

As the explored reaction is occurring rapidly, measurements at ambient temperatures are 

not reasonable to observe possible debonding. Unfortunately, also moderately elevated 

temperatures lead to cleavage of the step-growth adduct as indicated by the HT NMR 

measurements (Figure 4-7) and thus the degree of re-bonding is also falsified if the 

measurements are conducted at elevated temperatures. The employed measurement 

temperature is a good compromise between an occurring adduct formation or cleavage 

temperature to enable qualitative insights into the thermocycling behavior of the DA 

reaction. Clearly, it can be observed that with increasing temperatures the elution times 

are increased and thus the observed molecular masses decreased, indicating a cleavage of 

the step-growth polymer into smaller blocks via a rDA reaction while decreased 

temperatures lead to a reversion of the effect, corroborating a recurring adduct formation. 

Accordingly, a clear correlation between (r)DA conversion and temperature and thus the 
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thermoreversible character of the DA ligation of dithiooxalates and dienes is again 

evidenced. 

4.6 Conclusions 

With a dithiooxalate difunctional species, a novel and promising candidate for 

thermoreversible, rapid, mild and catalyst-free ligation, e.g., in small molecular or polymer 

systems, was designed and evaluated. A synthesis route to ethane-1,2-diyl bis(2-

(methylthio)-2-thioxoacetate) from cheap and readily available starting materials with a 

total yield of 60-70 % was established jointly with the industrial collaborator. The 

experimental studies were supported by quantum chemical calculations of the 

thermodynamics of small molecular model reactions, allowing for a straightforward 

selection of reaction pairings and conditions. It was further demonstrated that even for 

equimolar reaction mixtures rapid reaction times and full conversion of some dienes with 

the novel dienophile dilinker can be reached within minutes while still employing mild and 

catalyst-free reaction conditions. Furthermore, the thermoreversible character of the 

formed DA adducts was confirmed via HT NMR as well as TD SEC measurements, 

establishing valuable possibilities for materials applications. While the reaction of Cp with 

MTTA results in adducts with debonding characteristics suitable for self-healing materials 

(ca. 20 % debonding at 100 °C), the employment of sorbic derivatives with their open-chain 

diene functionality may lead to the formation of high temperature reversible cross-linking 

for applications such as organic sheets or re-mendable networks. In addition, the 

combination of dithiooxalates with open-chain dienes comprising no heteroatom 

substituents as for example DMBD can be harnessed to enable rapid ligation without retro 

reaction for a presumably very wide temperature range, rendering it virtually irreversible 

and thus very stable. With these reported diverse and versatile characteristics, 

dithiooxalates and multifunctional derivatives could lead to further developments of self-

healing or other stimuli-responsive materials as well as applications in rapid ligation of 

sensitive substrates under mild conditions, reversible or irreversible cross-linking or the 

generation of complex macromolecular structures.
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5 
5 CONCLUDING 

REMARKS AND OUTLOOK 

The increasing use of dynamic chemistries in diverse applications such as self-healing 

materials, re-shapeable networks, the mimicking of protein folding in synthetic 

macromolecules and many more leads to an increased accompanying demand for tunable 

bonding and association characteristics of the utilized binding motifs to enable more and 

more novel materials with tailor-made active and stimuli-responsive properties. While the 

ever-growing database of available functional groups allows for very versatile chemical 

pathways of incorporating altered dynamic ligation attributes, the potentially complex 

synthetic efforts to achieve such an aim may discourage necessary investigations, 

rendering more physical methods of altering bonding attributes desirable. In addition, 

differences in reported bonding behavior of similar binding groups, incorporated in 

dissimilar molecules, raised the question for more detailed insights into the implications of 

altered physical molecular parameters for similar chemistries. 
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Consequently, the present thesis aims at the exploration and establishment of entropic 

effects on dynamic ligation chemistries, arising from different physical molecular 

parameters while keeping the actual chemical linkage unaltered. Polymer chemistry with 

its easily adaptable chain lengths via, e.g., reversible-deactivation radical polymerization 

methods and the countless available monomers, in addition enabling the facile 

modification of steric chain properties, served as an ideal model platform. Furthermore, a 

novel thermoreversible linker could be realized to achieve yet another promising building 

block in modular ligation. 

Chapter 3 contains the different approaches taken to investigate the influence of physical 

molecular parameters on bonding equilibria via altering the entropy of involved molecules. 

First of all, Section 3.2 addresses the previously only marginally established effect of 

molecular mass and chain length on reversible covalent bonding by investigating the 

temperature-dependent degree of bonding for Diels–Alder adducts formed from polymer 

chains with differing chain lengths or side-chain substituents of different masses via high 

temperature NMR and temperature dependent SEC. A clear correlation – backed by 

quantum chemical calculations – of increasing chain mass and length with an increasing 

degree of debonding due to the altered entropy values was established. Thereby, previous 

reports could be expanded to other ligation chemistries as well as characterization 

techniques. 

In Section 3.3, a further physical property of chain molecules, namely their stiffness, could 

be shown to have a similar impact on bonding properties as observed for their masses. 

Isomeric Diels–Alder adducts comprising chains of similar length and thus also mass, but 

side-chain substituents of differing steric hindrance – resulting in altered intramolecular 

mobility and thus stiffness – were investigated via the high temperature NMR and 

temperature dependent SEC methods established in the preceding section. The 

experimental results in combination with further ab initio calculations of model systems 

demonstrated a more facile chain cleavage of less stiff macromolecules due to the less 

pronounced loss of entropy in comparison to rigid chain molecules. 

To verify the general applicability of the findings from Section 3.2 and 3.3 not only in 

covalent bonding mechanisms, Section 3.4 explores entropic effects on supramolecular 

association. Therefore, the dissociation constants of diblock polymers, associated via a 
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selective hydrogen bonding pairing, were determined for different block lengths and 

masses via NMR titration methods. Again, a distinctive correlation between the mass of 

associated molecules and their bonding characteristics was evidenced, with heavier blocks 

comprising up to doubled dissociation constants than small molecular recognition units, 

thus undergoing a significantly more favored dissociation. 

In a last study of entropic effects, Section 3.5 considers the entropic difference of reversible 

covalent as well as supramolecular bonding in the middle of a chain molecule vs. similar 

ligation at terminal binding sites. Again, model calculations suggested substantial 

differences between the translational and rotational entropy terms for such different 

bonding positions. Temperature dependent SEC of reversible covalent Diels–Alder step-

growth systems as well as NMR titration experiments of supramolecular block systems 

verified these results and demonstrated a comparably unfavorable debonding of terminally 

bound groups as observed for small molecules. 

All these explored effects of entropy and thus the connected physical properties of 

(macro-)molecules have a substantial impact on diverse fields of chemistry, for example 

when specific binding attributes are necessary for desired materials characteristics, during 

the degradation of macromolecules, when small molecular reactions or theoretical 

calculations of fragments are transferred to macromolecular species or when investigating 

the reactivity of growing polymer chains. Thus, the consideration of entropic effects while 

planning and executing chemical reactions or processing – especially polymeric – materials 

are of high importance. 

In addition to the studies of entropic reaction parameters, Chapter 4 addressed the 

investigation of a novel hetero Diels–Alder linker comprising dithiooxalate dienophile 

groups to enable rapid, mild, efficient, catalyst-free and thermoreversible or irreversible 

linkage of different diene species. Its efficiency was shown to enable facile small molecular 

or polymer ligation as well as step-growth polymerizations of diene difunctional building 

blocks under ambient conditions. The versatility and efficiency of the established linker 

promises a multitude of possible future applications such as self-healing materials, re-

mendable organic sheets, cross-linkable filaments for rapid prototyping, ligation of 

substrates which are sensitive to heat or catalyst species as well as the construction of 

complex molecular architectures, amongst others. 
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In summary, diverse possibilities to influence (reversible) bonding characteristics were 

explored, establishing the previously essentially unforeseen impact of physical molecular 

attributes such as molecular mass, length, stiffness or the bonding position inside a 

molecule on otherwise similar ligation sites via altering the reaction entropy of the involved 

molecules. In addition, a favorable new candidate in thermoreversible hetero Diels–Alder 

linkage was established via the incorporation of dithiooxalates in a multifunctional species. 

The novel findings of a substantial impact of diverse physical (macro-)molecular 

parameters may lead to a paradigm shift in the approaches taken to control and tune 

specific reaction equilibria in the pursuit of very defined bonding attributes. Certainly, the 

explored effects allow for an expanded, non-enthalpic tool box and thus new strategies to 

alter dynamic reaction properties to introduce new design paradigms in the very important 

and emerging field of adaptable materials. Likewise, with their general applicability, many 

other fields such as, for example, processing technologies, product lifetime assessments or 

biotechnology may benefit from the obtained insights into differing material properties of 

apparently similar chemical constitution. A challenging, but important and interesting field 

of future research could be the exploration of entropic effects in dynamically cross-linked 

species such as dissociative thermoreversible networks or associatively bond-exchanging 

vitrimers with applications in self-healing or re-processible networks, composite materials, 

organic sheets etc. Due to the much more pronounced restriction of entropy in networks, 

its role in (de-)bonding events may play a more important role than previously expected. 

The newly established dithiooxalate hetero Diels–Alder linker could also be of high value 

for such network studies – besides all its other mentioned application possibilities – due to 

its beneficial bonding characteristics, facile handling and readily observable reaction 

parameters via, e.g., NMR or UV/Vis techniques. On the other hand, the variable cross-link 

density in networks could lead to an enthalpic control over retro reactions, thus resulting 

in a very complex interplay of different factors. Therefore, a very careful selection and 

adjustment of molecular parameters is certainly necessary to achieve conclusive results. 

Nevertheless, the present thesis provides a first step towards an advanced understanding 

of bonding and debonding mechanisms in a variety of non-cross-linked dynamic systems, 

the underlying entropic effects and towards advanced functional and active materials. 
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6 
6 EXPERIMENTAL SECTION 

6.1 Materials 

Stabilized methyl acrylate, iso-butyl acrylate (Alfa Aesar, 99 %), isobornyl acrylate (ABCR, 

85 %), tert-butyl methacrylate (Sigma-Aldrich, 98 %), iso-butyl methacrylate, methyl 

methacrylate (ABCR, 99 %), tert-butyl acrylate, butyl acrylate (Sigma-Aldrich, 99 %) and 

styrene (99 %, VWR) were deinhibited via a short column of basic aluminum oxide. 

Cyclopentadiene was freshly cracked at 180 °C from dicyclopentadiene (Sigma-Aldrich, 

stab. with BHT). 

2,2′-Azobis(2-methylpropionitrile) (AIBN, 98 %, Sigma-Aldrich) was recrystallized from 

methanol. 

Copper(I) bromide (Sigma-Aldrich, ≥ 98 %), tin(II) 2-ethylhexanoate (Sigma-Aldrich, 95 %), 

tris[2-(dimethylamino)ethyl]amine (Sigma-Aldrich, 97 %), butylene bis(2-

bromoisobutyrate) (Evonik Industries), ethyl α-bromoisobutyrate (Sigma Aldrich, 98 %), 

sodium sulphate (Na2SO4, ≥ 99 %, Roth), triphenylphosphine, sodium iodide (ABCR, 99 %), 
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dimethylaminopyridine (DMAP, 99 %, Acros), N,N'-dicyclohexylcarbodiimide (DCC, 99 %, 

Acros), 2-((dodecylsulfanyl)carbonothioyl)sulfanyl propanoic acid (DoPAT, Orica Pty. Ltd., 

Melbourne, Australia) and tetramethylsilane (99 %, Merck) were used as received. 

Tetrahydrofurane (Sigma-Aldrich, anhydrous, ≥ 99.9 %) and nickelocene (ABCR, 99 %) were 

used as received and handled in a glovebox. 

Anisole (Acros, 99 %), methanol (VWR, p.a.), dimethylsulfoxide (DMSO, ≥ 99.7 %, extra dry, 

Acros), ethyl acetate (p.a., VWR), dichloromethane (p.a., VWR), dichloromethane (99.8 %, 

dry, Acros) and tetrachloroethane-d2 (C2D2Cl4, 99.6 % D, < 0.02 % H2O, Euriso-top) were 

used as received. 
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6.2 Methods and Instruments 

Offline size exclusion chromatography of polymeric samples was carried out on a Polymer 

Laboratories/Varian PL-GPC 50 Plus system, comprising an autosampler, a Polymer 

Laboratories 5.0 μm bead-size guard column (50 x 7.5 mm²), followed by three PL columns 

and a differential refractive index detector. Measurements were performed in THF at 35 °C 

with a flow rate of 1 ml·min-1. The SEC system was calibrated using linear poly(methyl 

methacrylate) standards ranging from 800 g·mol-1 to 1.6·106 g·mol-1 (MHKS parameters: 

K = 12.8 · 10-5 dL g-1, α = 0.69)275 or polystyrene standards ranging from 500 g·mol-1 to 

2.5·106 g·mol-1 (K = 14.1 · 10-5 dL g-1, α = 0.70).276 

Table 6-1 Applied Mark-Houwink-Kuhn-Sakurada parameters: 

Polymer K / 10-3 mL·g-1 α Ref. 

PMA 19.50 0.66 277 

PiBoA 5.00 0.745 278 

PMMA 12.80 0.72 279 

PtBuMA 5.84 0.76 280 

PiBuMA 9.70 0.705 281 

PtBuA 19.70 0.66 278 

PnBuA 12.20 0.70 282 

PiBuA 12.70 0.71 283 

PS 14.1 0.70 276 

 

1H NMR spectra were measured on a Bruker Avance III 400 spectrometer with a CryoProbe 

at 400 MHz in CDCl3 for standard measurements and toluene-d8 or C2D2Cl4 in a pressure 

tube for measurements at elevated temperatures (HT NMR). A baseline correction was 

applied. 

For the HT NMR measurements conducted in Section 3.2, 3.3 and 4.5, after the stabilization 

of an adjusted temperature within minutes, the establishment of the equilibrium was 

ensured by repeated additional measurements with 16 scans before and after the actual 

measurement with 128 scans until (typically immediately) no difference could be 

determined in the measured data anymore. To compensate the varying shift of the signals 
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at different measurement temperatures, the signals were adjusted to a polymer backbone 

signal. The recyclability of the samples was checked after cooling to ambient temperature 

overnight. A typical measurement and data processing error of on average ±2 % was 

determined via the two-fold measurement of DA material from the same batch at different 

days. A similar methodology was employed for the measurements in Section 3.4. A sample 

concentration of 6 mmol L-1 was employed. Each sample underwent HT NMR 

measurements at all the desired temperatures from lower to higher ones, consecutively. 

After the stabilization of an adjusted temperature, the establishment of the equilibrium 

was ensured by similar means as described before. The recyclability of the samples was 

checked after cooling to ambient temperature and an experimental error of ±0.01 ppm was 

determined via repeated measurements. To compensate the varying shift of the signals at 

different measurement temperatures, the signals were adjusted to TMS (δ = 0 ppm). 

During NMR titration, typically a concentration of c = 2 mmol L-1 CA species in C2D2Cl4 was 

employed (Section 3.5: c = 1 mmol L-1 CA species). Samples with a HW/CA ratio of 

approximately 0, 0.5, 0.75, 1.0, 1.5, 2.0 and 3.0 were prepared via stock solutions of the 

respective species and measured at 100 °C. NMR titration and data evaluation for the 

determination of Kass and Kdiss was conducted according to literature.258 A standard fitting 

error for the determination of Kass of ±10 was determined. 

Mass spectra were recorded on a Q-Exactive (Orbitrap) mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA, USA) equipped with a HESI II probe. The instrument was calibrated 

in the m/z range of 74-1822 via premixed calibration solutions (Thermo Scientific). A 

constant spray voltage of 4.7 kV and a dimensionless sheath gas of 5 were applied. The 

capillary temperature and the S-lens RF level were set to 320 °C and 62.0, respectively. The 

samples were dissolved with a concentration of 0.05 mg·mL-1 in a mixture of THF and MeOH 

(3:2) containing 100 μmol of sodium triflate and infused with a flow of 5 μL·min-1. 

UV/Vis measurements were carried out on a Varian Cary 50 Bio spectrophotometer. 

Spectra were recorded between 300 and 800 nm and kinetics were measured at 500 nm in 

acetonitrile or toluene in a 10 mm path length cell with a baseline correction regarding the 

solvent. For an evaluation of the reaction rates, the time dependent reactant 

concentrations were calculated via the known starting concentrations and the normalized 

time dependent absorbance of the C=S double bond at 500 nm, which decreases with 
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ongoing hetero Diels–Alder reaction of the thiocarbonyl species with dienes. Via the time 

dependent reactant concentrations and the assumption of a 2nd order reaction (𝐴 + 𝐵 →

𝐶) without retro reaction at the given reaction temperatures (as computationally 

predicted), reaction rate coefficients 𝑘 are accessible via standard textbook equations:183 

for [𝐴]0 ≠ [𝐵]0, 𝑘 is the slope of 𝑙𝑛 (
[𝐵] [𝐵]0⁄

[𝐴] [𝐴]0⁄
) ⋅

1

([𝐵]0−[𝐴]0)
 vs. 𝑡, whereas for [𝐴]0 = [𝐵]0, 𝑘 

is the slope of 
1

[𝐴]
−

1

[𝐴]0
 vs. 𝑡. A typical graph can be seen in Figure 6-1. 

 

Figure 6-1 Linear fit to determine k as the slope of 𝒍𝒏 (
[𝑩] [𝑩]𝟎⁄

[𝑨] [𝑨]𝟎⁄
) ⋅

𝟏

([𝑩]𝟎−[𝑨]𝟎)
 vs. 𝒕 for the Diels–Alder reaction 

of 1.2 eq. DMBD with MTTA (20 mg mL-1 in MeCN). 

The activation energies (𝐸𝑎) were determined via the subtraction of the two logarithmic 

forms of the Arrhenius equations 𝐸𝑎 = 𝑅 ⋅ ln (
𝑘1

𝑘2
) ⋅

𝑇1⋅𝑇2

𝑇1−𝑇2
 for the rate coefficients as 

determined for 25 °C (298.15 K) and 50 °C (323.15 K) with 𝑅 being the universal gas 

constant.183 

Additional UV/Vis measurements of single spectra under similar conditions were carried 

out on an OceanOptics USB4000 spectrometer with a USB-ISS-UV-Vis detecting unit. 

The temperature dependent SEC (TD SEC) experiments were carried out by Josef Brandt 

(IPF, Dresden) on a PL GPC 220 high temperature chromatograph (Agilent Technologies, 

US), featuring a temperature controlled autosampler, column oven and dRI as well as 

viscosity and UV detection. For the measurements performed in Section 3.2 and 3.3, 

separation was achieved through one PL ResiPore column (3 µm bead-size). A mixture of 

60 % 1,2,4-tricholorobenzene (TCB) in N,N-dimethylformamide (DMF) was employed as a 

solvent at a flow rate of 1 mL min-1. Details regarding the evaluation of the chromatograms 
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can be found in the original publication.142 In Section 3.5, 1,2,4-tricholorobenzene (TCB) or 

a mixture of 40 % N,N-dimethylformamide (DMF) in 60 % TCB was employed as a solvent 

at a flow rate of 1 mL min-1. Details regarding the evaluation of the chromatograms can be 

found in the original publication.259 In Section 4.5, DMAc (+ 3 g/L LiCl) was used as a solvent 

at a flow rate of 1 mL/min on an ABOA DMAc-phil column (AppliChrom, Germany). Details 

regarding the evaluation of the chromatograms can be found in the original publication.123 

Small-angle neutron scattering (SANS) measurements were carried out by Josef Brandt 

(IPF, Dresden) at the instrument D11 of the ILL in Grenoble with a wavelength of 6 Å and at 

two sample-detector distances of 8 m and 1.2 m, covering a broad q-range from 0.0083-

0.0824 Å-1 (at 8 m) and 0.06-0.514 Å-1 (at 1.2 m) with a good overlap of the two q-regimes. 

The samples were measured at concentrations of approximately 1, 2, 3, 4 and 5 wt%. The 

solvent toluene-d8 was also measured, normalized and then subtracted from the solution 

data. Data analysis was performed according to the procedure proposed by Casassa and 

Holtzer.239, 240 For more details on the methodology refer to the original publication.142 

For details on the computational methods – performed by collaboration partners at the 

Australian National University (Canberra) under the supervision from Prof. Michelle Coote 

– for the quantum chemical assessment of entropic effects as described in Chapter 3 or for 

the evaluation of promising reactants as performed in Chapter 4, refer to the original 

publications.123, 142, 259 
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6.3 Synthetic Procedures 

6.3.1 Syntheses from Section 3.2 and 3.3 

Synthesis of a Cyanodithioester (CDTE) Dilinker. The synthesis was conducted according 

to literature.132 The cyanodithioester (CDTE) dilinker was obtained as a yellow solid. Overall 

yield: 5 %. 1H NMR (400 MHz, CDCl3) δ [ppm]: 7.41-7.29 (m, 8H, ArH), 7.22-7.20 (m, 1H, 

NH), 6.65-6.63 (dd, J = 5.4, 2.8 Hz, 1H, C=CH), 6.45-6.43 (dd, J = 5.1, 2.8 Hz, 1H, C=CH), 6.10-

6.08 (dd, 5.2, 3.3 Hz, 1H, C=CH), 5.80-5.78 (dd, 5.2, 3.3 Hz, 1H, C=CH), 5.12-5.04 (m, 4H, 

NCOOCH2), 4.82 (s, 1H, CHSC), 4.54 (s, 1H, CHSC), 4.30-4.071 (m, 4H, SCH2Ar), 4.01-3.98 (m, 

2H, CHCCN), 3.81 (br, 1H, OCONHCH), 2.97-2.87 (br, 2H, OCONHCH2), 2.15-1.82 (m, 4H, 

CHCH2CH), 1.75-1.69 (br, 2H, CH2), 1.23-0.80 (m, 13H, CH3, CH2). 

Synthesis of Bromo (Di-)Functional Polymers. Activators regenerated by electron transfer 

atom transfer radical polymerization (ARGET ATRP) protocols were adapted from the 

literature.90 In a typical procedure, copper(I) bromide (13.6 mg, 0.09 mmol), tris[2-

(dimethylamino)ethyl]amine (0.095 mmol, 278 μL, 0.34 mmol mL-1 in ansiole) and 

isobornyl acrylate (20 mL, 94.7 mmol) were dissolved in anisole (5 mL) in a flame dried 

Schlenk flask and degassed via nitrogen purging for 45 minutes. In two additional Schlenk 

flasks, butylene bis(2-bromoisobutyrate) (183.7 mg, 0.95 mmol) and tin(II) 2-

ethylhexanoate (153 μL, 0.47 mmol) were dissolved in anisole (7.5 mL each) and degassed. 

Subsequently, the solutions were transferred into the first Schlenk flask via a cannula and 

stirred at 60 °C for 35 minutes. The polymerization was stopped in an ice bath and 

quenched with air at low conversion values (~25 %) in order to control for unwanted chain 

termination before filtration over neutral aluminum oxide and precipitation in cold 

methanol. The white polymer powder was dried in vacuo and characterized via SEC and 1H 

NMR, evidencing a high bromo end group fidelity of consistently between 98-99 % for each 

synthesized polymer system via the comparison of initiator to end group signals (refer to 

Table 3-1 and Table 3-2 for the full list of synthesized polymers, Figure 3-4 and Figure 3-10 

for the SEC characterization, Figure 6-2 to Figure 6-5 for NMR characterization and 

Table 6-2 for the synthetic details of bromo monofunctional poly(methacrylates) as well as 

Table 6-3 for the ones of bromo difunctional polyacrylates). 
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Table 6-2 List of ARGET ATRP synthetic conditions for the generation of bromo functional polymethacrylates. 

Polymer 
mCuBr 

/ mg 

VMe6TREN* 

/ μL 

VMonomer 

/ mL 

VEBIB** 

/ μL 

VSn(EH)2 

/ μL 

VAnisole 

/ mL 

t 

/ min. 

Precip. in 

cold 

BrPMMA 9.4 192.0 15.0 95.7 106 15.0 35 
Hex./Et2O 

1:1 

BrPiBuMA 6.2 127.8 15.0 63.8 70 15.0 45 
MeOH/ H2O 

4:1 

BrPtBuMA 6.2 126.2 15.0 63.0 70 15.0 56 
MeOH/ H2O 

4:1 

*c = 0.34 mmol mL-1; **ethyl α-bromoisobutyrate 

 

Table 6-3 List of ARGET ATRP synthetic conditions for the generation of bromo difunctional polyacrylates. 

Polymer 
mCuBr 

/ mg 

VMe6TREN* 

/ μL 

VMonomer 

/ mL 

mBDBIB** 

/ mg 

VSn(EH)2 

/ μL 

VAnisole 

/ mL 

t 

/ min. 

Precip. in 

cold 

Br2PnBuA 272.5 412.9 20.0 272.5 227.4 20.0 55 
MeOH/H2O 

4:1 

Br2PiBuA 19.9 408.0 20.0 269.5 225.0 20.0 45 
MeOH/H2O 

4:1 

Br2PtBuA 21.4 439.0 20.0 289.5 242.0 20.0 40 
MeOH/H2O 

4:1 

Br2PMA 

large 
31.9 653.0 20.0 431.0 359.6 20.0 35 

MeOH/H2O 

7:3 

Br2PiBoA 

large 
13.6 278.4 20.0 183.7 153.0 20.0 35 MeOH 

Br2PMA 

small 
95.6 1959 12.0 2586 1079 20.0 55 

MeOH/H2O 

7:3 

Br2PiBoA 

small 
4.1 460.0 12.0 1102 575.0 20.0 55 MeOH 

 *c = 0.34 mmol mL-1; **butylene bis(2-bromoisobutyrate) 

Synthesis of Cp (Di-)Functional Polymers. The synthetic procedure was adapted from the 

literature.229 In a typical procedure, bromo difunctional poly(isobornyl acrylate) (3.0 g, 

0.30 mmol), sodium iodide (545 mg, 3.63 mmol) and triphenylphosphine (318 mg, 
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1.21 mmol) were dissolved in anhydrous THF (6.0 mL). Nickelocene (229 mg, 1.21 mmol) 

was added and the reaction mixture was stirred under argon at ambient temperature for 5 

hours. The reaction was subsequently purged with air, filtered over basic aluminum oxide 

and the polymer was repeatedly precipitated in cold methanol. The off-white polymer was 

characterized via SEC and 1H NMR to ensure quantitative conversion (refer to Table 3-1 and 

Table 3-2 for the full list of synthesized polymers, Figure 6-2 to Figure 6-5 for NMR 

characterization and Table 6-4 for the synthetic details). 

Table 6-4 List of reaction conditions for the Cp functionalization reactions of the bromo (di-) functional 
poly(meth-)acrylates. 

Polymer 
mBr(2)Polym. 

/ g 

mNaI 

/ mg 

mPPh3 

/ mg 

VTHF 

/ mL 

mNiCp2 

/ mg 

t 

/ h 

CpPMMA 0.86 138.1 80.6 4.0 58.0 12 

CpPiBuMA 2.00 264.5 154.3 6.0 111.1 12 

CpPtBuMA 1.37 170.7 99.6 5.0 71.8 12 

Cp2PnBuA 2.68 149.9 262.3 8.0 306.8 5 

Cp2PiBuA 2.45 648.0 378.0 7.0 275.0 5 

Cp2PtBuA 3.4 927.0 541.0 10.0 389.0 5 

Cp2PMAlarge 3.23 1336 779.0 15.0 561.0 5 

Cp2PiBoAlarge 2.99 549.0 320.0 6.0 231.0 5 

Cp2PMAsmall 2.02 3050 1779 17.0 1281 5 

Cp2PiBoAsmall 1.00 785.0 458.0 4.5 330.0 5 

 

Synthesis of CDTE Diels–Alder Polymers/Diblock Adducts. In a typical procedure, 

cyclopentadiene difunctional poly(isobornyl acrylate) (50.0 mg, 0.005 mmol) and close to 

equimolar amounts of CDTE dilinker (around 4.0 mg, 0.005 mmol) were dissolved in anisole 

(200 μL) and heated to 120 °C for 10 minutes. The reaction was then slowly cooled to 

ambient temperature within 1 hour to achieve the DA step growth polymer with the 

desired amount of repeating units. The product was characterized via SEC, temperature 

dependent SEC and temperature dependent 1H NMR (refer to Figure 3-4 and Figure 3-10 

for the SEC characterization, Table 6-5 for the synthetic details for all DA polymers, 

Figure 6-6 to Figure 6-10 for HT NMR spectra and Table 6-6 for a list of debonding values). 
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Table 6-5 List of synthetic conditions for the DA linkage reactions. 

Polymer mCp(2)Polymer / mg mCDTE / mg VAnisole / μL 

b-PMMA 50.0 5.4 200.0 

b-PiBuMA 50.0 3.3 200.0 

b-PtBuMA 50.0 4.5 200.0 

DA-PnBuA 50.0 8.5 200.0 

DA-PiBuA 50.0 8.2 200.0 

DA-PtBuA 50.0 11.5 200.0 

DA-PMAlarge 50.0 12.7 200.0 

DA-PiBoAlarge 50.0 4.0 200.0 

DA-PMAsmall 50.0 35.0 200.0 

DA-PiBoAsmall 49.0 29.0 200.0 

 

Table 6-6 List of experimental debonding values determined via HT NMR. 

 Degree of Debonding / % 

Polymer 25 °C 40 °C 70 °C 90 °C 100 °C 110 °C 120 °C 130 °C 140 °C 

PMMA n.d. 7.4 17.1 n.d. 30.2 n.d. 46.0 n.d. 67.5 

PiBuMA n.d. 9.6 22.3 n.d. 42.3 n.d. 61.5 n.d. 81.0 

PtBuMA n.d. 8.5 19.3 n.d. 35.9 n.d. 53.0 n.d. 74.2 

PnBuA 2.0 3.9 12.8 23.5 n.d. 40.0 47.7 56.9 65.5 

PiBuA 5.1 6.8 16.7 28.6 n.d. 42.7 52.7 61.1 72.6 

PtBuA 1.3 2.0 8.0 18.0 n.d. 30.9 38.5 46.2 55.1 

PMAlarge 2.6 3.9 8.5 21.1 n.d. 36.7 46.2 53.9 62.3 

PiBoAlarge 1.3 n.d. n.d. 28.9 n.d. 45.9 53.7 64.0 73.4 

PMAsmall 2.6 n.d. n.d. 18.5 n.d. 30.6 39.3 47.0 55.5 

PiBoAsmall 0.6 0.7 2.0 8.5 n.d. 21.5 30.2 38.8 46.4 
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Figure 6-2 1H NMR spectra of the dibromo precursor and Cp difunctionalized polymer building blocks with 
50 (a) methyl acrylate or (b) isobornyl butyl acrylate repeating units in CDCl3. 

 

     

Figure 6-3 1H NMR spectra of the dibromo precursor and Cp difunctionalized polymer building blocks with 
10 (a) methyl acrylate or (b) isobornyl butyl acrylate repeating units in CDCl3. 

 

     

Figure 6-4 1H NMR spectra of the bromo precursor and Cp functionalized polymer building blocks with 50 
(a) methyl methacrylate, (b) iso-butyl methacrylate or (c) tert-butyl methacrylate repeating units in CDCl3. 
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Figure 6-5 1H NMR spectra of the dibromo precursor and Cp difunctionalized polymer building blocks with 
50 (a) iso-butyl acrylate, (b) n-butyl acrylate or (c) tert-butyl acrylate repeating units in CDCl3. 

 

     

Figure 6-6 1H HT NMR spectra of the DA polymer formed from (left) PMAlarge or (right) PiBoAlarge building 
blocks. 

     

Figure 6-7 1H HT NMR spectra of the DA polymer formed from (left) PMAsmall or (right) PiBoAsmall building 
blocks. 
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Figure 6-8 1H HT NMR spectra of the DA diblock polymer formed from PMMA or PiBuMA building blocks. 

 

     

Figure 6-9 1H HT NMR spectra of the DA diblock polymer formed from (left) PtBuMA or (right) PnBuA building 
blocks. 

     

Figure 6-10 1H HT NMR spectra of the DA polymer formed from (left) PiBuA or (right) PtBuA building blocks.  
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6.3.2 Syntheses from Section 3.4 

Syntheses of CA-/HW-RAFT and CA/HW Small Molecules were performed by Özcan 

Altintas, refer to the original publication for details.254 

 

RAFT Polymerization of CA-Polyacrylates. The RAFT polymerization protocol was adapted 

from literature.32 In a typical procedure, CA-RAFT (87.0 mg, 0.15 mmol) and AIBN (0.5 mg, 

0.003 mmol) were dissolved in n-butyl acrylate (0.55 mL, 3.84 mmol) and DMSO (90 μL) in 

a Schlenk tube, which was deoxygenated by three freeze–pump–thaw cycles. The Schlenk 

tube was immersed in an oil bath at 70 °C for 50 min. The reaction was stopped by 

immersing the tube into liquid nitrogen. The polymer was precipitated four times into cold 

methanol/water (4:1) for PnBuAs or cold methanol for PiBoAs, dried over Na2SO4 and the 

solvent was evaporated in vacuo for 24 h. 

CA-PnBuAsmall: Mn,SEC = 3000 g mol-1, PDI = 1.07 

CA-PnBuAmed.: Mn,SEC = 13800 g mol-1, PDI = 1.07. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.70 (bs, 2H, H1), 4.75 (m, 1H, H2), 4.03 (bm, backbone, 

H3), 3.83 (s, 2H, H4), 3.33 (t, 2H, H5), 2.60–0.70 (aliphatic protons of PnBuA). 

CA-PiBoAsmall: MNMR = 3350 g mol-1, Đ = 1.06. 

CA-PiBoAlarge: Mn,SEC = 25000 g mol-1, Đ = 1.18 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.32 (bs, 2H, H1), 4.62 (bm, backbone, H2), 4.04 (s, 2H, 

H3), 3.83 (s, 2H, H4), 3.33 (t, 2H, H5), 2.60–0.70 (aliphatic protons of PiBoA). 

 

RAFT Polymerization of HW-Polyacrylates. The RAFT polymerization protocol was adapted 

from literature.32 In a typical procedure, HW-RAFT (154.2 mg, 0.16 mmol) and AIBN 

(0.5 mg, 0.003 mmol) were dissolved in n-butyl acrylate (0.55 mL, 3.84 mmol) and DMSO 

(150 μL) in a Schlenk tube, which was deoxygenated by three freeze–pump–thaw cycles. 

The Schlenk tube was immersed in an oil bath at 70 °C for 50 min. The reaction was stopped 

by immersing the tube into liquid nitrogen. The polymer was precipitated four times into 



  Synthetic Procedures 

125 

cold methanol/water (4:1) for PnBuAs or cold methanol for PiBoAs, dried over Na2SO4 and 

the solvent was evaporated in vacuo for 24 h. 

HW-PnBuAsmall: Mn,SEC = 3200 g mol-1, Đ = 1.07 

HW-PnBuAmed.: Mn,SEC = 11800 g mol-1, Đ = 1.07. 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.50 (bs, 4H, H1), 8.04-7.63 (m, 9H, H2), 4.75 (m, 1H, 

H3), 4.03 (bm, backbone, H4), 3.32 (t, 2H, H5), 2.60–0.70 (aliphatic protons of PnBuA). 

HW-PiBoAsmall: Mn,SEC = 3300 g mol-1, Đ = 1.06. 

HW-PiBoAlarge: Mn,SEC = 24700 g mol-1, Đ = 1.18 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.38 (bs, 2H, H1), 8.04-7.63 (m, 9H, H2), 4.62 (bm, 

backbone, H3), 4.10 (m, 2H, H4), 3.33 (t, 2H, H5), 2.60–0.70 (aliphatic protons of PiBoA). 

 

     

Figure 6-11 Left: 1H NMR (400 MHz, CDCl3) of CA-PnBuAsmall. The ratio of the integral values of the signals H1 
and H2 allow for the determination of the CA end-group fidelity as ~98 %. Right: 1H NMR (400 MHz, CDCl3) of 
HW-PnBuAsmall. The ratio of the integral values of the signals H1+2 and H3 allow for the determination of the 
CA end-group fidelity as ~99 %. 
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Figure 6-12 Left: 1H NMR (400 MHz, CDCl3) of CA-PiBoAsmall. The ratio of the integral values of the signals H1 
and H5 allow for the determination of the CA end-group fidelity as ~99 %. Right: 1H NMR (400 MHz, CDCl3) of 
HW-PiBoAsmall. The ratio of the integral values of the signals H1+2 and H5 allow for the determination of the CA 
end-group fidelity as ~99 %. 

 

     

Figure 6-13 Left: 1H NMR (400 MHz, CD2Cl2) of CA-PnBuAmed.. The ratio of the integral values of the signals H1 
and H2 allow for the determination of the CA end-group fidelity as ~99 %. Right: 1H NMR (400 MHz, CDCl3) of 
HW-PnBuAmed.. The ratio of the integral values of the signals H1+2 and H3 allow for the determination of the CA 
end-group fidelity as ~99 %. 
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Figure 6-14 Left: 1H NMR (400 MHz, CDCl3) of CA-PiBoAlarge. The ratio of the integral values of the signals H1 
and H5 allow for the determination of the CA end-group fidelity as ~99 %. Right: 1H NMR (400 MHz, CDCl3) of 
HW-PiBoAlarge. The ratio of the integral values of the signals H1+2 and H5 allow for the determination of the CA 
end-group fidelity as ~99 % (x: residual monomer). 

 

HT NMR Samples. All materials were dried over Na2SO4 as well as under reduced pressure 

for 24 h and stored in a desiccator over silica gel to avoid falsified measurements due to 

residual water. An end-group concentration of 6 mmol L-1 was adjusted. 

     

Figure 6-15 Expanded temperature dependent 1H NMR spectra (ns = 128) of equimolar amounts of left: HW- 
and CA-PnBuAsmall or right: HW- and CA-PiBoAsmall in C2D2Cl4 (c = 6 mmol L-1), showing the debonding 
dependent shift of the CA imide proton resonance (*). 
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Figure 6-16 Expanded temperature dependent 1H NMR spectra (ns = 128) of equimolar amounts of left: HW- 
and CA-PnBuAmed. or right: HW- and CA-PiBoAlarge in C2D2Cl4 (c = 6 mmol L-1), showing the debonding 
dependent shift of the CA imide proton resonance (*). 

To ensure that no competing interactions of polyacrylate backbone with the hydrogen 

bonding motif under investigation lead to the observed effects, temperature dependent 1H 

NMR measurements of CA and HW Small Molecule plus a readily available non-functional 

PiBoA (50 kDa; each c = 6 mmol L-1) were conducted, yielding no significant signal shifts 

(Figure 6-17 left). 

     

Figure 6-17 Left: Expanded 1H NMR spectra of CA plus HW Small Molecule (6 mM) without (blue) and with 
(red) additional non-functional PiBoA (50 kDa) in C2D2Cl4 (6 mM), showing the CA imide proton signal (*). 
Right: Expanded 1H NMR spectra of CA plus HW Small Molecule (2 mM) without (blue) and with (red) 
additional non-functional PnBuA (7 kDa) in C2D2Cl4 (2 mM), showing the CA imide proton signal (*). 

In addition, the negligible shifts point in the other direction as the ones observed for the 

investigated entropic effects and thus even further support the occurrence of chain mass 

and length effects. To also exclude a steric shielding of the acrylate backbone by the bulky 
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isobornyl substituents, analogous measurements were conducted with CA and HW Small 

Molecule plus a readily available non-functional PnBoA (7 kDa; each c = 2 mmol L-1), again 

yielding no significant signal shifts (Figure 6-17 right). 

NMR titration experiments (Figure 6-18) for the determination of the 

association/dissociation constants were conducted as indicated in the methods and 

instruments section above. The determined values for Kass and Kdiss are listed in Table 6-7: 

 

Figure 6-18 Chemical shifts observed for different ratios of HW/CA species of different molecular weights at 
100 °C (cCA = 2 mmol L-1). 

Table 6-7 Experimental equilibrium constant values for association (Kass) and dissociation (Kdiss) of differently 
sized hydrogen bonding diblocks determined via 1H HT NMR titration (cCA = 2 mmol L-1). 

Sample Kass Kdiss * 104 

CA + HW Small Molecule 562.3 17.8 

CA- + HW-PnBuAsmall 350.9 28.5 

CA- + HW-PiBoAsmall 332.1 30.1 

CA- + HW-PnBuAmed. 274.3 36.5 

CA- + HW-PiBoAlarge 269.8 37.1 
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6.3.3 Syntheses from Section 3.5 

Synthesis of the Cyanodithioester HDA Dilinker. The employed CDTE dilinker was readily 

available from Section 3.2 and 3.3, synthesized according to literature.132 

 

Synthesis of Cp Bifunctional Polymers. Readily available Cp difunctional poly(methyl 

acrylate) and poly(isobornyl acrylate) as employed in Section 3.2 and 3.3 were used. 

Similarly, a Cp difunctional polystyrene macromonomer (Figure 6-19) was synthesized 

according to literature via ARGET ATRP of styrene with a bromo difunctional initiator and a 

subsequent substitution of the bromine end-groups with Cp units via nickelocene. 46, 90, 142 

End-group fidelity was determined via 1H NMR as ~99 %, n ≈ 25.  

Cp2PMA: Mn,SEC = 4800 g mol-1, Ɖ = 1.09 

Cp2PiBoA: Mn,SEC = 10200 g mol-1, Ɖ = 1.12 

Cp2PS: Mn,SEC = 5500 g mol-1, Ɖ = 1.08 

 

Synthesis of Diels–Alder step-growth polymers. DA step-growth polymers (Figure 6-19) 

were synthesized according to Section 3.2 and 3.3.142 To achieve comparable results, it was 

aimed for a degree of polymerization 𝐷𝑃𝑛 =
𝑀(𝐴𝑑𝑑𝑢𝑐𝑡)

(𝑀(𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐵𝑙𝑜𝑐𝑘)+𝑀(𝐷𝑖𝑙𝑖𝑛𝑘𝑒𝑟))/2
 of 6-7. 

 

Figure 6-19 Exemplary SEC chromatograms of the dibromo precursor polystyrene (····), Cp difunctional 
polystyrene (----), Diels–Alder polystyrene (–––) and control sample of heated Cp difunctional polystyrene 
without CDTE dilinker (·-·-) in THF at 35 °C. 
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Synthesis of HW-RAFT, CA + HW Small Molecule, CA-/HW-PiBoA (25 kDa). The materials 

and their association data were readily available from Section 3.4. 

 

RAFT Polymerization of HW-Polyacrylates. The RAFT polymerization protocol of HW-PiBoA 

(60 kDa) was adapted from literature.32 HW-RAFT (17.9 mg, 0.018 mmol) and AIBN 

(0.3 mg, 0.002 mmol) were dissolved in isobornyl acrylate (1.9 mL, 8.99 mmol) and DMSO 

(25 μL) in a Schlenk tube, which was deoxygenated by three freeze–pump–thaw cycles. The 

Schlenk tube was immersed in an oil bath at 70 °C for 22 min. The reaction was stopped by 

immersing the tube into liquid nitrogen. The polymer was precipitated five times into cold 

methanol, dried over Na2SO4 and the solvent was evaporated in vacuo for 24 h.  

Mn,SEC = 50000 g mol-1, Đ = 1.21, MNMR = 60000 g mol-1 

1H NMR (400 MHz, CDCl3) δ (ppm) = 8.38 (bs, 2H, H1), 8.04-7.63 (m, 9H, H2), 4.62 (bm, 

backbone, H3), 4.10 (m, 2H, H4), 3.33 (t, 2H, H5), 2.60-0.70 (aliphatic protons of PiBoA). 

 

Figure 6-20 1H NMR (400 MHz, CDCl3) of HW-PiBoA (60 kDa). The ratio of the integral values of the signals 
H1+2 and H5 allow for the determination of the CA end-group fidelity as ~99 % (x: residual monomer). 

 

HT NMR Samples. All materials were dried over Na2SO4 as well as under reduced pressure 

for 24 h and stored in a desiccator over silica gel to avoid falsified measurements due to 

residual water. An end-group concentration of 6 mmol L-1 was adjusted. 
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Figure 6-21 Expanded temperature dependent 1H NMR spectra of equimolar amounts (c = 6 mmol L-1) of 
CAsmall molecule and HW-PiBoA (60 kDa) in C2D2Cl4 (ns = 128) showing the debonding dependent shift of the CA 
imide proton resonance (*). 

Competing interactions of polyacrylate backbones with the hydrogen bonding motifs were 

excluded via control measurements in Section 3.4. NMR titration was done according to 

literature,258 see Methods and Instruments for details. 

 

Figure 6-22 Chemical shifts observed for different ratios of CAsmall molecule + HW-PiBoA (60 kDa) at 100 °C 
(cCA = 1 mmol L-1 in C2D2Cl4). 
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6.3.4 Syntheses from Chapter 4 

Synthesis of MTTA. The synthetic procedure for the formation of MTTA was planned and 

designed at the KIT and performed by Uwe Paulmann and Christian Richter at Evonik 

Industries. 

 

A literature procedure was adopted and refined to generate the desired dithiooxalate 

dilinker.272, 273 Ethylene glycol (124.1 g, 2.0 mol) and chloracetic acid (472.5 g, 5.0 mol) were 

dissolved in 1 L xylol, Amberlyst-15 (16.0 g) was added and the reaction mixture was heated 

to 165 °C under reflux in a Dean-Stark apparatus for 4 h. After cooling, Amberlyst was 

separated via decantation and the reaction mixture was washed three times with saturated 

sodium carbonate solution (2x250 mL, 1x70 mL) and two times with brine (250 mL). The 

organic phase was dried over magnesium sulfate and the solvent was removed under 

reduced pressure. The product was further purified via vacuum distillation at 170 °C, 

yielding crystalline ethane-1,2-diyl bis(2-chloroacetate) (357.1 g, 83 %). 

 

 

Subsequently, triethylamine (282 g, 2.79 mol) was added to a suspension of sulphur (60 g, 

1.86 mol) in DMF (1.1 L) under nitrogen. Slowly, a solution of ethane-1,2-diyl bis(2-

chloroacetate) (100 g, 0.47 mol) in 100 mL DMF (dry) was added dropwise over 1 h to allow 

the reaction mixture to reach 40 °C. The mixture was stirred for an additional 3 h at ambient 

temperature and then cooled to 10 °C. Methyl iodide (145 g, 64 mL, 1.02 mol) was added 

dropwise within 1 h while keeping the temperature of the reaction mixture ≤ 10 °C, 

whereafter the mixture was stirred for an additional 2 h at 10 °C. The crude mixture was 

diluted with methyl tert-butyl ether (5 L) and the emerging yellow-orange precipitate was 

filtered-off via a short column of silica. The filtrate was washed two times each with 0.5 M 

sulphuric acid (1.6 L), water (1.6 L) and a 4:1 mixture of brine and saturated sodium 
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hydrogen carbonate solution (1.2 L). The organic phase was dried over magnesium sulfate 

und the solvent was removed under reduced pressure to yield the dark violet oily solid 

product (119.7 g, 83 %). Further purification can be achieved via flash chromatography 

(cyclohexane/ethylacetate 8:1, silica, Rf = 0.38). Although the product seems to be stable 

under ambient conditions and also – at least for limited time scales – at elevated 

temperatures, a storage in the freezer is recommended due to its reactivity and literature 

reports of smaller, fully liquid dithiooxalate species.269 

ESI-MS (M+Na)+ C8H10O4S4+Na+ theoretical: 320.9360 Da, experimental: 320.9370 Da 

1H NMR (400 MHz, CDCl3) δ (ppm) = 4.64 (s, 4H, -O-CH2-), 2.68 (s, 6H, -S-CH3). 

13C NMR (100 MHz, CDCl3) δ (ppm) = 215.75 (-C=S), 160.02 (-C=O), 64.20 (-O-CH2-), 19.75 

(-CH3). 

 

Synthesis of Cp2PtBuA. Synthesis of Cp2PtBuA was carried out similar to Section 3.3, 

according to a literature procedure earlier established by us.142, 229 Mn = 6000 g mol-1, 

Ð = 1.12 

 

Synthesis of Diels–Alder adducts of MTTA with diverse Dienes: 

MTTA + Cp. In a typical procedure, MTTA (20 mg, 0.67 mmol ≙ 0.13 mmol dithiooxalate 

end-groups) was dissolved in 1 mL acetonitrile, transferred into a UV/Vis cuvette and 

heated to the desired reaction temperature (25 or 50 °C). Cyclopentadiene (depending on 

the desired reaction conditions 1.2 eq., 13.3 μL, 0.16 mmol or 5.0 eq., 55.4 μL, 0.67 mmol) 

was added and the reaction mixture was shaken to guarantee good intermixture. The 

reaction process was tracked immediately in a UV/Vis spectrometer via the decreasing C=S 

double bond absorbance at 500 nm. Subsequently, the solvent and the excess of 

cyclopentadiene was evaporated and the slightly yellow product was characterized without 

further purification. 

ESI-MS (M+Na)+ C18H22O4S4+Na+ theoretical: 453.0299 Da, experimental: 453.0315 Da 
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1H NMR (400 MHz, CDCl3) δ (ppm) = 6.54 (dd, 1 H, Ha), 6.43 (dd, 1 H, Ha’), 6.15 (dd, 1 H, Hb), 

6.04 (dd, 1 H, Hb’), 4.53-4.20 (m, 4 H, Hc), 4.16 (s, 1 H, Hd), 4.05 (s, 1 H, Hd’), 3.90 (s, 1 H, Hc), 

3.60 (s, 1 H, Hc’), 2.33-2.19 (m, 6 H, Hf,f’), 2.01-1.68 (m, 3 H, Hg), 1.58-1.22 (m, 3 H, Hg’). 

 

Figure 6-23 1H NMR (400 MHz, CDCl3) of the DA adduct of MTTA and cyclopentadiene. 

 

MTTA + 2,3-Dimethyl-1,3-butadiene 

ESI-MS (M+Na)+ C20H30O4S4+Na+ theoretical: 485.0925 Da, experimental: 485.0941 Da 

1H NMR (400 MHz, CDCl3) δ (ppm) = 4.50-4.31 (m, 4H, Ha), 3.28+2.84 (ABX, 2H, Hb), 

2.88+2.44 (ABX, 2H, Hc), 2.18 (s, 6 H, Hd), 1.72 (s, 6 H, He), 1.69 (s, 6 H, He’). 

 

Figure 6-24 1H NMR (400 MHz, CDCl3) of the DA adduct of MTTA and 2,3-dimethyl-1,3-butadiene.  



Experimental Section 

136 

MTTA + Sorbic Alcohol 

ESI-MS (M+Na)+ C20H30O6S4+Na+ theoretical: 517.0823 D Da, experimental: 517.0843 Da 

1H NMR (400 MHz, CDCl3) δ (ppm) = 5.92-5.59 (m, 4 H, Ha), 4.53-4.29 (m, 4 H, Hb), 4.11-3.53 

(m, 6 H, Hc,c’,d,d’), 3.22-2.68 (m, 2 H, He,e’), 2.24-2.16 (m, 6 H, Hf,f’), 1.39-1.12 (m, 6 H, Hg,g’). 

 

Figure 6-25 1H NMR (400 MHz, CDCl3) of the DA adduct of MTTA and sorbic alcohol; x: residual sorbic alcohol. 

MTTA + Ethyl Sorbate 

ESI-MS (M+Na)+ C24H34O8S4+Na+ theoretical: 601.1034 Da, experimental: 601.1062 Da 

1H NMR (400 MHz, CDCl3) δ (ppm) = 5.97-5.76 (m, 4 H, Ha), 4.48-4.35 (m, 4 H, Hb), 4.25-4.10 

(m, 4 H, Hc,c’), 4.13-3.95 (m, 2 H, Hd,d’), 3.71-3.52 (m, 2 H, He,e’), 2.19+2.16 (s, 6 H, Hf,f’), 1.39-

1.19 (m, 12 H, Hg,g’,h). 

 

Figure 6-26 1H NMR (400 MHz, CDCl3) of the DA adduct of MTTA and ethyl sorbate. 
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MTTA + IPDI-SA 

 

Figure 6-27 1H NMR (400 MHz, CDCl3) of IPDI-SA (top), MTTA (middle) and their step-growth adduct (bottom). 

Isophorone bis(sorbic carbamate) (IPDI-SA) was provided by Evonik Industries. From 

Figure 6-27, it can be seen that all diene groups of the IPDI-SA have reacted in a Diels–Alder 

reaction with the MTTA dilinker. The implied step-growth behavior is evidenced via SEC in 

Figure 4-6 (b). The degree of polymerization is calculated as: 

𝐷𝑃𝑛 =
𝑀(𝐴𝑑𝑑𝑢𝑐𝑡)

(𝑀(𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐵𝑙𝑜𝑐𝑘) + 𝑀(𝐷𝑖𝑙𝑖𝑛𝑘𝑒𝑟))/2
 

Although the employed SEC calibration via polystyrene standards is likely inadequate for 

the material at hand, the method allows for a convenient visualization of the step-growth. 

The assumedly low DPn as well as the residual starting material visible in the SEC trace 

(Figure 4-6 (b)) are probably a result of a non-functional IPDI species and is not arising due 

to limited reactivity, as no dienes can be identified via NMR anymore (Figure 6-27). 
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6.4 Computational Data 

The quantum chemical calculations were performed by collaboration partners under the 

supervision from Prof. Michelle Coote at the Australian National University (Canberra). 

Thus, only the most important and final results are summarized here. For details on the 

employed methodology as well as the optimized geometries in the form of Gaussian 

archive entries refer to the original publications.123, 142, 259 

6.4.1 Computational Data from Section 3.2 and 3.3 

The quantum chemically calculated thermodynamic data for the investigation of a chain 

mass, length and stiffness effect – exemplified via the hetero Diels–Alder model reaction 

of a cyanodithioester linker and Cp functional polymer blocks of differing length, mass or 

chain mobility – can be found below. 
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Table 6-8 Calculated entropies, enthalpies and free energies of DA reactions in the gas phase and in toluene solution at 25 °C. 

n=m= R ∆Strans ∆Srot ∆Svib ∆Stot -T∆S ∆EDFT ∆EONIOM ∆H0K ∆H298K
 ∆Ggas ∆Gsoln 

J mol-1 K-1 kJ mol-1 

Extended chain conformers 

0 n/a -176.7 -140.9 27.3 -290.4 86.6 -119.4 -119.3 -106.8 -112.2 -25.6 -27.0 

1 MA -179.7 -147.9 49.2 -278.4 83.0 -118.4 -118.3 -106.3 -111.3 -28.3 -29.9 

 tBuA -180.7 -150.1 41.3 -289.6 86.3 -125.1 -125.0 -112.3 -117.8 -31.4 -30.8 

 iBuA -180.7 -150.5 29.0 -302.2 90.1 -120.8 -120.7 -107.4 -113.0 -22.9 -24.9 

 iBoA -182.1 -152.2 50.6 -283.7 84.6 -119.8 -119.6 -106.9 -111.9 -27.4 -29.1 

2 MA -181.5 -151.5 75.4 -257.6 76.8 -109.8 -109.7 -98.4 -102.7 -25.9 -29.9 

 tBuA -182.8 -153.5 48.2 -288.1 85.9 -115.0 -114.9 -102.4 -107.2 -21.3 -24.7 

 iBuA -182.8 -153.9 44.9 -291.8 87.0 -116.9 -116.8 -103.8 -109.5 -22.5 -22.5 

 iBoA -184.3 -155.8 82.8 -257.2 76.7 -104.7 -104.6 -91.3 -94.0 -17.4 -16.9 

Lowest energy conformers 

0 n/a -176.7 -139.9 64.3 -252.4 75.2 -119.8 -119.7 -106.8 -109.9 -34.6 -32.1 

1 MA -179.7 -147.3 29.6 -297.4 88.7 -172.4 -172.3 -157.0 -162.0 -73.3 -63.9 

 tBuA -180.7 -148.0 7.3 -321.4 95.8 -173.5 -173.4 -156.6 -163.0 -67.1 -54.8 

 iBuA -180.7 -146.4 56.9 -270.2 80.6 -137.7 -137.6 -122.3 -126.3 -45.7 -45.9 

 iBoA -182.1 -149.0 60.4 -270.7 80.7 -137.3 -137.2 -122.0 -126.4 -45.7 -48.8 

2 MA -181.5 -152.1 -6.1 -339.7 101.3 -159.4 -159.3 -143.8 -150.5 -49.2 -26.2 

 tBuA -182.8 -152.0 -23.2 -358.0 106.7 -150.6 -150.5 -132.4 -140.2 -33.5 -13.9 

 iBuA -182.8 -152.5 1.0 -334.3 99.7 -153.0 -152.9 -132.4 -139.3 -39.7 -20.5 

 iBoA -184.3 -155.2 52.3 -287.2 85.6 -151.8 -151.7 -136.7 -140.3 -54.7 -24.6 
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Table 6-9 Contributions to the free energies of all species at 25 °C. a 

n=m= R Species 
ZPVE  

/ kJ mol-1 

TC298K 

/ kJ mol-1 

∆Strans 

/ J mol-1 K-1 

∆Srot 

/ J mol-1 K-1 

∆Svib 

/ J mol-1 K-1 

EDFT 

/ Hartree 

∆Gsolv  

/ kcal mol-1 

Extended chain conformers 

  CDTE 1631.6414 125.6937 189.8686 172.6474 899.7482 -3352.88164 -25.18 

0 n/a Cp2Rnm 1230.4532 77.0501 182.0938 153.5117 493.9101 -1156.76869 -15.65 

  DA 2874.6165 197.3387 195.2222 185.2170 1420.9089 -4509.69581 -39.27 

1 MA Cp2Rnm 1747.3673 114.3286 186.9863 164.5139 773.3666 -1769.51907 -21.11 

  DA 3391.0211 234.9987 197.1553 189.2908 1722.2989 -5122.44581 -44.77 

 tBuA Cp2Rnm 2175.9329 136.0542 188.8221 168.3404 929.3106 -2005.30301 -23.54 

  DA 3820.2958 256.2532 198.0010 190.8449 1870.3272 -5358.23231 -46.66 

 iBuA Cp2Rnm 2182.0835 135.7107 188.8221 168.1402 942.5430 -2005.29037 -24.07 

  DA 3827.0276 255.8036 198.0010 190.2962 1871.2812 -5358.21803 -47.83 

 iBoA Cp2Rnm 2836.8834 161.2541 191.7106 173.1194 1107.3776 -2472.01821 -28.11 

  DA 4481.2816 281.9043 199.4683 193.5855 2057.7479 -5824.94546 -51.82 

2 MA Cp2Rnm 2263.1802 151.0864 190.4912 172.2773 1055.7870 -2382.27614 -26.77 

  DA 3906.1582 272.4673 198.8285 193.4364 2030.9266 -5735.19961 -51.01 

 tBuA Cp2Rnm 3121.4899 194.0171 193.1686 177.3284 1349.2083 -2853.83932 -30.43 

  DA 4765.5947 314.9215 200.2721 196.5071 2297.1203 -6206.76474 -54.53 

 iBuA Cp2Rnm 3134.6214 193.8876 193.1686 177.9135 1379.6645 -2853.81577 -32.31 

  DA 4779.2142 313.9018 200.2721 196.6235 2324.3575 -6206.74192 -55.60 

 iBoA Cp2Rnm 4446.5582 243.7436 197.0754 184.8147 1685.5159 -3787.26716 -39.37 

  DA 6091.4842 366.6700 202.6302 201.6869 2668.1104 -7140.18867 -62.55 
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Lowest energy conformers 

0 n/a Cp2Rnm 1636.4399 122.4521 189.8686 164.7263 789.9214 -3352.90249 -22.08 

  DA 1232.5235 74.6264 182.0938 147.3629 425.6339 -1156.77903 -13.28 

1 MA Cp2Rnm 2881.8795 193.9691 195.2222 172.2027 1279.8073 -4509.72714 -32.86 

  DA 1750.1724 111.3840 186.9863 157.4583 704.1694 -1769.53529 -17.95 

 tBuA Cp2Rnm 3401.9044 228.8460 197.1553 174.9131 1523.6806 -5122.50343 -35.90 

  DA 2179.5628 132.8813 188.8221 159.6643 839.2074 -2005.32394 -18.52 

 iBuA Cp2Rnm 3832.7661 249.0228 198.0010 176.4008 1636.3850 -5358.29251 -35.77 

  DA 2186.0904 131.2480 188.8221 158.5328 812.4027 -2005.32110 -17.28 

 iBoA Cp2Rnm 3837.8255 249.6885 198.0010 176.8598 1659.1784 -5358.27603 -37.50 

  DA 2843.0628 156.1613 191.7106 163.9197 962.2787 -2472.05114 -20.08 

2 MA Cp2Rnm 4494.7328 274.2276 199.4683 179.6939 1812.5741 -5825.00594 -41.01 

  DA 2267.1863 147.5858 190.4912 163.6835 948.0688 -2382.29937 -21.09 

 tBuA Cp2Rnm 3919.1827 263.3122 198.8285 176.3090 1731.8758 -5735.26258 -35.78 

  DA 3126.0584 190.6702 193.1686 167.1302 1244.5727 -2853.87288 -23.41 

 iBuA Cp2Rnm 4780.5524 305.3181 200.2721 179.8408 2011.3248 -6206.83272 -38.90 

  DA 3136.2416 190.2279 193.1686 167.9530 1257.8938 -2853.84793 -27.24 

 iBoA Cp2Rnm 4793.1644 305.7227 200.2721 180.1388 2048.8095 -6206.80868 -42.85 

  DA 6102.3206 357.6053 202.6302 183.5647 2369.4788 -7140.27142 -42.82 

a ONIOM electronic energy correction from the core-layer reaction is equal to 0.111 kJ mol-1. 
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6.4.2 Computational Data from Chapter 4 

Furan + MTTAhalf (TlogK=2.6 = -169 °C) 

 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

oC  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

-250 31.1 -13.8 -25.8 -164.8 7.1 

-225 12.8 -11.8 -26.5 -185.4 5.1 

-200 7.2 -10.1 -27.0 -193.8 3.5 

-150 1.3 -3.0 -27.6 -200.3 1.1 

-100 -1.1 3.7 -27.9 -202.1 -0.8 

-50 -2.5 10.8 -27.9 -202.3 -2.3 

0 -3.5 18.1 -27.8 -201.7 -3.5 

25 -3.8 21.8 -27.7 -201.3 -3.9 

50 -4.1 25.5 -27.5 -200.8 -4.4 

100 -4.6 33.0 -27.1 -199.8 -5.1 

150 -5.0 40.5 -26.7 -198.6 -5.7 

200 -5.3 48.0 -26.1 -197.4 -6.2 

250 -5.5 55.5 -25.6 -196.2 -6.6 
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Cp + MTTAhalf (TlogK=2.6 = 166 °C) 

 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 9.1 -47.6 -98.5 -206.6 1.7 

25 7.7 -43.8 -98.5 -206.6 1.2 

50 6.5 -40.0 -98.5 -206.4 0.7 

100 4.5 -32.4 -98.3 -205.9 -0.2 

150 3.0 -24.7 -98.0 -205.2 -0.9 

200 1.9 -17.0 -97.6 -204.4 -1.5 

250 0.9 -9.3 -97.2 -203.5 -2.1 
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Cp + MTTAfull (TlogK=2.6 = 113 °C) 

 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 9.0 -46.9 -108.7 -214.5 10.0 

25 7.2 -41.3 -106.9 -214.6 9.3 

50 5.7 -35.4 -104.9 -214.6 8.7 

100 3.2 -22.9 -100.1 -214.3 7.6 

150 1.2 -9.5 -94.4 -213.7 6.7 

200 -0.5 4.7 -88.0 -212.9 6.0 

250 -1.9 19.5 -80.8 -212.1 5.3 
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Cp + Cp-MTTAfull (TlogK=2.6 = 87 °C) 

 

ONIOM Core (Cp-MTTAhalf): 

 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 7.4 -38.5 -93.5 -209.1 4.8 

25 5.8 -32.9 -91.6 -209.1 4.1 

50 4.4 -27.1 -89.5 -209.0 3.6 

100 2.1 -14.8 -84.7 -208.5 2.6 

150 0.2 -1.6 -78.9 -207.9 1.7 

200 -1.4 12.3 -72.4 -207.1 1.0 

250 -2.7 26.8 -65.2 -206.2 0.4 
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DMBD + MTTAhalf (TlogK=2.6 = 427 °C) 

 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 17.5 -91.3 -133.2 -188.4 -3.4 

25 15.4 -88.1 -133.1 -188.2 -4.0 

50 13.7 -84.8 -133.1 -188.0 -4.5 

100 10.9 -78.2 -132.9 -187.6 -5.5 

150 8.8 -71.4 -132.7 -187.0 -6.2 

200 7.1 -64.7 -132.4 -186.4 -6.9 

250 5.8 -57.9 -132.1 -185.7 -7.4 

300 4.7 -51.1 -131.7 -184.9 -7.9 

350 3.7 -44.3 -131.2 -184.1 -8.3 
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Sorbic Alcohol + MTTAhalf (TlogK=2.6 = 240 °C) 

 

Key thermodynamic par ameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 12.0 -62.9 -134.0 -234.9 10.8 

25 10.4 -59.6 -134.1 -235.2 9.1 

50 9.1 -56.0 -134.1 -235.3 7.6 

100 6.8 -48.5 -134.1 -235.1 5.2 

150 5.0 -40.4 -133.9 -234.6 3.4 

200 3.5 -31.9 -133.6 -233.9 2.1 

250 2.3 -23.3 -133.2 -233.1 1.0 

300 1.3 -14.5 -132.7 -232.3 0.1 

350 0.5 -5.7 -132.2 -231.4 -0.6 

400 -0.2 3.1 -131.7 -230.6 -1.2 
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Sorbic Alcohol + MTTAfull (TlogK=2.6 = 340 °C) 

 

 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 16.8 -87.6 -162.5 -243.0 15.3 

25 14.8 -84.2 -162.6 -243.3 13.5 

50 13.0 -80.6 -162.6 -243.3 11.9 

100 10.2 -72.9 -162.5 -243.1 9.3 

150 8.0 -64.5 -162.3 -242.6 7.4 

200 6.2 -55.8 -162.0 -241.8 5.9 

250 4.7 -46.8 -161.6 -241.0 4.8 

300 3.4 -37.7 -161.1 -240.1 3.9 

350 2.4 -28.5 -160.6 -239.2 3.1 

400 1.5 -19.3 -160.0 -238.3 2.4 
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Sorbic Alcohol + Sorbic Alcohol-MTTAfull (TlogK=2.6 = 114 °C) 

 

Conformational/isomer 

searching not performed – 

isomer and conformation 

chosen based on the 

strong preference of SA-

MTTAhalf and SA-MTTAfull 

for the given structure. 

The debonding temperature of the first sorbic alcohol from the SA-MTTAfull–SA adduct is 

much lower than for the cleavage of the second sorbic alcohol as the SA-MTTAfull adduct is 

stabilized via strong hydrogen bonding interactions. 

ONIOM Core (Sorbic Alcohol-MTTAhalf): 

 

  

 

 



Experimental Section 

150 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 7.2 -37.5 -116.1 -242.8 8.2 

25 5.9 -33.9 -116.2 -243.0 6.6 

50 4.9 -30.0 -116.2 -243.1 5.3 

100 3.1 -21.9 -116.1 -242.9 3.0 

150 1.6 -13.3 -115.9 -242.3 1.4 

200 0.5 -4.4 -115.6 -241.6 0.1 

250 -0.5 4.7 -115.2 -240.8 -0.9 

300 -1.3 13.9 -114.7 -239.9 -1.7 

350 -1.9 23.2 -114.2 -239.0 -2.4 

400 -2.5 32.4 -113.6 -238.2 -3.0 
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Ethyl sorbate + MTTAhalf (TlogK=2.6 = 225 °C) 

 

Key thermodynamic parameters and equilibrium constants in acetonitrile as a function of 

temperature, using M05-2X/6-31G* geometries and frequencies. 

T log K G*soln H(g) S(g) G*solv 

°C  kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

0 12.2 -63.8 -122.5 -231.1 2.6 

25 10.4 -59.6 -122.5 -231.1 1.9 

50 8.9 -55.2 -122.4 -231.0 1.3 

100 6.5 -46.5 -122.2 -230.5 0.3 

150 4.7 -37.7 -121.9 -229.7 -0.5 

200 3.2 -28.9 -121.5 -228.8 -1.2 

250 2.0 -20.1 -121.1 -227.8 -1.8 
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Furan + MTTAhalf, components of Solution Free Energy Calculations– values in Eh unless otherwise specified 

Species 

Entropy 

(298K) / J 

mol-1 K-1 

H298-H0 ZPVE HLC 

E[M05-2X/      

6-31G* SMD, 

gas geom] 

E[M05-2X/      6-

31G* SMD, sol 

geom] 

E[MP2/           

6-31G*] 

E[MP2/          

G3MP2Large] 

E[CCSD(T)/         

6-31G*] 

Furan 273.3 0.004733 0.068875 -0.122369 -229.998527 -229.998551 -229.309880 -229.561891 -229.363438 

MTTAhalf 402.6 0.010476 0.097745 -0.216499 -1102.771496 -1102.771707 -1100.815553 -1101.328463 -1100.911710 

Furan – MTTAhalf 474.6 0.014218 0.170380 -0.338868 -1332.783794 -1332.784513 -1330.137845 -1330.903460 -1330.287758 

 

Species 
E0

 

[G3MP2,CC] 

H298   

[G3MP2,CC] 

Ggas   (298K) 

[G3MP2,CC] 

ΔGsolv   (298K) 

[COSMO(RS)] 

Erelax   [M06-2X/    

6-31G*, SMD] 

G°sol (298K) 

[G3MP2,CC] 

Furan -229.668943 -229.664210 -229.695248 -0.006368 -0.000024 -229.698573 

MTTAhalf -1101.543374 -1101.532898 -1101.578621 -0.012714 -0.000211 -1101.588105 

Furan – MTTAhalf -1331.221861 -1331.207643 -1331.261541 -0.020586 -0.000718 -1331.278390 
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Cp + MTTA, components of Solution Free Energy Calculations– values in Eh unless otherwise specified 

Species 

Entropy 

(298K) / J 

mol-1 K-1 

H298-H0 ZPVE HLC 

E[M05-2X/      

6-31G* SMD, 

gas geom] 

E[M05-2X/      

6-31G* SMD, 

sol geom] 

E[MP2/           

6-31G*] 

E[MP2/          

G3MP2Large] 

E[CCSD(T)/         

6-31G*] 

Cp 280.9 0.005225 0.090763 -0.122369 -194.080257 -194.080278 -193.425083 -193.647864 -193.494232 

MTTAhalf 402.6 0.010476 0.097745 -0.216499 -1102.771496 -1102.771707 -1100.815553 -1101.328463 -1100.911710 

MTTA 576.2 0.019177 0.177408 -0.423585 -2204.360345 -2204.360849 -2200.474347 -2201.480435 -2200.659468 

Cp – MTTAhalf 477.0 0.014411 0.194153 -0.338868 -1296.894881 -1296.895043 -1294.288452 -1295.024835 -1294.447126 

Cp – MTTA (as 

product) 
636.9 0.022724 0.274385 -0.545954 -2398.487115 -2398.487761 -2393.954324 -2395.184495  

Cp – MTTA (as 

reactant) 
636.9 0.022724 0.274385 -0.545954 -2398.487115 -2398.487761 -2393.954324 -2395.184495  

Cp – MTTA – Cp 703.2 0.026632 0.370795 -0.668323 -2592.609090 -2592.609820 -2587.428620 -2588.882540  
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Species 
E0

 

[G3MP2,CC] 

H298   

[G3MP2,CC] 

Ggas   (298K) 

[G3MP2,CC] 

ΔGsolv   (298K) 

[COSMO(RS)] 

Erelax   [M06-2X/    

6-31G*, SMD] 

G°sol (298K) 

[G3MP2,CC] 

Cp -193.748619 -193.743394 -193.775294 -0.005554 -0.000021 -193.777808 

MTTAhalf -1101.543374 -1101.532898 -1101.578621 -0.012714 -0.000211 -1101.588105 

MTTA -2201.310414 -2201.291237 -2201.356670 -0.026363 -0.000504 -2201.379510 

Cp – MTTAhalf -1295.328224 -1295.313813 -1295.367977 -0.017812 -0.000162 -1295.382607 

Cp – MTTA (as 

product) 
-2395.098225 -2395.075501 -2395.147830 -0.028377 -0.000646 -2395.172542 

Cp – MTTA (as 

reactant) 
-2394.812236 -2394.789511 -2394.861841 -0.028377 -0.000646 -2394.886553 

Cp – MTTA – Cp -2588.594573 -2588.567941 -2588.647796 -0.032355 -0.000730 -2588.676402 
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DMBD + MTTAhalf, components of Solution Free Energy Calculations– values in Eh unless otherwise specified 

Species 

Entropy 

(298K) / J 

mol-1 K-1 

H298-H0 ZPVE HLC 

E[M05-2X/      

6-31G* SMD, 

gas geom] 

E[M05-2X/      

6-31G* SMD, 

sol geom] 

E[MP2/           

6-31G*] 

E[MP2/          

G3MP2Large] 

E[CCSD(T)/           

6-31G*] 

DMBD 332.3 0.008107 0.139527 -0.160021 -234.586554 -234.586578 -233.762827 -234.059894 -233.857046 

MTTAhalf 402.6 0.010476 0.097745 -0.216499 -1102.771496 -1102.771707 -1100.815553 -1101.328463 -1100.911710 

DMBD – MTTAhalf 546.7 0.018040 0.241647 -0.376520 -1337.419616 -1337.420174 -1334.639905 -1335.449314 -1334.823870 

 

Species 
E0

 

[G3MP2,CC] 

H298   

[G3MP2,CC] 

Ggas   (298K) 

[G3MP2,CC] 

Gsolv   (298K) 

[COSMO(RS)] 

Erelax   [M06-2X/    

6-31G*, SMD] 

G°sol (298K) 

[G3MP2,CC] 

DMBD -234.174607 -234.166501 -234.204230 -0.004580 -0.000023 -234.205768 

MTTAhalf -1101.543374 -1101.532898 -1101.578621 -0.012714 -0.000211 -1101.588105 

DMBD – 

MTTAhalf 
-1335.768151 -1335.750112 -1335.812190 -0.018814 -0.000559 -1335.827427 
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Sorbic alcohol + MTTA, components of Solution Free Energy Calculations– values in Eh unless otherwise specified 

Species 

Entropy 

(298K) / J 

mol-1 K-1 

H298-H0 ZPVE HLC 

E[M05-2X/      

6-31G* SMD, 

gas geom] 

E[M05-2X/      

6-31G* SMD, 

sol geom] 

E[MP2/           

6-31G*] 

E[MP2/          

G3MP2Large] 

E[CCSD(T)/            

6-31G*] 

SA 376.8 0.009635 0.143924 -0.188260 -309.792225 -309.792439 -308.786687 -309.169559 -308.886143 

MTTAhalf 403.9 0.010523 0.097640 -0.216499 -1102.770887 -1102.771697 -1100.815552 -1101.328457 -1100.911714 

MTTA 576.2 0.019177 0.177408 -0.423585 -2204.360345 -2204.360849 -2200.474347 -2201.480435 -2200.659468 

SA – MTTAhalf 545.5 0.018238 0.247853 -0.404759 -1412.616091 -1412.618356 -1409.660602 -1410.560199 -1409.849476 

SA - MTTA 709.7 0.026826 0.327454 -0.611845 -2514.216669 -2514.217497 -2509.331850 -2510.724004 -2509.608480 

SA - MTTA - SA 843.4 0.034651 0.477532 -0.800105 -2824.049170 -2824.054470 -2818.167199 -2819.948908  

 

Species 
E0 

[G3MP2,CC] 

H298   

[G3MP2,CC] 

Ggas   (298K) 

[G3MP2,CC] 

Gsolv   (298K) 

[COSMO(RS)] 

Erelax   [M06-2X/    

6-31G*, SMD] 

G°sol (298K) 

[G3MP2,CC] 

SA -309.313351 -309.303716 -309.346501 -0.010945 -0.000215 -309.354212 

MTTAhalf -1101.543478 -1101.532955 -1101.578818 -0.012773 -0.000810 -1101.587762 

MTTA -2201.911733 -2201.892556 -2201.957988 -0.026363 -0.000504 -2201.980829 

SA - MTTAhalf -1410.905979 -1410.887741 -1410.949685 -0.020259 -0.002265 -1410.964660 

SA - MTTA -2511.285025 -2511.258199 -2511.338789 -0.032184 -0.000828 -2511.367127 

SA - MTTA - SA -2820.065009 -2820.030359 -2820.126136 -0.040603 -0.005300 -2820.158420 
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Ethyl sorbate + MTTA, components of Solution Free Energy Calculations– values in Eh unless otherwise specified 

Species 

Entropy 

(298K) / J 

mol-1 K-1 

H298-H0 ZPVE HLC 

E[M05-2X/      

6-31G* SMD, 

gas geom] 

E[M05-2X/      

6-31G* SMD, 

sol geom] 

E[MP2/           

6-31G*] 

E[MP2/          

G3MP2Large] 

E[CCSD(T)/         

6-31G*] 

Ethylsorbate 442.2 0.012656 0.182196 -0.263564 -462.450496 -462.450663 -461.017407 -461.555792 -461.146024 

MTTAhalf 402.6 0.010476 0.097745 -0.216499 -1102.771496 -1102.771707 -1100.815553 -1101.328463 -1100.911710 

Ethsorb. – 

MTTAhalf 
613.7 0.021663 0.285046 -0.480063 -1565.271285 -1565.271840 -1561.886457 -1562.941204 -1562.104558 

 

Species 
E0

 

[G3MP2,CC] 

H298   

[G3MP2,CC] 

Ggas   (298K) 

[G3MP2,CC] 

Gsolv   (298K) 

[COSMO(RS)] 

Erelax   [M06-2X/    

6-31G*, SMD] 

G°sol (298K) 

[G3MP2,CC] 

Ethylsorbate -461.765776 -461.753121 -461.803335 -0.011957 -0.000167 -461.812273 

MTTAhalf -1101.543374 -1101.532898 -1101.578621 -0.012714 -0.000211 -1101.588316 

Ethsorb. – 

MTTAhalf 
-1563.354322 -1563.332659 -1563.402348 -0.023942 -0.000555 -1563.423272 
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