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ABSTRACT 

Inspired by the highly complex and sequence defined structure of biomacromolecules, 

such as deoxynucleic acid (DNA), a new field of research has developed with the 

synthesis and study of uniform, sequence defined non-natural macromolecules. Since 

conventional polymer chemistry has always been characterized by molecular weight 

and composition distribution, the synthesis of uniform sequence-defined structures has 

long time been limited to biopolymers. 

In this work, uniform poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) 

block copolymers (BCP)s were synthesized and investigations of the effect of the 

dispersity on the structure-property relationship were performed. Furthermore, the 

application of highly complex small organic molecules as potential data storage media 

on a surface was studied. 

Three uniform BCPs varying in the length of the hydrophobic PCL block were prepared 

via coupling of the uniform PEG and PCL homopolymers, which were prepared via an 

iterative exponential growth strategy. Ring-opening polymerization of ε-caprolactone 

using a methoxy-PEG as initiator provided reference molecules with similar Mn and a 

narrow molar mass distribution (Đ = 1.06). The thermal properties were investigated 

by differential scanning calorimetry (DSC) and the phase separation behavior of the 

BCPs was studied via small-angle X-ray scattering (SAXS). The results show a clear 

constitution and dispersity dependent structure-property relationship based on the 

crystallization temperature Tc and a difference in self-assembly of the smallest BCP as 

a function of dispersity. 

In the second part of the work, small complex organic molecules were investigated for 

application as potential data storage media on a surface. The respective compounds 

were synthesized in a one-step protocol, using a Passerini three-component reaction 

(P-3CR) in combination with a hetero-Michael addition. Using an exemplary database 

of 708 commercially available components and considering all permutations, 2.63 M 

unique structures are potentially accessible with the described approach. This number 

of permutations corresponds to a data storage capacity of 21 bits per molecule. The 
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molecules were printed on a glass surface using a liquid dispenser and encoded via 

the unique respective fragment patterns obtained with high-resolution matrix-assisted 

laser desorption/ionization tandem mass spectrometry (MALDI-MS/MS). 

In another approach, a rapid and efficient method for storing information in 

commercially available compounds was demonstrated. Molecular mixtures were used 

to store a 625 bits QR code, which was decoded with 100% accuracy using gas 

chromatography (GC) for read-out, supported by a custom programmed computer 

script. 
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KURZZUSAMMENFASSUNG 

Inspiriert durch die hoch komplexe und sequenzdefinierte Struktur von 

Biomakromolekülen, wie zum Beispiel Desoxynukleinsäure (DNS), hat sich mit der 

Synthese und Untersuchung uniformer, sequenzdefinierter Makromoleküle nicht-

natürlichen Ursprungs ein neues Forschungsgebiet entwickelt. Da klassische 

Polymerchemie durch Dispersität und Strukturverteilung geprägt ist, beschränkte sich 

die Synthese von uniformen, sequenzdefinierten Strukturen lange Zeit auf 

Biopolymere. 

In dieser Arbeit wird die Synthese von uniformen poly(ethylenglycol)-block-

poly(ε-caprolacton) (PEG-b-PCL) Blockcopolymeren (BCP) beschrieben, die zur 

Untersuchung der dispersitätsabhängigen Struktur-Eigenschafts-Beziehungen 

verwendet werden. Des Weiteren wurde die Anwendung von komplexen kleinen 

organischen Molekülen als potenzielle Medien für Datenspeicherung auf Oberflächen 

untersucht. 

Drei uniforme BCP, die in der Länge des hydrophoben PCL-Blocks variieren, wurden 

über die Kopplung von uniformen PEG- und PCL-Homopolymeren gebildet, welche 

über ein iteratives exponentielles Wachstum hergestellt wurden. Ringöffnende 

Polymerisation von ε-Caprolacton mit Methoxy-OEG als Makroinitiator lieferte 

Vergleichsmoleküle mit identischem Mn und einer engen Molmassenverteilung 

(Đ = 1.06). Die thermischen Eigenschaften wurde mittels dynamischer 

Differenzkalorimetrie (DSC) und das Phasenseparationsverhalten der BCP über 

Kleinwinkel-Röntgenstreuung (engl. small-angle X-ray scattering, SAXS) untersucht. 

Die Ergebnisse zeigen eine eindeutige konstitutions- und dispersitätsabhängige 

Struktur-Eigenschaftsbeziehung anhand der Kristallisationstemperatur Tc sowie ein 

unterschiedliches Phasenseparationsverhalten des kleinsten BCP in Abhängigkeit von 

der Dispersität. 

In dem zweiten Teil der Arbeit wurden kleine komplexe organische Moleküle für die 

Anwendung als potenzielle Datenspeichermedien auf einer Oberfläche untersucht. Die 

jeweiligen Verbindungen wurden in einer einstufigen Synthese unter Verwendung der 
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Passerini-Dreikomponenten-Reaktion (P-3KR) in Kombination mit einer Hetero-

Michael-Addition synthetisiert. Unter Verwendung einer Datenbank aus 708 

kommerziell erhältlichen Komponenten, sind mit dem beschriebenen Ansatz 2.63 Mio 

einzigartige Strukturen potenziell zugänglich. Diese Anzahl an Permutationen 

entspricht einer Datenspeicherkapazität von 21 Bit pro Molekül. Die Moleküle wurden 

mit einem Pipettierroboter auf eine Glasoberfläche gedruckt und mittels 

hochauflösender Matrix-assistierter Laser-Desorption-Ionisation (MALDI) Tandem 

Massenspektrometie (MS/MS) anhand des resultierenden Fragmentmusters eindeutig 

identifiziert. 

In einem weiteren Ansatz wurde eine schnelle und effiziente Methode zur Speicherung 

von Informationen in kommerziell erhältlichen Verbindungen demonstriert. In 

mehreren Molekülmischungen wurde ein 625 bit QR-code gespeichert und mittels 

Gaschromatographie (GC) ausgelesen und, unterstützt durch ein eigens 

programmiertes Computerskript, mit 100%iger Genauigkeit entschlüsselt. 
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1. INTRODUCTION 

HERMANN STAUDINGER’s macromolecular hypothesis 100 years ago, for which he was 

awarded the 1953 Nobel prize, set a milestone for the world of synthetic polymers.[1,2] 

In the early 20th century, WALLACE H. CAROTHERS laid the foundation for the emerging 

field of polymer chemistry with his pioneering work in the field of polycondensation 

reactions.[3] From then on, scientists strived for ever more highly defined 

macromolecular structures to achieve a distinct insight into the structure-property 

relationship of synthetic macromolecules. A breakthrough in the synthesis of well-

defined polymers was achieved via the development of living[4] and controlled 

polymerization techniques, such as cationic,[5] and anionic,[4] and reversible 

deactivation radical polymerization (RDRP) techniques.[6–8] The study of MICHAEL 

SZWARC on the anionic polymerization of styrene in 1956 set the basis for the term 

living polymerization,[4,9] which was already described earlier by MELVILLE[10] and 

FLORY[11] and realized by ZIEGLER[12] in 1936 and PERRY and HIBBERT in 1940.[13] The 

foundation for the development of the atom transfer radical polymerization (ATRP)[14–

16] and other RDRPs,[6–8] such as reversible addition-fragmentation chain transfer 

(RAFT) polymerization[17–19] and nitroxide-mediated polymerization (NMP)[20–25] was 

set by KHARASCH et al., who investigated the addition of radicals to unsaturated 

hydrocarbons.[26] First investigations on the living ring-opening polymerization (ROP) 

of lactones were performed by TEYSSIE,[27] PENCZEK,[28] and BOILEAU[29] in the 1970s, 

and the living ring-opening metathesis polymerization (ROMP) was developed in the 

1980s.[30,31] Furthermore, the pioneering progress of analytical tools, such as nuclear 

magnetic resonance (NMR) spectroscopy[32] and mass spectrometry (MS)[33] enabled 

a more precise characterization of macromolecules. In particular, the development of 

size exclusion chromatography (SEC) in the 1960s enabled the monitoring of the 

polymerization process via the hydrodynamic volume of the respective macromolecule 

and was one of the most important inventions for modern polymer chemistry.[34] The 
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ability to adjust the dispersity via controlled and living polymerization approaches 

permitted the opportunity to tune the properties of a polymer and the synthesis of tailor-

made materials for a vast range of applications became an emerging research field.[35–

38] Within this context, the term sequence-controlled copolymers[39–46] was defined as 

“…macromolecules in which monomer units of different chemical nature are arranged in 

an ordered fashion” by LUTZ, OUCHI, and SAWAMOTO in 2013.[39] Especially block 

copolymers (BCP)s are of interest, due to their self-assembly (SA) behavior,[47–50] 

which is the basis for several applications, such as drug delivery,[51] organic 

optoelectronics,[52] or as supramolecular materials for membranes.[53] The 

experimental SA of copolymers, supported by theoretical studies such as the Flory-

Huggins theory[54,55] or the self-consistent mean field theory (SCMFT),[56] has been 

extensively investigated since the 1960s for the SA in bulk,[57–61] and from 1995 on also 

for the SA in solution.[62–64] In particular, the tuneability and predictability of the formed 

morphologies, dependent on the dispersity[65–76] and the shape of the molecular weight 

distribution[77–79] have emerged as hot topics in modern polymer chemistry and 

nanotechnology. 

However, since the field of polymer chemistry has always been the science of 

distribution and dispersity, the synthesis of perfectly defined structures, as present in 

biopolymers by nature, remained an unreached goal for a long time.[43] Based on the 

sequence-defined primary structure, where all molecules exhibit a similar monomer 

arrangement and molecular weight (i.e. Đ = 1.00)[80] the formation of secondary or 

tertiary architectures, such as the DNA double helix by Watson-Crick base-pairing[81] 

enables unique and complex biochemical processes. With the transfer of the uniform 

structure to synthetic polymers, insights into the distinct structure-property relationship 

of macromolecules were accessible and made a significant contributions to material 

and life science.[82–88] 

Pioneering work in the field of synthetic uniform biopolymers has been done by ROBERT 

B. MERRIFIELD with the development of the Solid-Phase-Peptide-Synthesis (SPPS) in 

1963,[89] for which he was awarded the 1984 Nobel Prize.[90] The concept was 

transferred to other classes of polymers, such as peptoids,[91] glycopeptides,[92] or 

oligonucleotides,[93,94] and has set the foundation for an enormous variety of synthetic 

sequence-defined polymers.[83,95] Different approaches, including solid-[96–98] and liquid 

phase,[99,100] or solid supported synthesis,[101] single unit monomer insertion (SUMI),[102] 

or template assisted synthesis were investigated.[103,104] In this context, the iterative 
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exponential growth (IEG) strategy, which was developed by WHITING et al. in 

1982,[105,106] and the bidirectional growth strategy[107–110] allows a fast build-up of 

uniform macromolecules, while being limited in the degree of definition. In contrast, 

stepwise iterative approaches enable the highest possible definition, while suffering 

from a slow build-up.[83]  

With digitization, the global amount of data is increasing exponentially[111] and 

sequence-defined molecules have gained interest as alternative data storages.[84,86] 

DNA and RNA as natural information carriers were considered as an inspiration and 

the decoding of the human genome and protein sequencing were among the biggest 

scientific achievements of the 20th century.[112–115] Pioneering work in the field of 

information-containing synthetic sequence-defined macromolecules has been done by 

LUTZ et al.[116–147] which has become one of the hot topics in modern polymer 

chemistry.[84,86,110,148–163] In this context, multicomponent reactions (MCR) such as the 

Passerini-three component reaction (P-3CR)[164] or the Ugi-four component reaction 

(U-4CR)[165] emerged as powerful tools to achieve sequence definition in a 

macromolecule.[149–151,153,166–170] In order to read the encoded information, tandem 

mass spectrometry (MS/MS), which was developed by JEAN FUTRELL und DEAN MILLER 

in 1966[171] in combination with electrospray ionization (ESI, since 1968)[172,173] or 

matrix-assisted laser desorption/ionization (MALDI, since 1985)[174,175] has been 

established as a powerful tool. 

In this thesis, uniform block copolymers are prepared via an iterative exponential 

growth strategy aiming for investigations on the distinct structure-property 

relationships. Furthermore, small defined organic compounds were studied as 

potential molecular data storages. 



INTRODUCTION 

 

4 

 

  



THEORETICAL BACKGROUND 

 

5 

2. THEORETICAL BACKGROUND 

2.1. Sequence-definition in polymer chemistry 

Inspired by the highly defined structure of biomacromolecules, such as DNA, which 

carries the genetic information for the functioning of evolution, growth and reproduction 

of all known organisms and many viruses,[81,176–180] a new branch of research has been 

established: The synthesis and characterization of uniform, sequence-defined 

macromolecules. Over time, synthesis and purification methods have been developed, 

the structure-property relationships were investigated, and the application in areas 

such as data storage were demonstrated.[82–88] Within this chapter, the different 

synthetic approaches as well as selected examples for research on purification 

methods are described. 

 

Figure 1: Classification of polymers depending on the degree of control. Adapted from the 

literature.[45,181] 

The class of uniform polymers is defined by the International Union of Pure and Applied 

Chemistry (IUPAC) as a “A polymer composed of molecules uniform with respect to 

Sequence-controlled Polymers

Sequence-defined Polymers

uniform: Đ = 1.00

biopolymers

synthetic sequence-
defined polymers

sequence-regulated
polymers

block copolymers

alternating
block copolymers

chain positioned polymers

non-uniform: Đ > 1.00
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relative molecular mass and constitution”.[80],I It is a subgroup of sequence-controlled 

polymers, which was defined for the first time in 2013 by LUTZ, OUCHI and SAWAMOTO 

as “…macromolecules in which monomer units of different chemical nature are arranged 

in an ordered fashion” (Figure 1).[39] 

Block, alternating, and periodic copolymers, chain positioned polymers or sequence-

regulated polymers are examples for synthetic sequence-controlled polymers. The 

simplest representatives consist of two different monomer units (A and B), which are 

arranged in a specific order. The reaction protocols rely on well-known polymerization 

techniques, such as chain and step growth polymerization. Yet, since traditional 

polymer chemistry has always been the science of dispersity and distribution, new 

strategies, such as living anionic[4,12,182,183] or controlled radical polymerizations 

(ATRP,[14,184] NMP,[22] and RAFT[17,18])[185,186] were developed to achieve a higher 

control over the sequence. However, these polymers exhibit chain-to-chain 

distributions in their composition and molecular weight, and thus a dispersity Đ >1.00. 

Several examples for sequence-regulated approaches were reported in the literature, 

which are not further described within the scope of this thesis.[39,42,45,187,188] In contrast, 

sequence-defined, uniform macromolecules are compounds of one single molecular 

weight, with a perfectly defined monomer sequence and show a dispersity of Đ = 1.00. 

These include biomacromolecules known from living organisms, e.g., proteins, DNA 

and RNA, which are synthesized via biological procedures, such as ribosomal protein 

synthesis or DNA replication. Their perfectly defined structure is crucial for the 

formation of secondary and tertiary structures. These complex architectures enable 

their essential properties for biochemical processes, such as self-replication, 

biocatalysis, self-assembly, and molecular recognition.[179,189–191] Thanks to the 

development of solid phase peptide synthesis (SPPS)[89] and the phosphoramidite 

synthesis,[93,94] manmade DNA and peptides are accessible. However, they are limited 

to the building blocks provided by nature, the five different nucleobases adenine (A), 

cytosine (C), guanine (G), thymine (T), and uracil (U) and the 22 proteinogenic amino 

acids. The advantage of non-natural synthetic sequence-defined polymers is the 

possibility to design more complex sequences due to the access to a plethora of 

building blocks’ structures. 

 
I The terms “monodisperse” and “polydisperse” are deeply rooted in the literature and still frequently 

used by the community.[80] 
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To achieve uniformity, several synthetic approaches, based on solid-,[96–98] 

liquid-,[99,100] and fluorous-supported synthesis,[192–195] as well as polymer-tethered 

protocols,[101,144,196,197] were investigated,[83] which are further divided into four different 

concepts, as shown in Figure 2. 

 

Figure 2: (a) unidirectional iterative coupling, L = n(1+g); (b) bidirectional iterative coupling L = n(1+2g); 

(c) chain doubling (IEG), L = 2gn; (d) chain tripling, L = 3gn, where L = length of the oligomer/polymer, 

g = number of couplings, n = monomer units in the starting material.[83,198] 

The stepwise addition of one monomer unit per coupling step “g” to either one end of 

the growing chain in the unidirectional chain growth (a), or both ends of a difunctional 

molecule in the bidirectional growth (b) is time-consuming to obtain long-chain 

macromolecules. More rapid strategies are the iterative exponential growth (IEG) (c) 

and the chain tripling approach (d). However, they offer the least control over the 

sequence and thus the IEG is mostly applied for the synthesis of uniform 

homopolymers and alternating copolymers (examples are described in chapter 2.2 and 

2.3), whereas chain tripling is not commonly used. The advantage of methods (a) and 

(c) is the possibility to achieve monofunctionalized products, whereas for concepts (b) 

and (d) often a large excess of the building block is necessary to prevent the formation 

of side products via monofunctionalization.  

The most prominent example of an unidirectional chain growth concept was developed 

by ROBERT BRUCE MERRIFIELD in 1963, who did pioneering work on the solid phase 

peptide synthesis (SPPS),[89] for which he was awarded the Nobel prize in 1884.[90] 

The synthesis consists of a two-step iterative chain elongation cycle including an amide 
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coupling and a deprotection step. In this concept, the peptide is built from the C to the 

N-terminus. Thus, in the first step, a tert-butyloxycarbonyl- (boc) or 9-fluorenyl methoxy 

carbonyl (Fmoc) -protected amino acid is attached via the C-terminus to the linker of 

the resin (highly crosslinked copolymers of styrene and 1,4-divinyl benzene or 

poly(acrylamide)). Afterwards, the amine protecting group is cleaved, followed by the 

coupling with another protected amino acid. In the final step, the peptide is cleaved 

from the solid support and the protecting group is cleaved to obtain the 

sequence-defined molecule.[89] 

 

Scheme 1: General reaction scheme for the SPPS developed by MERRIFIELD.[89,199] 

The advantage of a simple workup procedure via filtration and washing steps allows 

the use of large excess of the reactant to achieve quantitative yields in each step[200] 

and the automatization of the complete process, which was already reported three 

years after its development, in 1966. This way, the rapid preparation of long chain 

peptides with a minimum of effort is accessible and the syntheses of bovine insulin 

containing 52 amino acids and ribonuclease A containing 124 amino acids were 

demonstrated.[201–203] 

Besides the initial use of the SPPS to synthesize sequence-defined peptides, the solid 

phase chemistry was transferred to peptoid and nucleotide sequences[42,91,93,94,204–206] 

as well as non-natural molecules (so called solid phase organic synthesis, SPOS).[207] 

A recent example for the synthesis of thiolactone-based sequence-defined 

macromolecules via a unidirectional growth strategy (Figure 2 (a)) employing solid 

phase chemistry was demonstrated by the group of DU PREZ in 2013 and is still 

continuously investigated. In the initial approach, a thiolactone building block, 

equipped with a Michael acceptor, was used. A ring-opening of the thiolactone was 

conducted using an amine as nucleophile as well as for the introduction of the side 

chain definition. The resulting thiol was reacted in a thia-Michael addition with a second 
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thiolactone building block to complete the reaction cycle. By repetition of the two-step 

iterative chain elongation cycle, sequence-defined tetramers were successfully 

prepared.[208] Based on this study, the initial building block was replaced by 

α-isocyanato-γ-thiolactone and two different strategies were investigated, shown in 

Scheme 2. In the first one (upper reaction cycle) the thiolactone motif was incorporated 

as a thioether into the backbone structure of the growing chain. An amine was 

employed for a nucleophilic ring-opening of the α-isocyanato-γ-thiolactone and the 

introduction of a sidegroup.  

 

Scheme 2: Overview of the different approaches for the synthesis of sequence-defined macromolecules 

via thiolactone chemistry. In the upper reaction cycle, the thiolactone motif is incorporated into the 

backbone structure.[209],[152] In the lower reaction cycle, an amino alcohol was employed for the 

nucleophilic ring opening of the thiolactone. Sidechain definition was achieved via modification of the 

resulting thiol.[98],[210],[211],[155,212] 

Subsequently, an alcohol function was introduced either via a thia-Michael addition 

(2019),[209] or with another nucleophilic ring-opening of an epoxide (2021),[152] 
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introducing a second sidechain. In the next step, the alcohol was reacted with the 

isocyanate of the thiolactone to complete the reaction cycle. 

As illustrated in the lower reaction cycle, an amino alcohol was employed for the ring-

opening of the thiolactone and sidechain definition was achieved via modification of 

the thiol either via thiol-ene reactions (2016,[98] 2017,[210] 2018,[155] 2021[211]) or via 

nucleophilic substitution (2020).[212] As described in the first example, the alcohol 

moiety was reacted with the isocyanate of the thiolactone to complete the reaction 

cycle. All approaches were conducted using solid phase chemistry. Furthermore the 

group has demonstrated the automatization of this concept[209,212] and the application 

of these sequences as information-containing molecules, which is described in detail 

in chapter 2.5.8.1.[152,155] Sequence-defined polyampholytes were obtained, which 

show UCST behavior and could be of interest as cryoprotectants.[211] In another 

approach, the sequence-defined pentamers were conjugated to PEG, which might 

show potentials for biomedical applications.[213] 

A concept based on the use of multicomponent reactions to achieve sequence-defined 

macromolecules via a unidirectional growth strategy was described by our group. Two 

different concepts were demonstrated, which are shown in Scheme 3. In the left 

reaction cycle, a combination of the Passerini three-component reaction (P-3CR) or 

the Ugi four-component reaction (U-4CR) and a thiol-ene was employed in an iterative 

mode. These multicomponent reactions are explained in detail in chapter 2.6.2. In the 

P-3CR, an isocyanide, an aldehyde, and a carboxylic acid react in a one-pot manner 

to a single product, which was used as starting unit of the macromolecule. For the 

aldehyde component, 10-undecenal was employed to introduce a terminal double 

bond for the subsequent thiol-ene reaction with 3-mercaptopropionic acid. This way, 

the carboxylic acid moiety was introduced to complete the reaction cycle and allowed 

the implementation of a further P-3CR. Sidechain definition was achieved by varying 

the isocyanide component.[166] In the Ugi approach, an amine is used as additional 

fourth component. Thus dual side chain definition was achieved, employing unique 

amines.[167] In the right reaction cycle (Scheme 3), an iterative chain elongation, 

consisting of a P-3CR and a subsequent reductive hydrogenation of a benzyl ester 

was conducted. Since toluene is the only side product, which was easily removed via 

evaporation under reduced pressure, an efficient strategy for the synthesis of 

sequence-defined macromolecules was described. Several aldehydes were used to 

introduce sidechain definition, whereas the benzyl ester was implemented via the 
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isocyanide component.[168] The sequence-defined pentamer and tetramer used in the 

joint project for determination of the impurity quantity in a uniform macromolecule were 

prepared according to this procedure.I The corresponding part of the discussion is 

provided in the respective publication.[214] Furthermore, backbone and sidechain 

definition was achieved by varying the isocyano benzyl ester.[150] 

 

Scheme 3: Overview of the synthesis of sequence-defined macromolecules via multicomponent 

reactions. The left reaction cycle includes either a P-3CR or a U-4CR in combination with a subsequent 

thiol-ene reaction to introduce a carboxylic acid to complete the reaction cycle. Sidechain definition was 

achieved by varying the isocyanide component (P-3CR, 2014)[166] or both, the isocyanide and the amine 

component, when using an Ugi reaction (dual sidechain definition, 2015).[167] In the right reaction cycle, 

repetitive P-3CR and subsequent reductive hydrogenation of a benzyl ester were performed for chain 

elongation. Sidechain definition was achieved by employing different aldehydes (2016).[149,168] By using 

unique isocyano benzyl esters, additional backbone definition was accomplished (2020).[150] 

 

Just recently, the application of these sequence-defined molecules as information-

containing molecules was demonstrated for the backbone and sidechain dual 

sequence definition approach,[150] as well as for molecular mixtures (see 

chapter 2.5.8).[149]  

 
I The synthesis as well as the implementation of the purity study for the respective Passerini sequences 

were carried out by MAXIMILIANE FRÖLICH in scope of her dissertation “Increasing the data storage 

capacity of sequence-defined macromolecules”.[214] 
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Approaches for the synthesis of uniform PEGs and sequence defined information-

containing macromolecules based on a unidirectional or bidirectional growth strategy 

(Figure 2 (a) and (b)) are described in detail in chapters 2.2 and 2.5. Further protocols 

for the preparation of non-conjugated, sequence-defined macromolecules described 

by different working groups, are not explained in detail within the scope of this work. 

However, they are not less important for this research area.[82,83,169,215–220] 

Another interesting class of materials are conjugated polymers, where the 

investigations of uniform representatives should give more insight into the structure 

property relationship in terms of their optical and electronical properties. Two different 

approaches for the synthesis of oligo(1,4-phenylene ethynylene)s (OPE)s based on a 

unidirectional growth strategy (Figure 2 (a)) were studied by our group (Scheme 4). A 

two-step iterative reaction cycle, consisting of either a decarboxylative coupling and 

subsequent saponifation of an ethyl ester, or a Sonogashira cross-coupling followed 

by a TMS deprotection, were presented. For the latter approach, TMS-protected 

4-iodophenylacetylenes equipped with different side chains were employed to achieve 

sequence definition.[221] The sequence-defined tetramer and trimer used in the joint 

project for determination of the impurity quantity in a uniform macromolecule were 

prepared according to this procedure.I The corresponding part of the discussion is 

provided in the respective publication.[223] In contrast, for the protocol based on the 

decarboxylative coupling, a 4-bromophenylacetylenes derivates equipped with an 

ethyl ester at the terminal alkyne was employed. This way, a more practical and 

efficient approach, in terms of reaction time and purification effort was presented.[224] 

 
I The synthesis of the respective OPE sequences was carried out by REBEKKA SCHNEIDER in scope of 

her dissertation “Synthesis and Characterization of Sequence-Defined Stiff Oligomers Using the 

Sonogashira Reaction”.[222] The corresponding purity study was carried out by DANIEL HAHN in scope of 

his dissertation “Improved Strategies towards Conjugated Oligo Phenylene Ethynylenes”.[223] 
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Scheme 4: General reaction scheme for the synthesis of OPEs based on a two-step iterative reaction 

cycle consisting either of a decarboxylative coupling and a saponification or a Sonogashira 

crosscoupling in combination with a deprotection.[221,224] 

Further protocols for the preparation of conjugated, sequence-defined 

macromolecules based on a unidirectional or bidirectional growth strategy (Figure 2 

(a) and (b)) described by different working groups, e.g., oligo(phenylene vinylene)s 

(OPV)s,[225–230] oligo(arylene ethynylene)s (OAE)s,[231] or oligo(1,4-phenylene 

ethynylene)s (OPE)s,[232,233] are not explained in detail within the scope of this work. 

For the fast synthesis of large sequence-defined macromolecules, the iterative 

exponential growth (IEG) (also known as divergent/convergent approach) strategy is 

the method of choice. Typically, orthogonal protecting groups are employed. The 

resulting building blocks are splitted into two parts, are separately orthogonally 

deprotected, and coupled in a convergent step. This way, monomers are coupled to 

dimers, dimers to tetramers, tetramers to octamers, and so on, and an exponential 

growth is achieved. However, the introduction of sidechain definition is challenging and 

thus the synthesis is limited to uniform homopolymers or palindromic sequences.[83]  

The first iterative exponential growth was reported in 1982 by WHITING et al., who 

described the synthesis of linear long-chain aliphatic compounds via “molecular 

doubling”. A C12-bromoacetal monomer was employed in a three-step iterative cycle 

consisting of a transformation of the bromine to a phosphine of half of the monomer 

and an acetal deprotection of the second half, followed by the coupling of the 

phosphine and the aldehyde. After repetition of this chain elongation cycle, an octamer 

was obtained.[105,106] 
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An improved strategy based on the IEG, the so called IEG+, was reported by JOHNSON 

et al. in 2015, which is shown in Scheme 5. A monomer building block equipped with 

an epoxide at the one end and a TBS-protected alkyne on the other end was employed 

in a three-step iterative cycle, consisting of the deprotection of the TBS and the ring 

opening of the epoxide with sodium azide. The simultaneously formed secondary 

alcohol was further modified with different electrophiles, thus sidechain definition was 

achieved. Afterwards a CuAAC of the azide and the alkyne towards the corresponding 

tetrazole dimer allows chain-elongation. By repetition of this reaction cycle, uniform 

macromolecules defined in their sequence and stereoconfiguration, containing up to 

32 monomer units, were obtained.[234] 

 

 

Scheme 5: Synthesis of uniform sequence- and stereo-defined macromolecules via IEG+.[234] 

Approaches for the synthesis of uniform polyesters and sequence defined information-

containing macromolecules based on an IEG strategy (Figure 2 (c)) are described in 

detail in chapters 2.2,[235–238] 2.3,[239–244] 2.4.3,[73,74] and 2.5.8.[148,245] Further protocols 

for the preparation of sequence defined macromolecules described by different 

working groups,[246–262] are not explained in detail within the scope of this work. 

However, they are not less important for this research area. 

Besides synthetic approaches to prepare sequence-defined macromolecules, also 

investigations on purification methods and automated techniques have been made to 

achieve uniformity. One example is the fluorous solid phase extraction (FSPE). 

Thereby, the substrate is equipped with an fluorous-tag (F-Tag) and the reaction 
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mixture is purified depending on the fluorophilic/-phobic interactions with a fluorous 

stationary phase. First, the non-F-tagged organic compounds are eluted with 

fluorophobic solvents (e.g., 70-80% MeOH/H2O, 50-60% MeCN/H2O, 80-90% 

DMF/H2O, or pure DMSO). Afterwards, the F-tagged substrate of interest is eluted 

employing fluorophilic elution (e.g., pure MeOH, MeCN, or THF).[263] Similar to the 

SPPS, reactants can be used in excess to achieve quantitative conversion to the 

desired product and removed afterwards effortlessly via simple FSPE. Examples are 

reported by TOUR et al.,[192] ALABI and POREL,[193] ANDERSON et al.,[194] and JIANG et 

al.[195] 

Increasingly, automated synthesis and automated purification methods are 

significantly improving the efficiency of the reaction and purification times of the 

compounds. Examples of this are approaches carried out using flow 

chemistry.[261,262,264,265] Automated silica column chromatography and/or preparative 

SEC are used for the purification of the respective products. Since SEC separates the 

substrates according to their hydrodynamic volume, this method is restricted by the 

resolution limit of the separation columns, of the respective chromatograph, to IEG 

approaches. Due to the exponential growth, the difference in the hydrodynamic volume 

of the reactants and product, above a certain chain length, is sufficient to separate 

them easily by preparative SEC as shown in the example of KIM et al.[148,239,245] For the 

low molecular weight products automated silica column chromatography was used. 

A different approach, the isolation of individual chain length of a narrow-distributed 

product sample on a multigram scale (2 to >10 g), was described by the group of 

HAWKER.[75,266–269] The strategy is based on the separation of 

polystyrene-b-polyisoprene (PS-b-PI)[270,271] and polystyrene-b-poly(methyl 

methacrylate) (PS-b-PMMA),[272] with a low dispersity and an average molecular 

weight of 20-80 kDa, into samples with Đ <1.01 using high-performance liquid 

chromatography (HPLC), reported by CHANG et al. However, the loading quantity for 

preparative purification methods is mostly limited to milligram scales.[95] Making use of 

the advantages of automated chromatography systems, the scalability challenge was 

addressed for different polymer structures, such as oligoacrylates, oligostryrenics, and 

oDMS,[266] oligovinylacetates, conjugated oligomers and block copolymers, such as 

poly(dodecyl acrylate)-block-poly(lactide) (PDDA-b-PLA).[75,95] In this way, a broadly 

applicable and efficient method to obtain uniform structures (also vinyl-based polymers 

that are not accessible via a step-by-step synthesis) was demonstrated. Furthermore, 
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time-consuming repetitive multi step synthesis was avoided, since the narrow-

distributed polymer samples were prepared via conventional controlled polymerization 

techniques in a single step. As an example, automated fractionation of 2.5 g 

PDDA-b-PLA yielded 20 well-defined samples, varying in their chain-length, within one 

hour of purification. Such compound libraries are of great interest for investigations on 

the effect of the dispersity as well as the domain composition on the block copolymer 

self-assembly and the structure property relationship in general (see chapter 

2.4.3).[75,76] However, the separation decreases with increasing degree of 

polymerization (DP), thus only oligomers up to a chain length of 15 repeating units 

were described yet.[95] 

Within this work, the IEG approach according to the report of HAWKER et al.[240] and 

BRUCE et al.[273] were used for the preparation of uniform PCL and uniform PEG 

homopolymers, respectively (see chapter 2.2 and 2.3 for the description of the 

methods and 0 and 4.2 for the discussion of the results observed within this work).  
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2.2. Uniform polyether  

2.2.1. Ethylene glycol-based uniform polyethers 

Parts of this chapter and the associated supplementary information have already been 

published: 

Bohn, P., Meier, M.A.R. Uniform poly(ethylene glycol): a comparative 

study. Polym. J. 52, 165–178 (2020). https://doi.org/10.1038/s41428-019-0277-1.[274] 

In 1859, LOURENÇO and WURZT independently reported the synthesis of PEG for the 

first time.[275] Today, the standard protocol for the preparation of PEGs is via anionic 

ring-opening polymerization (aROP) of ethylene oxide, which was already studied by 

PAUL FLORY in the 1940s.[276] Due to the living character of the aROP, a control of the 

molecular weight and its distribution is possible, therefore providing access to 

tailor-made PEGs.[277] 

Poly(ethylene glycol)s (PEGs) are versatile,[278–280] biocompatible,[281,282] chemically 

stable,[283,284] flexible,[285–287] relatively non-toxic,[288,289] and water-soluble 

polymers.[290] These polymers are most frequently used in biopharmaceutical research 

as well as for everyday detergent applications. PEG-ylation[291–299] of 

biomacromolecules, such as proteins and peptides, or small therapeutic molecules has 

been shown to improve the pharmacological properties of these compounds, for 

instance by increasing their solubility[300] and stability, and influencing their 

pharmacokinetics and mode of action (for instance, the oral bioavailability is 

enhanced).[291,301–303] PEG also increases the size of the conjugate and acts as a steric 

shield to protect counterpart active ingredients against recognition by the immune 

system.[304] By increasing the half-life of drugs in vivo, the dosing frequency can be 

reduced.[305–309] Furthermore, PEGs are applied in many other fields, such as 

bionanoparticles,[310] electrolytes,[311] nanocomposite films,[312] and organic–inorganic 

hybrid materials.[313] Particularly in medicine, where heterogeneity influences the 

biological activity of PEG-ylated drugs (e.g., their toxicity and efficacy), it is essential 

to use uniform PEGs to obtain distinct structure–property relationships and to precisely 

adjust the aforementioned functions. 

PEGs with very low dispersity and more than four EG units, i.e., tetra(ethylene glycol), 

are commercially not readily available and are rather expensive (111 EUR/g for 

PEG8 ≥ 95%[314]). Separation via either distillation or preparative size exclusion 
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chromatography (SEC) of a nonuniform (polydisperse) polymer mixture would be a 

Sisyphean task, due to the similar physical properties of the different chain length. 

Thus, over recent decades, several working groups have developed different methods 

to synthesize uniform PEGs (Figure 3).[13,107,108,195,198,236–238,273,315–322] 

 

Figure 3: Previous work on the synthesis of uniform PEGs; 1936: first reported PEG obtained by reacting 

dichloro- and mono-alkali ethylene glycol alkoxides;[13,321] 1992: bidirectional growth using a PEG-

ditosylate and a mono-tritylated ethylene glycol[107] or a mono-alkali ethylene glycol alkoxide (1994);[315] 

1999: reaction of a protected ethylene glycol with another EG unit, bearing a protecting group and a 

leaving group;[238] 2003: synthesis of asymmetric PEGs via iterative exponential growth using orthogonal 

protecting groups;[236] 2006: bidirectional growth applying a monobenzyl ethylene glycol tosylate and a 

diol;[108] 2008: synthesis of symmetric PEGs using monobenzyl ethylene glycol blocks;[316] 2009: 

improvement of the IEG strategy reported by HILL et al.;[237] 2014: iterative unidirectional growth a by 

using a benzyl hub[198,322] and b via fluorous synthesis.[195] c Improvement of the ether synthesis 

reported by TANAKA et al. and DAVIS et al.[273] d Practical and scalable chromatography-free method 

using a protection/deprotection strategy;[317] 2015: preparation of asymmetrical and uniform PEGs via 

nucleophilic ring opening of macrocyclic sulfates;[318] 2016: chromatography-free synthesis via iterative 

monofunctionalization of tetra(ethylene glycol);[319] 2017: unidirectional growth using a Wang resin as a 

solid support.[320] Adapted from the literature.[274] 

1936 1994 2003 2008 2014 2016

1992 1999 2006 2009 2015

H. Hibbert

L. W. Jenneskens

M. Kamachi A. M. Hill

M. Tanaka B. G. Davis

a) A. G. Livingston b) Z.-X. Jiang
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K. KinbaraC. J. Springer

C. J. Burns

2017
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These approaches to synthesize uniform macromolecules are based on iterative 

methods. Hence, the preparation of high molecular weight macromolecules that retain 

their uniform nature requires particular synthetic effort, including the use of protecting 

groups and an excess of starting materials to achieve maximum yield for 

monofunctionalization. Here, the Williamson ether synthesis I  is the reaction 

mechanism of choice.[323] However, due to the often employed harsh conditions (i.e., 

>100 °C for several hours), where elimination is the most significant side reaction, 

tedious purification after each step to achieve highly pure products is crucial.[324] 

In 1936, HIBBERT and coworkers reported a dodeca(ethylene glycol) by reacting a 

dichloro- and a mono-deprotonated ethylene glycol, and an oligo(ethylene glycol) with 

42 repeat units was reported in 1939.[13,321] KAMACHI et al. adopted this approach in 

1994 by replacing the dichloro compound with a ditosylate to obtain a PEG28.[315] In the 

last three decades, four different concepts (unidirectional and bidirectional growth, 

IEG, and chain tripling) to obtain uniform structures were developed, which were 

already mentioned in chapter 2.1 in Figure 2. 

JENNESKENS and coworkers described the synthesis of a dodeca(ethylene glycol) via 

bidirectional growth of a mono-protected and a ditosylated tetra(ethylene glycol).[107] 

The product was obtained in 95% yield over two steps on a multigram scale. By 

reacting two equivalents of a monobenzyl tetra(ethylene glycol) tosylate with a 

PEG36 diol, a uniform PEG44 was prepared by TANAKA and AHMED with an overall yield 

of 17% in nine steps on a 1.6 g scale.[108] In 2008, SPRINGER et al. obtained a 29-mer 

in an overall yield of 36% (490 mg) in six steps via bidirectional growth starting from 

hexa(ethylene glycol).[316] Based on the procedure of TANAKA and AHMED, the group of 

BRUCE achieved a bis-methyl-protected 24-mer on a multigram scale with the highest 

purity reported to date, as determined by MALDI-MS (>98% after one ether coupling 

and >95% after three couplings).[273] More recently, JIANG and coworkers described a 

new strategy for the synthesis of uniform PEGs, taking advantage of a macrocyclic 

sulfate (MCS), which circumvents the protection and activation steps.[318] An overview 

 
I The Williamson ether synthesis was developed by ALEXANDER W. WILLIAMSON in 1850 and describes 

the reaction of an alkoxide ion and a primary alkyl halide via a conventional SN2 mechanism after initial 

deprotonation of the alcohol, resulting in the desired ether. 
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of the synthesis protocol is shown in Figure 4. In the initial step, the diol is converted 

into a macrocyclic sulfite using thionyl chloride, which is oxidized in situ to the MCS in 

a one-pot reaction. A bidirectional growth was performed by using tetra(ethylene 

glycol) for the ring-opening of the cyclic sulfate. This way, a 36-mer was prepared in 

four steps with an overall yield of 50%. A PEG64 mono methyl ether was synthesized 

in eight steps and an overall yield of 15% using sodium methoxide as a nucleophile 

and the macrocyclic octamer for the iterative ring-opening. The macrocycles are not 

limited to OEG-diols, thus eight examples of macrocyclic sulfites containing either 

longer aliphatic diols, thioethers or double- and triple bonds in the backbone were 

presented. Furthermore, 19 different nucleophiles were successfully employed for the 

ring-opening, thus providing a powerful reaction protocol for the mono functionalization 

of diols.  

 

Figure 4: Overview of the reaction protocol reported by JIANG et al. The macrocyclic sulfates are 

prepared in a one-port reaction of the diols with thionyl chloride and subsequent oxidation with NaIO4. 

Mono functionalized PEGs are obtained via nucleophilic ring-opening of the MCS.[318] 

The disadvantage of the bidirectional concept and chain tripling (Figure 2 (b) and (d)) 

relates to the fact that only symmetric products are achieved via bidirectional growth. 

Since single post-functionalization of PEGs longer than 12 repeating units is 

challenging due to the lack of selectivity,[107] unidirectional approaches (Figure 2 (a) 

and (c)) describe a more versatile approach. Furthermore, full conversion via 

approaches (b) and (d) (Figure 2) is difficult to achieve. For example, chain tripling of 

PEG16 with α-benzyl-ω-tosyl hexadeca(ethylene glycol) yielded a mixture containing 

31% monobenzyl PEG32 and 8% bis-dibenzyl PEG48.[237] In the iterative exponential 

growth strategy (Scheme 6), orthogonal protecting groups are necessary. Repetition 

of a coupling reaction and subsequent selective deprotection leads to the elongation 

of the PEG chain. In 1999, BURNS et al. prepared hexa(ethylene glycol) on a 17.0 g 

scale in 80% yield.[238] Uniform dodeca(ethylene glycol)s were synthesized by HILL 

et al. on multigram scales with overall yields between 49 and 55%, starting from 

hexa(ethylene glycol) building blocks. Furthermore, 1.65 g of a PEG24 was obtained in 
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an overall yield of 43%.[236] DAVIS and coworkers described the syntheses of 

PEG32 and PEG48 in purities >98%, determined via MALDI-MS. In addition, hydroxyl-, 

azido-, and amino hexadeca(ethylene glycol) monomethyl ethers were prepared on 

gram scales with purities >99.8%.[237]  

 

Scheme 6: General reaction scheme for the synthesis of uniform PEGs via an IEG strategy using 

orthogonal protection groups. PG = protecting group, X = leaving group. 

To avoid tedious purification steps, BAKER et al. reported a chromatography-free 

synthesis using tetrahydropyranyl (THP) and benzyl protecting groups and taking 

advantage of selective extraction. A practical and scalable method for the preparation 

of asymmetric and well-defined PEGs was developed. In this way, benzyl 

octa(ethylene glycol) was obtained on a 100 g scale.[317] 
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LIVINGSTON, GAFFNEY and coworkers applied unidirectional synthesis (Figure 2 (a)) 

towards heterofunctional uniform oligo(ethylene glycol)s by using a three-armed 

“benzyl hub” (Figure 8). Iterative chain extension with mono-protected octa(ethylene 

glycol) in combination with simplified purification, end-group functionalization, and 

cleavage from the core unit, in the final step, was conducted. In this way, 

PEG24 monomethyl ether (yield 37%) and PEG56-acetoxy-monomethyl ether in an 

overall yield of 13% were obtained on a milligram scale.[198,322] Furthermore, combining 

this method with a molecular sieving strategy, a highly efficient approach was 

demonstrated for the synthesis of sequence-defined polyether. Site-selective post 

polymerization allows a huge variety of tailor-made products, suitable for applications 

in nanotechnology, healthcare and information storage.[325] 

 

Figure 5: Schematic overview of the synthesis of uniform PEG reported by LIVINGSTON et al. The PEG 

chain is extended using a benzyl hub as core molecule and cleaved after reaching the desired chain 

length.[198,325] PG = protecting group. 

In addition, JIANG et al. prepared well-defined oligo(ethylene glycol)s in a step-by-step 

manner on a fluorous tag, which allows simple purification via fluorous solid-phase 

extraction (FSPE) and solid-phase extraction (SPE). PEG20 was obtained in an overall 

yield of 13% in 13 steps on a gram scale.[195] 

Recently, FANG et al. reported the synthesis of PEG12 on a 36 mg scale with an overall 

yield of 81% in five steps via the stepwise addition of a dimethoxytrityl tetra(ethylene 

glycol) tosylate on a Wang resin and monobenzyl PEG12 on a gram scale with an 

overall yield of 80% in five steps using benzyl-protected building blocks. By applying 

this approach, column chromatography was completely avoided, milder reaction 

conditions were applied, and post-functionalization after cleavage was possible. The 

purity of the products was determined with ESI and MALDI-TOF MS and was described 
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as "close to monodispersity". Further attempts for chain elongation to PEG16 and 

PEG20 led however to mixtures with different chain lengths.[320] 

It is worth mentioning that, in the literature, purification methods are not always 

reported and product characterization by multiple techniques, including at least one 

chromatographic analysis, is often neglected. As the importance of complete 

characterization, especially for sequence-defined compounds is inevitable to ensure a 

uniform structure, chapter 4.1.1.3 will focus on the thorough discussion of uniformity 

confirmation by the major analytic techniques including SEC, NMR, and MS. 

2.2.2. Non-ethylene glycol based uniform polyethers 

In 1983, CHIELLINI and coworkers reported the preparation of uniform 

(S)-1,2-propanediol dimers and trimers via iterative Williamson-type etherification of 

the sodium salt of the mono benzyl- or mono trityl protected monomer and the 

orthogonally THP protected (S)-1,2-propanediol tosylate.[326] 

PECEC and ASANDEI presented the synthesis of an uniform liquid crystalline polyether 

based on 1-(4-hydroxy-4′-biphenylyl)-2-(4-hydroxyphenyl)butane (TPB) monomer 

units linked via an aliphatic C10 spacer in 1997. Starting from the dimer, a three-step 

iterative cycle, consisting of separate activation of the alcohol via mesylatation and 

deprotection of the benzyl ether through reductive hydrogenation, followed by a 

subsequent coupling via etherification, was performed. Thus, a chain doubling was 

achieved per iteration and the successful preparation of a 16-mer was reported. A 

general reaction scheme of the reported iterative reaction cycle is shown in Figure 6. 

The obtained 16-mer was further employed in a final bidirectional growth with a 

monomer diol, resulting in a doubly benzyl protected 33-mer. Investigations on the 

phase behavior of the oligomers dependent on the chain length and the end groups, 

were performed using DSC.[235] 
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Figure 6 General reaction scheme for the three-step iterative chain elongation cycles of TPB connected 

with an aliphatic C10 spacer.[235] 

The preparation of uniform oligo(butylene glycol) and oligo(propylene glycol) was 

described by GIN et. al. in 2003. Two different synthetic protocols were demonstrated. 

The first involves an iterative cycle of an IBX-mediated oxidation, the formation of an 

acetal, and a reductive ring opening. This way, a penta(1,4-butylene glycol) was 

prepared. The second iterative approach for the formation of hexa(1,3-propylene 

glycol) involves a phase-transfer etherification and subsequent reductive 

hydrogenation of the benzyl ether.[327] 

In addition to the ROP of ethylene oxide resulting in disperse PEGs and the mentioned 

iterative approaches to achieve uniformity, a novel approach for the synthesis of 

uniform PEGs via a GaBr3-catalyzed reduction was investigated within this work. A 

general introduction is provided in the next chapter. 
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2.2.3. GaBr3-catalyzed ester-to-ether reduction as synthetic tool 

In addition to the classical Williamson ether synthesis,[323] other approaches for the 

preparation of ethers have been developed over time, e.g. the Mitsunobu reaction,[328] 

the copper-mediated Ullmann-type[329–331] and Chan-Lam couplings,[329,332,333] the 

palladium-catalyzed Buchwald-Hartwig arylation,[334,335] the direct acid-mediated 

etherification of alcohols,[336–339] the addition of an alcohol to an olefin or alkyne 

(hydroetherification),[340–343] but also several reductive approaches, which are 

summarized in the review of CABRERO-ANTONINO et al.[344]  

In 2007, SAKAI et al. reported the first Lewis acid-catalyzed ester reduction towards the 

corresponding ether, using InBr3 as catalyst and Et3SiH (TES) as reductant. The 

reaction was optimized on phenylethyl acetate as substrate and 5 mol% catalyst, 

4 equiv. of TES, chloroform as solvent, and a reaction temperature of 60 °C gave the 

best results with 99% yield after one hour of reaction time (Scheme 7). Employing 

PhMe2SiH as reducing agent resulted in a comparable yield of 94%, whereas with 

(EtO)3SiH, no conversion was observed. Further Lewis acids, e.g., InCl3, In(OTf)3, or 

In(OAc)3 showed no catalytic activity in that reaction. Apolar solvents, such as toluene 

and benzene, gave also high yields of >85%, while low conversions were observed for 

more polar representatives like THF or MeCN. A large substrate scope of 20 examples, 

including lactones and substrates bearing a bromide, a nitro group or a thiophene 

moiety, demonstrated a substantial functional group tolerance of the reduction. The 

corresponding ethers were obtained in yields of 10 – 99%.[345] 

 

Scheme 7: Ester reduction using InBr3 as catalyst and Et3SiH as reductant, according to the procedure 

of SAKAI et al.[345] 
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Furthermore, SAKAI et al. proposed a possible reaction mechanism of the 

InBr3-catalyzed reduction of esters to ethers via a radical pathway, which is depicted 

in Figure 7.[345]  

 

Figure 7: Proposed reaction mechanism of the InBr3-catalyzed reduction of esters to ethers, reported in 

2007 by SAKAI et al.[345] 

In the first, initial step (A), a transmetalation between InBr3 and Et3SiH occurs, followed 

by the radical formation of the catalyst via hydrogen abstraction (B). Afterwards, an 

acetal radical is formed from the respective ester (C), which is subsequently reduced 

by Et3SiH (D). The indium siloxane species is then transformed into the dibromo indium 

hydride and the byproduct of the reaction, hexaethylenedisiloxane (E). In the final step, 

the desired ether is formed via a hydrogen abstraction of the radical intermediate under 

regeneration of the indium dibromide radical species (F). Due to the similar electronic 

configuration, the reduction with GaBr3 and TMDS most likely follows the same 

mechanism.  

Since 2014, the application of GaBr3 and TMDS as suitable reactants for the reduction 

of esters to ethers was presented on different substrates, which are summarized 

Figure 8.[346–349] 
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Figure 8: Overview of the GaBr3-catalyzed reduction with TMDS of different substrates, ranging from 

monoesters to polyesters, as well as lactones.[346–349] 

METZGER and BIERMANN published investigations of the GaBr3-catalyzed reduction of 

high oleic sunflower oil to the corresponding trioleyl ether using TMDS as reductant. 

Compared to the reaction protocols of SAKAI et al., in which 5 mol% InBr3 and TES 

were employed at 60 °C in chloroform, and BELLER et al., using 10 mol% Fe3(CO)12 

and TMDS at 100 °C in toluene, several improvements were reported. In general, the 

reaction was performed under milder conditions, considerably lowering the 

temperature to room temperature, decreasing the quantity of catalyst to 0.5 – 1 mol% 

per ester functionality, while performing the reaction in bulk. Additionally, when 

applying GaBr3 instead of InBr3, a significant decrease from 20 to 7% of the ester 

cleavage to the corresponding oleyl alcohol via overreduction was observed in the 

13C NMR spectrum, leading to the conclusion of GaBr3 being the more efficient and 

milder catalyst. Full conversion of the ester was achieved already after one hour of 

reaction time. The reaction scope was further expanded by the same group to mono 
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methyl esters, triglycerides, and γ- and δ-lactones. Using substoichiometric quantities 

of TMDS and the preference of the lactone group compared to the linear ester was 

shown. The proposed synthesis protocol was employed for the preparation of 

11 ethers, with yields ranging from 44-82%.[346,347] 

The sustainability aspect of the GaBr3-catalyzed reduction compared to other methods 

was used by our group as a novel synthesis protocol of polyethers from renewable 

polyesters in 2018.[348] The experimental procedure was adjusted to the reduction of 

polymers, thus DCM was applied as solvent leading to conversions >99%, as indicated 

by NMR, while suppressing the ester cleavage side-reaction to a minimum. This way, 

the preparation of uncommon and previously unavailable polyethers was achieved. 

Seven different polyethers were obtained in high yields between 83 and 92%, whereas 

a decrease in yield to 34% was observed for more polar polyesters (five examples).  

In 2019, the same protocol was applied to synthesize fatty acid-based 

,’-unsaturated diene diether monomers via reduction of the respective diester 

precursors. Six dienes were obtained in moderate yields between 60-84% and were 

subsequently polymerized via ADMET or thiol-ene polymerization. Afterwards, the 

isolated polymers were further functionalized by oxidation or hydrogenation and the 

thermal properties were investigated.[349] 

In addition, the reduction with silanes is not strictly limited to ester functionalities. 

HUANG et al. reported the successful reduction of amides with TMDS and 

tris(pentafluorophenyl)boron as catalyst in a one-pot reaction. This way, a substrate 

scope of 24 different secondary amines was prepared in yields between 56 and 98% 

(Scheme 8).[350] Using the same combination of catalyst and reductant, the reductions 

of different amides were reported by ADRONOV et al.[351] and CANTAT et al.[352] Further 

reductions of amides to amines using silanes are summarized in a review by 

NAGASHIMA.[353] 
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Scheme 8: One-pot reduction of amides to the corresponding secondary amines using 

tris(pentafluorophenyl)boron (B(C6F5)3) as catalyst and TMDS as reductant. Tf2O = triflic anhydride, 

2-F-Pyr. = 2-fluoropyridine.[350] 

Conclusively, the reduction of esters employing GaBr3 as catalyst and silanes as 

reductants was shown to be a more sustainable and efficient method, compared to 

further (metal-) catalyzed approaches, and especially compared to the Williamson 

ether synthesis, to convert polyesters and small molecule esters into ethers. 

The advantages of milder reaction conditions and the less purification effort, compared 

to classic etherification protocols, was investigated within this work for the synthesis of 

uniform PEGs, which is discussed in detail in chapter 4.1.2. 
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2.3.  Uniform polyester 

The common strategies for the synthesis of polyesters are based on a 

polycondensation of (functionalized) alcohols and (functionalized) carboxylic acids, or 

alternatively the ring opening polymerization of (functionalized) lactones. In the first 

approach, AA + BB-type monomers or AB + BA-type monomers are employed in a 

condensation reaction and small molecules e.g., water, methanol or HCl are formed 

as byproducts. To maximize conversion, often high temperatures and/or vacuum are 

applied, thus removing the byproduct, and shifting the equilibrium to the product side. 

Typically, according to the Carothers equation, a dispersity of Ð = 2 is obtained at full 

conversion and stoichiometric ratio of the functional groups.[354] In contrast, the ring-

opening polymerization (ROP) of cyclic esters allows a certain control of the dispersity 

and thus the physical and chemical properties, due to the living character of the 

reaction.[277]  

Polyesters are an important class of materials, which are widely used in many fields. 

Since this work focuses on uniform PCL and the corresponding PCL-b-PEG BCP, the 

properties and the synthesis via ROP (chapter 2.4.1) are explained in detail.  

PCL is one of the earliest polymers synthesized by CAROTHERS et al. in 1934.[355] It is 

prepared either via polycondensation[356] of 6-hydroxyhexanoic acid or metal-, organo- 

or enzyme-catalyzed ROP of ε-caprolactone.[357–361] Depending on the used approach, 

the ROP proceeds according to four different mechanisms, including cationic, anionic, 

monomer-activated and coordination-inserted ROP.[356] The hydrophobic and 

semicrystalline polymer[362] is highly soluble in various solvents at room temperature, 

e.g. THF, DCM, DMC, or toluene,[363] and furthermore miscible with many other 

polymers, e.g. poly(vinyl chloride) (PVC), poly(styrene–acrylonitrile) (SAN), 

poly(acrylonitrile butadiene styrene) (ABS).[356] Due to its interesting properties such 

as controlled biodegradability,[364] biocompatibility,[365] and possible renewability,[356] it 

is used in various fields of application, e.g. as packaging material,[366,367] as 

adhesives,[368,369] in microelectronics,[370] as well as in biomedicine, where it is 

employed as scaffolds in tissue engineering[371–377] or as long-term drug delivery 

systems.[377–379] Especially for the latter applications, the knowledge about the distinct 

structure property-relationship is crucial, thus synthesis protocols for the preparation 

of uniform PCL (and polyester in general) based on an IEG were reported in the last 

two decades.[240,242,243,380] 
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The synthesis of a uniform polyester was reported in 1995 by HUANG and HERMES. 

Sequence-defined alternating (L-lactic acid)-co-(glycolic acid) oligomers were 

prepared via an iterative exponential growth strategy. Therefore, orthogonal protection 

groups were essential, thus the hydroxy group was functionalized as a 

methoxyethoxymethyl (MEM) ether, whereas the carboxylic acid was capped with a 

benzyl ester. Starting from the (L-lactic acid)-co-(glycolic acid) dimer, the hexadecamer 

was prepared by repetition of the convergent/divergent chain elongation cycle, 

consisting of separate orthogonal deprotection and a subsequent coupling reaction. 

The MEM protection group was cleaved in the presence of TMSCl and NaI and the 

benzyl ester via palladium-catalyzed reductive hydrogenation. For the coupling 

reaction, a Steglich esterificationI was conducted, using DCC and DMAP.[242] 

One year later, in 1996, SEEBACH et al. made use of a similar reaction protocol for the 

synthesis of uniform (R)-3-hydroxybutanoic acid oligomers (OHB). The carboxylic acid 

was protected with a benzyl ester, whereas the alcohol was transferred into a 

tert-butyldiphenylsilyl (TBDPS) ether, which was deprotected with HF in pyridine. For 

the coupling reaction, the carboxyl-terminated building block was converted into the 

corresponding acid chloride derivative. After seven iterations of the 

convergent/divergent reaction cycle, a uniform 128-mer was obtained.[380] 

Furthermore, uniform cyclic polyesters were prepared from the hydroxy acid 

precursors, with 8 – 32 repeating units, applying thiopyridine and CuBr2, which were 

studied as Ca2+-ion carriers through phospholipids bilayers of artificial vesicles.[381] In 

addition, the linear uniform OHBs were coupled to amino acids, carbohydrates, 

 
I The Steglich esterification was described by WOLFGANG STEGLICH in 1978. DMAP is used as catalyst 

and DCC as an activation reagent. In the initial step, the carboxylic acid reacts with DCC to an 

O-acylurea, which forms a N-acylpyridiniumion in a reaction with DMAP. A nucleophilic attack of the 

alcohol to the carbonyl takes place resulting in the corresponding ester under release of DMAP and 

DCU. 

 



THEORETICAL BACKGROUND 

 

32 

coumarin and biotin to increase their water solubility and offer the possibility for 

biochemical investigations.[382] 

Uniform alternating poly(butylene glutarate) oligomers with chain length up to 64 

repeating units were reported by CHAPMAN et al. in 2003. Starting from butane diol and 

glutaric anhydride, an iterative exponential growth strategy was performed using 

9-fluorenylmethoxycarbonyl (Fmoc) chloride and p-methoxybenzyl (PMB) alcohol as 

protecting agents, and EDC/DMAP for the coupling reaction. A careful characterization 

was reported confirming the high purity of the products, as well as yields above 70%. 

However, traces of impurities ranging from the 62 – 66-mer were observed via 

MALDI-TOF for the 64-mer.[243] 

In 2008, HAWKER et al. reported the synthesis of uniform ε-caprolactone oligomers via 

an iterative exponential growth strategy. The reaction scheme of the investigated 

synthesis protocol is shown in Scheme 9. As starting material, ε-caprolactone was 

used, which was transferred into the monomer, 6-hydroxyhexanoic acid, in the initial 

step via a base-catalyzed nucleophilic ring-opening with aqueous sodium hydroxide 

solution. The product was obtained in quantitative yield, employing a continuous 

extraction. A careful study for the selection of the orthogonal protection groups was 

conducted and the alcohol was protected with a tert-butyldimethylsilyl (TBDMS) ether 

and the carboxylic acid with a benzyl ester. Since acyl halides or active ester 

derivatives, used in the subsequent convergent coupling reaction, resulted in low yields 

or minor deprotection of the TBDMS protection group, DCC and 

N,N’-4-dimethylaminopyridine (DMAP) provided the best results up to the tetramer. 

Occurring side reactions, e.g. the formation of unreactive N-acylureas, were 

suppressed using 4-(dimethylamino)pyridinium p-toluenesulfonate (DPTS) for the 

coupling reaction of the larger oligomers. For the separate orthogonal deprotection 

steps, the silyl ether was treated with tetra-n-butyl ammonium fluoride (TBAF) under 

acidic conditions, whereas the benzyl ester was cleaved via palladium-catalyzed 

reductive hydrogenation. By repetition of the chain elongation cycle, consisting of the 

convergent Steglich esterification and the divergent orthogonal deprotection, a doubly 

protected 64-mer was obtained in a purity of >95%. Yields above 90% were obtained 

for the deprotection steps and >65% for the coupling reactions. All molecules were 

carefully characterized with 1H, 13C NMR spectroscopy, SEC and MALDI or ESI-MS. 

Furthermore, the thermal properties were investigated by DSC and the decomposition 



THEORETICAL BACKGROUND 

 

33 

temperatures via TGA, both showing increasing values with increasing chain 

length.[240]  

 

Scheme 9: Overview of the iterative exponential growth strategy towards uniform poly(ε-caprolactone) 

according to the procedure of HAWKER et al. The monomer 6-hydroxyhexanoic acid was prepared via 

nucleophilic ring opening of ε-caprolactone followed by the separate protection of the alcohol and the 

carboxylic acid with TBDMS-Cl or benzyl bromide, respectively. Afterwards an iterative chain elongation 

cycle consisting of a Steglich esterification and separate deprotection was employed, yielding the doubly 

protected 64-mer.[240] 
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Interestingly, two melting points were observed in the DSC starting from the 

hexadecamer, indicating the presence of either two crystallite sizes, a crystal-to-crystal 

transition, or two coexisting crystalline structures. Furthermore, a lamellar crystalline 

structure was observed via SAXS from the octamer on, indicating chain-folding for the 

larger oligomers.[240]  

In the same year, the synthesis and characterization of uniform (L)-lactic acid 

oligomers, based on a similar reaction protocol, was reported by HAWKER et. al. As for 

the uniform ε-caprolactone oligomers, high yields of 70 – 100% were observed for the 

separate deprotection steps as well as for the coupling reaction using DCC or EDC 

(3-(ethyliminomethylidenamino)-N,N-dimethyl-propan-1-amine). All products were 

carefully characterized and the stereogenic sequence was confirmed via 1H NMR 

spectroscopy and single crystal diffraction. Furthermore, the crystallinity behavior and 

the thermal properties were investigated and a distinct structure-property relationship 

was observed, e.g. a higher thermal stability of the uniform structures and compared 

to commercial PLA.[241] 

In 2009, KLOK et al. presented the synthesis of uniform hydrophilic/hydrophobic 

patterned α-hydroxy acid oligomers using (2S)-2-hydroxy-4-methylpentanoic acid and 

(2S)-2-hydroxypent-4-enoic acid as starting materials. Tetrahydropyran (THP) ether 

and allyl ester were selected as orthogonal protection groups, which were cleaved 

separately in the iterative chain elongation cycle with catalytic amounts of p-TsOH and 

via Pd0-catalyzed allyl transfer to morpholine with tetrakis(triphenylphosphane) 

palladium(0) [Pd(PPh3)4]. A Steglich esterification utilizing DCC and DMAP was 

employed for the esterification. This way, a doubly protected octamer was prepared 

bearing allyl side chains, which were then post functionalized in a thiol-ene click 

reaction with various thiols, thus resulting in hydrophilic/hydrophobic patterned 

oligomers, which tend to form foldamer secondary structures.[244] 

Recently, in 2020, KIM and coworkers reported the synthesis of uniform, sequence-

defined aperiodic copolyester. rac-Phenyllactic acid and rac-lactic acid were used as 

starting materials for the preparation of four doubly protected dyads of all 

combinations. Similar to the group of Hawker, the alcohol was protected with a TBDMS 

ether and the carboxylic acid with a benzyl ester. In contrast, EDC was used as 

activation agent in the coupling reaction and the deprotection was performed with 

boron trifluoride etherate (BF3•Et2O). Yields >95% for the orthogonal deprotection 



THEORETICAL BACKGROUND 

 

35 

steps and >70% for the esterification were reported. By repetition of the cross-

convergent chain elongation cycle, the chain length increased in an exponential 

fashion. Thus, a sequence-defined alternating 128-mer and a 256-mer were 

successfully prepared and a high purity was confirmed by a careful characterization, 

including 1H and 13C spectroscopy, SEC and MALDI-TOF. Since the difference in the 

hydrodynamic volume increases with every other coupling step, the sequences greater 

than 16 repeating units were easily purified via fast and efficient recycling preparative 

size-exclusion chromatography in 1-gram scales. Furthermore, the application of these 

compounds as information-containing molecules was demonstrated, which is 

described in chapter 2.5.8.[245]  

In the same year, the group of KIM presented the intramolecular cyclization of uniform 

PLA. Linear precursors up to 1024 repeating units were prepared using the same 

synthesis and purification protocol as mentioned above on gram scales. A decrease of 

the yield in the individual coupling steps from 92% for the 64-mer to 62% for the 

512-mer and a massive reduction of yield to <5% for the 1024-mer was described. By 

increasing the concentration of the alcohol precursor and elongating the reaction time, 

the yield was significantly increased to 59%. However, a trend for the limits in terms of 

chain length was observed for the preparation of sequence-defined macromolecules. 

The functional end-groups were converted to an acetylene and an azide group, 

respectively, resulting in a doubly functionalized macromolecule suitable for an 

intramolecular cyclization via CuBr-catalyzed azide-alkyne click reaction. Due to the 

decrease of the hydrodynamic volume, separation from linear species was 

successfully conducted with preparative SEC. This way, five examples of sequence 

defined macrocycles ranging from 32 to 512 repeating units were prepared. 

Furthermore, a uniform cyclic block copolymer was synthesized from a LA64-b-PL64 

block copolymer precursor, which is described in chapter 2.4.3.[239] 

In 2022, KIM et al. presented investigations to further increase the efficiency of the 

protocol for the synthesis of uniform polymers. A semi-automated synthesis of 

sequence-defined poly(L-lactic-co-glycolic acid)s (PLGAs) applying continuous flow 

chemistry was demonstrated for the preparation of 16 macromolecules containing 64 

repeating units. The compounds were also used as digital polymers for the storage of 

information, which is further described in chapter 2.5.8.[148] 
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Figure 9: Schematic overview of uniform homo and block copolymers prepared via repetitive Steglich 

esterification in an IEG strategy, which were either used as digital polymers or transferred into uniform 

cyclic polymers.[148,239,245] 

In a comparative study of ZHANG and coworkers in 2021, the above-mentioned 

approaches were evaluated and further optimized, resulting in a highly versatile, 

scalable approach with a large functional group tolerance. For the orthogonal 

protection groups, TBDPS ether and tert-butyl ester provided the best results and were 

cleaved with TBAF and p-toluene sulfonic acid/silica gel, respectively. DCC and DPTS 

were used for the convergent coupling reaction. Nine different uniform oligo- and 

polyesters including oligo(lactic acid) (oLA), oligo(glycolide acid) (oGA), 

oligo(p-diocanone) (oPDO), oligo(γ-butyrolactone) (oBL), poly(ε-caprolactone) (PCL), 

oligo(ε-caprolactone-co-γ-butyrolactone) (oCLBL), copolymers of itaconic acid and 

lactic acid (oITALA), copolymers based on 2-butenoic acid and lactic acid (oFULA) and 

oligo(4-hydroxy-2-butynoic acid) (oALKY), up to 256 repeating units, were prepared, 

underlining the highly versatile approach.[383] 
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2.4. Block copolymers 

2.4.1. General introduction and synthetic approaches 

Block copolymers (BCP) together with random, graft, alternating, periodic,[384] 

aperiodic,[181] and gradient copolymers,[385] belong to the general class of copolymers 

(Figure 10),[386] which are polymers obtained from more than one monomer species. 

The properties of copolymers are based on the structure of the used monomers, their 

distribution within the copolymer and the polymer architecture. Block copolymers are 

further divided into different architectures, such as linear, comb, cyclic and star 

BCP.[387] Linear diblock copolymers consist of exactly two different homopolymers, 

covalently linked to each other on one end and represent the simplest block 

copolymer.[388] 

 

Figure 10: Different types of copolymers, depending on the monomer distribution.[386] 

Practically, to obtain a diblock copolymer, the homopolymerization of monomer A is 

commonly performed, followed by the addition of monomer B. Controlled and living 

polymerization techniques, such as reversible deactivation radical polymerizations 

(RDRPs), e.g., ATRP,[385,389] RAFT polymerization,[390] and NMP,[391] or living anionic 

polymerization,[4,186] are the most important methods for the synthesis of precisely 

controlled block copolymers.[58,392–395] After a fast initiation and formation of an active 

center (e.g., carbocation, carbanion, or radical), the propagation of the 



THEORETICAL BACKGROUND 

 

38 

homopolymerization of monomer A occurs until depletion of the monomer in the 

mixture. The active center is still “alive” after complete consumption of the reactants 

and the polymer can either be extended by further addition of monomer or 

functionalized via a terminating agent. For a typical diblock copolymer, monomer B is 

added, and its living/controlled polymerization takes place resulting in chain elongation. 

The term living polymerization was defined by MICHAEL SZWARC in 1956 for the anionic 

polymerization of styrene.[4,186] The key characteristic of a living reaction process is the 

absence of side reactions, such as chain termination of chain transfer,[35,396,397] 

whereas in RDRP, the termination is suppressed, but not eliminated. Furthermore, 

living/ controlled polymerizations show constant propagation rate due to the controlled 

and fast initiation, which results in polymers with defined molecular weight distributions 

with a low dispersity (Ɖ < 1.05).[398,399] In this way, tailor-made BCPs are accessible for 

many fields of application, such as drug delivery systems,[400] surface patterning,[401] 

advanced materials (e.g., thermoplastic elastomers[402]) and many others.[403] 

Another approach for the synthesis of diblock copolymers, which was employed within 

the scope of this thesis is the ROP of lactones (ε-caprolactone), using a macroinitiator 

(mPEG) to obtain the desired block copolymer (mPEG-b-PCL).  

The chain elongation of a ROP can proceed in four different main mechanisms: 

anionic,[404,405] cationic,[404,405] monomer-activated,[406,407] and coordination-inserted 

ROP.[404,405] The respective reaction mechanisms are shown in Scheme 10 on the 

basis of the ring opening of ε-caprolactone. In the anionic ROP (a), an anionic species 

attacks the carbonyl carbon of the lactone, and the cycle is opened at the acyl-oxygen, 

resulting in an alkoxide, enabling the ring-opening of another monomer.[404,405] The 

cationic ROP (b) consists of the formation of a cationic species, followed by a 

nucleophilic attack of the carbonyl oxygen of a second monomer in a bimolecular 

nucleophilic substitution (SN2) reaction.[404,405] In the third mechanism (c), the monomer 

is activated by the catalyst and is subsequently attacked by the activated initiator or 

polymer chain.[406,407] The coordination-insertion ROP is the most common mechanism 

(d). The monomer coordinates to the catalyst and inserts into the metal-oxygen bond. 

The growing chain is attached via an alkoxide bond to the metal during the 

propagation.[404,405] 
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Scheme 10: Main mechanisms of the ROP of ε-caprolactone depending on the employed catalyst. (a) 

anionic;[405] (b) cationic;[404,405] (c) monomer activation;[406,407] (d) coordination-insertion.[404,405]  

Within this work, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was used as organo-

catalyst for the ROP of ε-caprolactone (results are discussed in chapter 4.4). 

Compared to 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or N-methyl-1,5,7-

triazabicyclo[4.4.0]dec-1-ene (MTBD), TBD shows the advantage of simultaneously 

activating both the ε-caprolactone monomer and the alcohol (initiator or polymer 

chain). Thus, no co-catalyst, such as thiourea is required. The activation via TBD and 

ring-opening of ε-caprolactone is depicted in Scheme 11.[356,408] 
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Scheme 11: TBD-catalyzed ROP of ε-caprolactone.[356,408] 

Due to the controlled character of ROPs,[409] it is a prevalent method for the synthesis 

of narrowly distributed block copolymers with versatile characteristics, such as polarity, 

which in turn results in immiscible compartments within the macromolecule. Thus, 

several nanostructures are accessible via self-assembly of the BCPs, making them 

interesting for a large field of applications, such as drug and gene delivery,[410,411] or 

nanoporous materials.[412–416] An introduction to the microphase separation of BCPs is 

provided in the next chapter.  

2.4.2. Microphase separation of block copolymers 

2.4.2.1. Self-assembly in bulk 

Block copolymers are of great interest for many areas of application,[57,403,417] because 

of their ability to form nanoscopic architectures, including spheres, cylinders, 

bicontinuous gyroids, lamellae, etc., via self-assembly (SA).[59–61,418] The SA in bulk 

has been extensively studied theoretically and experimentally since the 1960s and is 

well understood.[57–61] The driving force of this microphase separation (MPS) is an 

unfavorable mixing enthalpy Hmix of the different polymer blocks coupled with a small 

mixing entropy Smix, which is described by the Gibbs-Helmholtz equation (1), where 

T is the temperature. The SA is based on the incompatibility of the block segments that 

prefer to segregate as individual polymer chains, which is not possible due to their 

covalent linkage. As a result, stretching of the polymer segments and MPS occurs to 

minimize the interface between the different blocks. If the Gibbs energy Gmix is 

negative, there is miscibility, whereas phase separation occurs with positive values for 

Gmix. 

∆𝐺𝑚𝑖𝑥 =  ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥       (1) 



THEORETICAL BACKGROUND 

 

41 

The mixing enthalpy Hmix and the mixing entropy Smix for a BCP can be described 

via the Flory-Huggins theory: 

∆𝐻𝑚𝑖𝑥 = 𝑅𝑇
𝐴𝐵

𝐴𝐵 

∆𝑆𝑚𝑖𝑥 =  −𝑅 (
𝐴

𝑁𝐴
𝑙𝑛𝐴 +

𝐵

𝑁𝑏
𝑙𝑛𝐵) 

where NA and NB are the degree of polymerization of the blocks A and B, A and B 

are the volume fractions of corresponding blocks, R is the gas constant, T the absolute 

temperature and () the Flory-Huggins interaction parameter.[54,55],I Thus, the higher 

the degree of polymerization N, the more likely MPS occurs, since the mixing entropy 

Smix has less influence as the chain length increases. Thus the MPS of a diblock 

copolymer depends on: (i) the total volumetric degree of polymerization (N = NA + NB), 

(ii) the relative block volume fractions of block A and B (A + B = 1), and (iii) the 

Flory-Huggins interaction parameter (),[54,55] and thus the temperature T.[419–424] 

Increasing the system temperature results in an increase of the entropy term and thus 

an increase of the miscibility of the blocks. The temperature at which a homogeneous 

phase is obtained is the so-called order-disorder transition (TODT).[424] 

The resulting morphologies of the MPS include various sphere phases, gyroids, 

lamellae, and hexagonal packed cylinders.[425–427] However, owing to the 

aforementioned parameters, the self-assembly morphology is very sensitive to small 

changes in the composition and dispersity of the copolymer.[48,65,428] For instance, 

HILLMEYER and LYND described an increase in the domain spacing of the lamellar 

phase of poly(ethylene-co-propylene)-block-poly(lactide) due to an increase of the 

dispersity, while keeping Mn constant for a high interaction parameter. In contrast, for 

a low interaction parameter, the formation of different morphologies depending on a 

change in dispersity were observed.[65] Not only the dispersity of the polymer sample 

has an influence on their morphologies, but also the shape of the molecular weight 

distribution itself. FORS et al. performed investigations on the impact of the asymmetry 

of the molecular weight distribution on the self-assembly behavior of a copolymer. By 

 
I The Flory–Huggins parameter  was developed by PAUL JOHN FLORY and MAURICE LOYAL HUGGINS and 

describes the excess free energy of mixing and determines the phase behavior for block copolymers 

and polymer blends.[54,55] 
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altering the shape, the morphological phase diagram as well as the polymer properties 

can be manipulated.[77–79] 

The calculated phase diagram of a linear diblock copolymer based on the self-

consistent mean field theory (SCMFT),[56] as a function of the volume fraction  (f) and 

N is shown in Figure 11 a.[429] For a BCP with equal volume fractions of A and B 

(A = B = 0.5) and a value of N > ~10.5, order-to-disorder transition (ODT) occurs. 

Above the ODT, SA takes place with increasing  (f) starting from closely packed 

spheres (CPS) to body-centered cubic spheres (S), to hexagonally packed cylinders 

(C), to bicontinuous gyroids (G), and to lamellae (L). With an inverted BCP 

composition, an inverted morphology course is described (L → G' → C’ → S’ → CPS’) 

(Figure 11).[418] 

 

Figure 11: (a) phase diagram of a diblock copolymer calculated using SCMFT; where f = volume 

fraction;  = Flory-Huggins interaction parameter; N = degree of polymerization; L = lamellae; 

H = hexagonally packed cylinders; QIm3̅m  = body-centered spheres; QIa3̅d  = doubly-gyroid phase; 

CPS = closed-packed spheres, DIS = discorded;[430] Reprinted (adapted) with permission from Matsen, 

M. W.; Bates, F. S., Unifying Weak- and Strong-Segregation Block Copolymer Theories. 

Macromolecules 1996, 29 (4), 1091–1098. DOI: 10.1021/ma951138i. Copyright 1996 American 

Chemical Society (b) different morphologies resulted from the SA of diblock polymers.[431] Reprinted 

from materialstoday, 13/ 5, I. Botiz, S. B. Darling, Optoelectronics using block copolymers, 42-51, 

Copyright 2010, with permission from Elsevier. 
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2.4.2.2 Self-assembly in solution 

Amphiphilic BCPs are also widely applied in the field of biomedicine, pharmaceutics, 

and nanotechnology due to their ability to form designed morphologies via microphase 

separation in solution.[49,432,433] The complexity of the self-assembly of BCPs in solution 

has been actively studied since 1995.[62–64] The driving force is the minimization of free 

energy between each block (A and B) and the surrounding solvent (S) (AS and BS) 

and between the two blocks in solution (AB).[434] This is dictated by the solvophibicity, 

the degree of polymerization of each block, N, and the relative volume fractions, f. 

Furthermore, the SA in solution is primarily determined by the packing parameter p 

(p = v/a0lc), where lc is the length and v the volume of the hydrophobic tail, and a0 the 

optimal area of the head group.[435] The packing parameter can be controlled by the 

BCP composition and concentration, additives, water content and the chosen solvent. 

Changing these parameters results the BCP adopting a different interfacial curvature 

and thus to the formation of different morphologies, such as spheres (p ≤ ⅓), cylindrical 

micelles (⅓ ≤ p ≤ ½), and polymersomes (½ ≤ p ≤ 1) etc. (Figure 12).[436] A BCP 

solution below the critical micelle concentration results in disassembled structures. 

Specific morphologies can be targeted by controlling the volume fraction via 

aforementioned controlled/ living polymerization techniques. By increasing the 

molecular weight distribution, different polymers within the same sample will prefer to 

adopt different interfacial curvatures and thus different morphologies can be formed if 

the copolymer ratio is close to a phase boundary.[66] 
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Figure 12: Morphologies obtained via microphase separation of amphiphilic block copolymers in 

solution. The type of structure depends on the inherent curvature of the molecule, which can be 

estimated via calculations of the packing parameter p, where lc is the length and v the volume of the 

hydrophobic tail, and a0 the optimal area of the head group. Reproduced from Ref 66 (Doncom, Kay E. 

B.; Blackman, Lewis D.; Wright, Daniel B.; Gibson, Matthew I.; O'Reilly, Rachel K. Dispersity effects in 

polymer self-assemblies: a matter of hierarchical control, Chem. Soc. Rev. 2017, 46, 4119-4134.) with 

permission from the Royal Society of Chemistry.[66] 

 

EISENBERG et al. investigated the effect of the molecular weight distribution of 

polystyrene-block-poly(acrylic acid) (PS-b-PAA) BCPs on their self-assembly behavior 

in selected solvents. An increase of the PAA dispersity resulted in decrease in size of 

the formed vesicles, which is explained by the length segregation of the PAA chains, 

that smaller chains segregate to the inner surface while larger chains to the outer 

surface of the vesicle.[67] 

Further studies on the impact of dispersity on the phase segregation of block 

copolymers in solution were performed by CHUNNINGHAM et al.,[68] SAWAMOTO et al.[69] 

and more.[66] Furthermore, interesting results: the formation of increasingly well-

defined particles with an increasing dispersity of the core forming block in the BCP and 

a vice versa trend, were reported by JUNKERS and coworkers.[70] Therefore, the self-

assembly of a copolymer in bulk and in solution relies on several parameters and a 

molecular weight dispersity within the copolymer is not solely confined to size 

distribution of the self-assembled structures. 
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However, the formation of nanostructures via self-assembly in solution is commonly 

conducted in dilution in a post-polymerization process,[63,437–441] which is a significant 

limitation for potential commercial applications. To challenge this problem, polymer-

induced self-assembly (PISA) offers a promising solution. PISA is based on the 

principle of growing an insoluble block onto a soluble precursor block, in a chosen 

solvent. At a critical degree of polymerization (DP), the second block becomes 

insoluble and self-assembly of the BCP occurs.[442–450] Further advantages, such as a 

very high monomer conversion within a short reaction time, broad tolerance to various 

solvents, high reproducibility, access to several morphologies while using different 

living polymerization techniques, make PISA an emerging field in modern polymer 

chemistry.[451–453] 

In order to investigate the morphology of a copolymer, transmission electron 

microscopy (TEM),[454–456] scanning electron microscopy (SEM),[5] atomic force 

microscopy (AFM),[457] and small-angle X-ray scattering (SAXS),[454,455,458] are the most 

common analytical tools. 

In general, the control of the formation of the different morphologies enables a vast 

application area for BCP, for example in micellar catalysis[459] or drug delivery 

agents,[460] in nanolithography,[461,462] organic photovoltaics (OPVs),[463] or in light 

emitting diodes (OLEDs).[52]  

In summary, experimental studies,[65,464,465] supported by theoretical reports,[466–469] 

suggest that an increase in dispersity results in a shifting of the phase boundaries and 

an increase of the domain spacing, which is based in a lower stretching energy due to 

existence of different chain length. However, the complete understanding of the 

influence of dispersity on the formation of morphologies is one of the hot topics in 

polymer chemistry. An improved understanding of the structure-property relationship 

could be provided by the study of uniform block copolymers. This research area is still 

in its infancy, due to the challenge of producing uniform BCPs, which is addressed in 

this work on PEG-b-PCL BCPs. 
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2.4.3. Dispersity effect on the self-assembly of BCPs 

Within this work, PEG-b-PCL BCPs were synthesized and studied. Such block 

copolymers are widely used in the literature as their low toxicity, biocompatibility as 

well as their biodegradability is of great interest for applications in nanotechnology, 

medicine, or biotechnology, e.g., as drug delivery systems, particularly considering 

their micellar formation in aqueous media.[470–472] Hydrophobic drugs are entrapped 

into the PCL core surrounded by the PEG corona that disperses the system in water. 

Thus, drug concentrations that exceed their intrinsic water solubility are facilitated by 

the micellar formations. Furthermore, the PEG shell protects the drug against 

hydrolysis and enzymatic degradation, and increases the blood circulation times.[51] 

The formation of uniform microspheres is crucial to predict their properties, such as the 

delivery of precise drug amounts per micelle to different organs or tissues, optimized 

release kinetics, and the maximum protection of the drug from degradation.[473] These 

parameters can be addressed by fine-tuning the polymer structure, which requires the 

preparation of uniform BCP structures.[387] 

There are many reports investigating the self-assembly and the morphologies of 

PEG-b-PCL diblock copolymers in bulk,[474–476] as well as in solution,[477–480] mainly 

focusing on the influence of the BCP composition of the MPS. In 2016, the group of 

Meier described the effect of the BCP dispersity on the self-assembly and the resulting 

morphologies of PEG-b-PCL.[71] They addressed the fact that the formation of meso- 

and nanoscale structures depends on the method of SA preparation, the block length 

as well as the composition.[479,481–484] In general, mixed morphologies[485] and a 

broadening of the size distribution of the formed aggregates[486] were observed with 

increasing dispersity. For instance, for the SA via film rehydration of a 

PEG(2k)-b-PCL(9.5k) with a dispersity of Ð = 1.14, mainly the formation of mesoscale 

polymersomes was observed,[479] whereas increasing the dispersity to Ð = 1.42 for a 

PEG(2k)-b-PCL(9k) resulted in mostly mesoscale worm-like structures.[482] The group 

of Meier et al. controlled the molecular weight distribution of the SnOct2-catalyzed ROP 

of ε-caprolactone via the reaction time of the homopolymerization. In this way, 

PEG(2k)-b-PCL(16-17.4k) with dispersities, Ð, ranging from 1.08 to 1.55 were 

obtained. For the most defined BCP (Ð = 1.08) polymersomes with a diameter of 

1.6±0.5 µm were obtained, whereas an increase of the dispersity to Ð = 1.23 led to an 

increase in the diameter (4.1±2.5 µm). The BCP with Ð = 1.55 formed different types 
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of polymersomes (elongated and multicompartment) as well as aggregates.[71] They 

further point out the importance of uniform BCP for the preparation of distinct and 

uniform 3D structures, which was addressed within the scope of this work. 

However, since BCPs obtained via living polymerization techniques still exhibit a 

molecular weight distribution (e.g., Ð < 1.05 for living anionic polymerization), further 

approaches were necessary to synthesize uniform BCP with a dispersity of Ð = 1.00.  

Uniform block copolymers 

Pioneering work for the synthesis and investigations on the crystallization and self-

assembly behavior of macromolecules has been performed by the group of 

ZUCKERMANN on sequence-defined peptoid diblock copolymers.[487–489] This also 

includes the publications of MEIJER and coworkers on the phase separation of 

oligo(dimethylsiloxane)-b-oligo(lactic acid) (oDMS-b-oLA) diblock copolymers.[490,491] 

In a comparative study of the phase behavior of oDMS-b-oLA ranging from a dispersity 

of Ð = 1.00 to 1.09, an increase of the self-organization, a decrease of the stability of 

the microphase-separated state, and a decrease of the domain spacing with a 

decreasing dispersity was observed.[72] 

JOHNSON et al. presented the synthesis of uniform diblock copolymers via an IEG+[234] 

strategy, which was already described in chapter 2.1.[73] The complete reaction cycle 

of the synthesis of the uniform homopolymers II containing up to 16 monomer units, 

the subsequent side-chain modification and the formation of the uniform BCP is shown 

in Scheme 12. In the approach reported in 2016, only (R)-glycidyl propargyl ether I 

((R)-GPE) was used, resulting in corresponding L-configurated allyl-homopolymers II. 

Half of the product was post-modified via a thiol-ene reaction with 1-decanthiol. 

Separately, the other half was deprotected and the uniform BCP was formed via a 

CuAAC.  
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Scheme 12: Reaction scheme of the synthesis of uniform BCP reported by JOHNSON et al. (i) n-BuLi, 

TIPSCl, THF, −78 °C to rt; (ii) NaN3, AcOH, DMF, 65 °C; (iii) allyl bromide, NaH, DMF, rt; (iv) t-BuOH, 

Mg(ClO4)2, rt; (v) allyl bromide, NaH, DMF, rt; (vi) H3PO4, rt; (vii) TsCl, 4-DMAP, TEA, DCM, rt; (viii) LiBr, 

DMF, 45 °C; (ix) CuBr, PMDETA, DMF, 50 °C; (x) TBAF, THF, rt; (xi) 1-(azidomethyl)-4-methylbenzene, 

CuBr, PMDETA, DMF, 50 °C; (xii) NaN3, DMF, 35 °C; (xiii) RSH, DMPA, DMF, h (365 nm). The 

different moieties of the thiol in step (xiii) are depicted in the scheme for the approaches of 2016 and 

2018, respectively.[73,74] 

In the final step, the remaining allyl side groups were reacted with either 1-mercapto-

triethyleneglycol monomethyl ether (TEG-SH) or thioglycerol (TG-SH) providing the 

final uniform BCP III a. Investigations on the bulk self-assembly of the BCP according 

to the study of Zuckermann,[489] were performed via DSC, SAXS, AFM and TEM. No 

melting transitions were observed with DSC, indicating that the BCP are amorphous. 

Thermal annealing of both BCPs resulted in a well-ordered hexagonal cylinder (HC) 
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morphology, which was observed by SAXS and supported by TEM, and, for the BCP 

containing the TG sidechains, also via AFM. In addition, polymer backbone distances 

determined by WAXS closely matched the calculated ones.[73] In the report of JOHNSON 

et al. from 2018, stereo definition was implemented into the described BCP by using 

((S)-GPE) and ((R)-GPE) as starting materials, resulting in L-b-L, D-b-L, alt-b-L, 

alt-b-alt configurated BCP III b-e. Instead of the mTEG side group, a TEG side group 

was used. The results show how the stereo definition in the BCP led to interesting 

changes in the self-assembly, which is explained in detail in the respective literature.[74] 

An acid-orthogonal IEG protocol to obtain stereo- and sequence-defined block 

copolymers with a thioetheramide backbone was described by the group of TAO in 

2022.[492] 

Linear and cyclic uniform block copolymers were reported by the group of KIM in 2020. 

As already mentioned in chapter 2.3, an iterative exponential growth protocol was 

conducted for the synthesis of the two uniform homo block copolymers: poly(lactic 

acid) (PLA) and poly(phenyllactic acid) (PPL) (Scheme 13).[239] A TBDMS ether and a 

benzyl ester were introduced as orthogonal protection groups for the alcohol and 

carboxylic acid, respectively, of the monomer building block. In the subsequent 

divergent step, the orthogonal protecting groups were separately cleaved, the silyl 

ether via treatment with BF3 and the benzyl ester under reductive conditions using 

triethylsilane and Pd/C. The subsequent chain doubling was achieved via an 

esterification of the two monofunctionalized building blocks, applying EDC and DTPS. 

By repetition of this three-step iterative chain elongation cycle, a uniform PLA 

containing up to 1,024 monomer units, and a PPL, containing up to 64 building blocks, 

were obtained. The uniform PLA64-b-PPL64 block copolymer was obtained via an 

esterification of the respective 64-mer homopolymers. The linear block copolymer 

PLA64-b-PPL64 was transformed into a cyclic block copolymer c-PLA64-b-PPL64 via an 

intramolecular CuAAC. To achieve this, the protecting groups were orthogonally 

removed, and the alcohol was esterified with 4-pentynoic acid to yield the terminal triple 

bond. The carboxylic acid, on the other hand, was reacted with 2-azidoethanol to install 

the azide functionality. All products from the 64-mer homopolymers on were purified 

on a 1 g scale via preparative SEC, to ensure the absence of low molecular precursor 

molecules. Uniformity of the linear and cyclic block copolymer was confirmed with 

NMR, GPC, and MALDI-TOF analysis. Investigations of the self-assembly behavior 

depended on their topology[493] were performed via self-assembly of the linear and 
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cyclic BCP in solution (methanol). The formation of nanoaggregates with a diameter of 

783 nm (polydispersity (PD) = 0.145) for the linear BCP and a diameter of 117 nm 

(polydispersity (PD) = 0.083) for the cyclic BCP were observed via DLS. Further TEM 

and cryo-TEM results showed spherical morphologies and supported the aggregate 

particle sizes obtained with DLS.[239] Thus the topological impact (linear compared to 

cyclic BCP) on the self-assembly behavior was demonstrated, resulting in a distinct 

insights of the structure property relationships. 

 

Scheme 13: Reaction scheme of the synthesis of linear and cyclic uniform PLA-b-PPL block copolymers 

reported by KIM et al. (i) Et3SiH, Pd/C; (ii) BF3 Et2O; (iii) EDC, DPTS; (iv) Et3SiH, Pd/C; 2-azidoethanol, 

EDC, DPTS; (v) BF3 Et2O; 4-pentynoic acid, EDC, DPTS; (vi) CuBr, PMDETA.[239] 
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In contrast to the aforementioned synthetic procedures, the group of HAWKER reported 

a strategy for the rapid generation of uniform BCP libraries based on automated 

chromatography separation of a narrowly distributed BCP. The operating principle is 

depicted in Figure 13. The reported method presented not only a versatile, scalable, 

and highly efficient method to obtain uniform block copolymers, varying in their block 

volume composition ƒA, but also provided insights into the structure-property 

relationship of the BCP. The influence of the dispersity on the phase behavior is 

presented on different BCP examples, such as PDDA-b-PLA, PDMS-b-PLA, PTFEA-

b-PDDA, PTFEA-b-PDMOA, and PTFEA-b-P(±)MnA.[75] 

 

Figure 13 Overview of the fractionating strategy, reported by HAWKER et al. for the rapid generation of 

uniform BCP libraries.[75] Reprinted with permission from C. M. Bates, A. K. Whittaker, C. J. Hawker, et 

al. Rapid Generation of Block Copolymer Libraries Using Automated Chromatographic Separation, J. 

Am. Chem. Soc. 2020, 142, 21, 9843-9849. 

In another example by HAWKER, BATES and coworkers, the dispersity effect on the self-

assembly behavior of dimethylsiloxane-b-methyl methacrylate (DMS-b-MMA) BCP 

was investigated. A decrease in domain spacing, sharper scattering reflections (SAXS) 

as well as an increase in the TODT was observed for the uniform samples compared to 

the disperse BCP.[76] In this way, a library of well-defined BCPs, varying in their 

composition was obtained via chromatographic fractionation of a narrowly distributed 

sample. Several morphologies were obtained for the individual fraction, which were not 

formed and detected in the parent BCP. This underlines the crucial need of uniform 

molecules for the investigation of the structure-property relationship.  

In conclusion, the copolymer composition is a key parameter in the determination of 

the morphology resulting from the SA both in bulk and in solution. However, the 

complete absence of dispersity has drawn significant attention from the polymer 

chemistry community who have sought to study the SA of copolymers with high 

dispersity and skewed molecular weight distribution. Nonetheless, as uniformity 
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remains challenging, this chapter points out the two different strategies for the 

preparation of uniform BCP: (i) an iterative synthesis of the homopolymers and a 

subsequent coupling reaction and (ii) purification of a narrowly molecular weight-

distributed BCP prepared by controlled/living polymerization techniques. With the 

second method, many different BCP compositions can be obtained within a short 

amount of time, thus obtaining a large amount of information about the phase 

separation behavior of the samples. However, it is limited to milligram scales due to 

the purification methods, whereas by iterative synthesis protocols a desired BCP can 

be prepared in multigram scales. 

The microphase separation depends on three parameters: (i) the total volumetric 

degree of polymerization (N = NA + NB), (ii) the relative block volume fractions of block 

A and B (A + B = 1), and (iii) the Flory-Huggins interaction parameter (),[54,55] 

Selected literature examples were used to illustrate the importance of uniform 

structures for the study of structure-property relationships in relation to self-

assembly.[73–76,239,492] This thesis is a further contribution to this research area and the 

corresponding results on the self-assembly behavior of uniform PEG-b-PCL block 

copolymers is discussed in chapter 4.5. 
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2.5. Molecular data storage in defined structures 

2.5.1. General introduction 

Parts of this chapter and the associated supplementary information have already been 

published: 

Bohn, P., Weisel, M.P., Wolfs, J., Meier, M. A R. Molecular data storage with zero 

synthetic effort and simple read-out. Sci Rep 12, 13878 (2022). 

https://doi.org/10.1038/s41598-022-18108-9.[494] 

The demand for non-conventional data storage solutions is increasing due to 

digitization and the enormous growth in data volumes worldwide. While the total 

amount of data globally was around 5 ZB in 2011, it reached 79 ZB in 2021 and is 

growing exponentially, expected to reach 181 ZB in 2025.[111] As the data carrier of life, 

DNA has come increasingly into focus as a possible alternative data storage medium 

in recent years.[495–499] The data density of DNA is higher than in magnetic tapes, the 

read-out is well investigated via sequencing approaches[500] and it can store 

information for thousands of years.[501] 

Inspired by DNA, an increasing and continuing focus on methods for the preparation 

of synthetic sequence-defined molecules over the last ten years is 

observed.[83,84,86,100,159,167–169,193,208,216,217,220,325,492,502,503] Such unique macromolecules 

have lately gained interest in life and material science, e.g. as data storage devices.[86] 

DNA is limited to the four information-containing nucleobases provided by nature 

(adenine (A), cytosine (C), guanine (G), thymine (T)), and thus long sequences are 

necessary to store large amounts of information. In contrast, the building blocks for 

coding in synthetic molecules can be more diverse, resulting in an increase of the 

permutations per repeating unit, and thus a higher storage density. The data storage 

capacity “n” in bit of a sequence-defined macromolecule is calculated via equation (1), 

where “P” is the number of permutations in the respective molecule. Since one bit in a 

binary code requires two different states (permutations) “0” and “1”, “n” is to the power 

of the base 2. “P” is equal to the number of permutations per repeating unit (PRP) to 

the power of the degree of polymerization (DP). 

𝑃 = 2𝑛                                                                           (1) 

𝑛 =
log (𝑃)

log (2)
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𝑃 = (𝑃𝑅𝑃)𝐷𝑃                                                                 (2) 

As an example, i.e., for the storage of 8 bits in DNA, 256 permutations and thus a 

sequence of four repeating units (tetramer) is required. If the number of permutations 

per repeating unit is doubled, this results in 4096 permutations in a tetramer and an 

increase of the data storage capacity to 12 bits is achieved. 

In this context, pioneering work was performed by LUTZ et al., who presented the 

potential of sequence-defined binary encoded poly(phosphodiester)s,[97,122–126,135,504] 

oligo(triazole amide)s,[145,146,505] oligo(alkoxyamine amide)s,[139–144] oligourethanes,[127–

134,506] and oligo(alkoxyamine phosphodiester)s[136–138] as so-called digital polymers. 

2.5.2. Oligo(triazole amide)s 

In 2014, the group of LUTZ reported the synthesis of encoded oligo(triazole amide)s via 

a chemoselective iterative synthesis of two difunctional building blocks AB and CD. 

The first building unit contained an acid (A) and an alkyne (B) and the second contained 

an amine (C) and an azide function (D). The chain elongation cycle, consisting of an 

amidification of A with C and the subsequent CuAAC of B and D, was conducted on a 

non-modified Wang resin (Scheme 14).  

 

Scheme 14: General reaction scheme of the preparation of encoded oligo(triazole amide)s via a two-

step iterative chain elongation cycle. i: PyBOP, DIPEA; DCM; ii: CuBr, dNbipy, THF; iii: TFA, DCM 

(9:1).[505] 

Incorporation of a binary code, consisting of “0”s and “1”s into the growing sequence 

was achieved by placing two different AB building blocks in a precise order. 

4-Pentynoic acid, bearing a proton in α-position to the ester, was used to write a “0” 

and 2-methyl-4-pentynoic acid, which carried a methyl group in α-position to the ester, 

was used to write a “1”, respectively. In this way, all eight possible triads were 
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synthesized and characterized by 1H NMR spectroscopy, MALDI-TOF MS, and 

SEC.[505] 

One year later, in 2015, an improved protocol was presented by the same group. 

Employing a library of four coded AB dyads of all combinations of 5-hexynoic acid (“0”) 

and 3-methyl-5-hexynoic acid (“1”). An 8-bit octamer sequence was prepared in seven 

coupling steps (successive CuAAC and amidification), instead of 15 coupling steps, 

when using AB monomers.[146] 

The successful read-out of information-containing oligo(triazole amide)s via ESI 

tandem MS was demonstrated in 2016, with a sequence-defined heptamer. The 

fragments resulting from the cleavage of the amide function as well as the ether next 

to the amide (The fragmentation pathway is shown in Figure 14 at the end of this 

chapter) of the protonated parent ion were observed. The complete fragmentation 

pattern was deciphered with 100% accuracy, confirming the structure of the 

sequence.[145] 

2.5.3. Poly(phosphodiester)s 

Making use of phosphoramidite chemistry, the group of LUTZ reported the synthesis of 

non-natural sequence-encoded polyphosphates. For this purpose, three unique 

(dimethoxytrityl) DMT-protected phosphoramidite coding units were used. Thus, a 

propyl group motif was translated into a “0”, a dimethyl-propyl motif into a “1”, and a 

dipropagyl-propyl group into a “1’”. The introduction of the propagyl moieties allowed 

postfunctionalization via CuAAC, and thus control of the stored information encoded in 

the sequence of the sidechains.[126] Repetition of a three-step chain elongation cycle, 

consisting of a phosphoramidite coupling, a phosphite oxidation and subsequent DMT 

deprotection under acidic conditions yielded in information-containing macromolecules 

(Scheme 15). Since this is a well-studied approach for the synthesis of, e.g., DNA, and 

has been optimized over the years for biochemical purposes,[93] the synthesis of long 

chain sequence defined polymers, with more than hundred repeating units was 

accessible in a short amount of time.[507] This way, a binary coded 24-mer[504] and later 

a 104-mer[97] were prepared via solid phase automated synthesis. 
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Scheme 15 General reaction scheme of the preparation of encoded poly(phosphodiester)s via a three-

step iterative chain elongation cycle. i: DMT deprotection: trichloroacetic acid (TCA), DCM; ii: coupling 

step: rt, AcCN, tetrazole; iii: oxidation: rt, I2, H2O/pyridine/THF; iv: cyanoethyl deprotection: piperidine, 

AcCN; v: cleavage: NH3, H2O, dioxane.[504] 

Employing four different monomers for the phosphoramidite synthesis, bearing light 

sensitive o-nitrobenzyl ether or light-inert p-nitrobenzyl ether sidechains, offered the 

possibility to either erase or manipulate the stored information in the sequence after 

irradiation (λ = 365 nm). Furthermore, this approach was used to write a secret 

message, which could not be deciphered by tandem MS upon irradiation with light to 

reveal the initial code. The concept is illustrated in Scheme 16. In the first example 

(Scheme 16a), two o-nitrobenzyl ether motifs, different in mass, were used to write a 

binary code of “0”s and “1”s into the sequence. After irradiation, the different 

o-nitrobenzyl ether were cleaved, resulting in identical and indistinguishable monomer 

units bearing an alcohol function. In the second example (Scheme 16b), o- and 

p-nitrobenzyl ether (“1”), and unprotected building blocks (“0”) were used to store the 

initial data. Since only the o-nitrobenzyl ether was affected by the irradiation and thus 

converted from a “1” to a “0”, a change of the code was obtained. In the last example 

(Scheme 16c), a sequence containing only o- and p-nitrobenzyl ether was prepared. 

Since both building units exhibit the same mass, the individual monomer units are 

indistinguishable. However, similar to the second example, the o-nitrobenzyl was 

deprotected after irradiation, resulting in an alcohol function and revealing a hidden 

code.[124] 
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Scheme 16: Reaction schemes of encoded sequence-defined macromolecules, prepared via 

phosphoramidite synthesis bearing partially photolabile o-nitrobenzyl ether motifs. After irradiation 

(λ = 365 nm), the initial information was either a cleaved, b manipulated, or c revealed.[124] 

The read-out of poly(phosphodiester)s via fragmenting negative mode ESI-MS/MS 

was investigated. Cleavage of all phosphate bonds enabled the complete read-out of 

the poly(phosphodiester) sequences. However, starting from a chain length of more 

than 50 repeating units, the data interpretation was challenging due to the formation of 

multiple charged ions and their uncontrolled dissociation into many fragments, leading 

to complex mass spectra.[125] 

2.5.4. Oligo(alkoxyamine phosphodiester)s 

In order to overcome the issue of the uncontrolled dissociation, an alkoxyamine was 

introduced alternately to the phosphodiester, which acted as a predetermined breaking 

point, due to the low dissociation energy of the C-ON bond.[508] The applied reaction 

protocol relied on a three-step iteration cycle. First, the phosphoramidite coupling of 
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an alcohol and the respective phosphoramidite building block equipped with a tertiary 

alkyl bromide, followed by in situ oxidation of the phosphite ester to the corresponding 

phosphate. Afterwards, the radical-radical coupling of the carbon radical resulting from 

activation of the alkyl bromide with copper bromide and a hydroxy-functionalized 

nitroxide is performed. By repetition of the repetitive chain elongation cycle, shown in 

Scheme 17, a sequence-defined octamer, containing 3 bits per repeating unit, was 

obtained and successfully deciphered with ESI-MS/MS.[125,137]  

 

Scheme 17 General reaction scheme of the synthesis of sequence-defined oligo(alkoxyamine 

phosphodiester)s. i1: phosphoramidite coupling: rt, AcCN, tetrazole; i2: oxidation: rt, I2, 2,6-lutidine, 

THF/H2O; radical-radical coupling: CuBr, Me6TREN, DMSO; ii cleavage: piperidine, AcCN, rt, then 

MeNH2, NH4OH, H2O, rt.[137,138] 

Although the readout was more predictable, due to the predetermined breaking point 

of the C-ON bond, the readout of larger oligomers would still be challenging.[125] 

Therefore, further investigations on the synthesis protocol were conducted by inserting 

coded dyads between two alkoxyamine motifs, in order to simplify the extraction of the 

information.[138] Additionally, employing an alkoxyamine-containing linker molecule, 

polymers of up to 18 one-byte polyphosphodiester sequences connected via 

alkoxyamine motifs were prepared via fully automated phosphoramidite synthesis. For 

this purpose, a library of up to 8 phosphoramidite monomers, and thus 3 bits per 

monomer (triads) was used, resulting in 144 bits per polymer chain.[123]  

The alkoxyamine bonds were selectively cleaved and the polymer decomposed into a 

library of predicable fragments, when subjected to CID (interbyte fragmentation). Since 

these segments could be of the same mass, specific nucleosidic phosphoramidites 

were installed to each segment in the initial sequence as an identification tag. By 



THEORETICAL BACKGROUND 

 

59 

increasing the cone voltage of the mass spectrometer, the individual segments were 

fragmented in a so-called pseudo-MS3 experiment and the manual read-out of the 

complete sequence was successfully demonstrated.[119,123] In order to encrypt the 

fragmentation pattern via a computer-assisted software (MS-DECODER), the aliphatic 

alkoxyamine-containing C3 linker was exchanged with an aromatic linker to prevent 

unwanted mass signals resulting from a rearrangement reaction.[121,135] In this way, the 

en- and decoding of a 440 bits portrait of ANTOINE DE LAVOISIER was demonstrated in a 

single molecule.[120] 

2.5.5. Oligo(alkoxyamine amide)s 

The labile C-ON alkoxyamine linkages in poly(alkoxyamine amide)s acts as a 

predetermined breaking point, rendering this compound class a suitable candidate for 

the use of information-containing molecules. Since there is no competitive low-energy 

bong cleavage in tandem MS, the fragmentation pattern as well as the read-out is 

straightforward. Using three coding units (0 or 1 bit) and two spacer molecules, eight 

pentamers containing all possible binary triads were prepared on a glycine-loaded 

Wang resin in five steps by LUTZ et al.[144] The synthesis is based on an iterative 

strategy consisting of two chemoselective reactions using two AB-type monomers. 

2-Bromopropionic acid anhydride and 2-bromo-isobutyric anhydride were used as 

noncoding (0-bit) and coding (1-bit) building blocks and 4-amino-TEMPO as a spacer. 

The first reaction is a nucleophilic substitution of the TEMPO primary amine with an 

anhydride, yielding an N-substituted amide. The second step is based on a 

radical-radical coupling of the nitroxide with a carbon-centered radical obtained by 

copper activation of the bromo species. Poly(alkoxyamine amide)s, containing a 

nitroxide spacer bearing a carboxymethyl group as α- and a bromine as ω-chain end, 

were obtained with different chain length by repetition of this synthetic cycle (Scheme 

18). Since no protecting groups were needed and fast reactions were selected, 

poly(alkoxyamine amide)s were accessible in a facile and straightforward fashion. 

Moreover, the synthesis on a glycine-loaded polystyrene-based soluble support as well 

as on a non-cleavable polystyrene support, which was obtained via ATRP 

polymerization, was shown, and offered comparable results.[509] 
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Scheme 18 General reaction scheme of the preparation of oligo(alkoxyamine amide)s via solid phase 

chemistry. i: amidation via nucleophilic substitution: THF, DIPEA or K2CO3; ii: radical-radical coupling: 

CuBr, Me6TREN, DMSO; iii: cleavage of the solid support: TFA, DCM.[144] 

Uniformity was confirmed with SEC and soft ionization ESI-MS, whereas the conditions 

in MALDI-MS were too harsh for the fragile molecule.[142] The sequence was easy to 

decipher in positive and negative[140] mode ESI-MS/MS, because the homolysis of 

C-ON bonds between a coding and a TEMPO unit occured as the only cleavage. Three 

triads were applied to CID to further investigate the dissociation behavior.[142] The 

observed fragments were completely identified, and reading from the α- or ω-end was 

possible. 

As for the above-mentioned approaches, the synthetic protocol was improved by 

employing binary-encoded dyads resulting in a fast and efficient strategy for the 

synthesis of information-containing macromolecules via solid phase chemistry. Thus, 

only half of the synthetic steps were necessary to prepare a uniform octamer, which 

was successfully deciphered by ESI-MS/MS analysis.[143] 

Furthermore, since alkoxyamines are known as thermolabile materials, which tend to 

dissociate above 60 °C, thermal stability studies were conducted. Therefore, controlled 

degradation of the poly(alkoxyamine amide)s in solid or solution was performed at 

120 °C in presence of a large excess of TEMPO to trap the intermediate radicals and 

clarify the degradation process. This property offers the possibility to erase the stored 

information by increasing the temperature, which is interesting for the application in the 

field of data storage.[144] 
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2.5.6. Oligourethanes 

The potential of oligourethanes as information-containing macromolecules was 

demonstrated by the group of LUTZ in 2016.[134] A general reaction scheme, as well as 

the investigated monomer structures, are shown in Scheme 19. The chemoselective 

two-step iterative approach consists of the reaction of an alcohol and 

N,N’-disuccinimidyl carbonate (DSC), resulting in an activated carbonate (i). In the 

second step, a carbamate was selectively formed by employing different amino 

alcohols (ii). In the final step, the sequence was cleaved from the polystyrene resin 

under acidic conditions (iii). Quantitative yields were reported for both iterative 

reactions, providing uniform structures. The binary code of ”1”s and “0”s was 

implemented into the sequence by using amino alcohols with or without a methyl side 

chain.[134]  

 

Scheme 19 General reaction scheme of the solid phase synthesis of sequence defined encoded 

oligourethanes via a chemoselective two-step iterative cycle. i: ACN, TEA, microwave, 60 °C; ii: DMS, 

TEA, rt; iii: TFA/DCM, rt. Solid phase = crosslinked hydroxy functionalized polystyrene resin beads.[134] 

Repetition of the two-step chain elongation cycle yielded a sequence-defined 

pentamer, which was fragmented and easily deciphered via negative-mode 

ESI-MS/MS. On the other hand, applying positive-mode tandem MS, a complicated 

fragment pattern was obtained, due to C-O and C-N fragmentation of the protonated 

oligourethanes, which was completely suppressed by a proton/sodium exchange.[129] 

A detailed study of the fragmentation mechanisms in negative-mode ESI-MS/MS was 

reported in 2017.[132] Although three different fragmentation pathways were observed, 

they did not introduce additional complexity for long chain oligomers with 16 repeating 

units. However, a drastic decrease of the ionization ability via deprotonation with 

increasing chain length of the polyurethanes was observed, which was addressed by 
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the insertion of a second acidic end-group.[132] Furthermore, the application of binary 

encoded oligourethanes as anticouterfeiting agents was demonstrated by processing 

them with different materials and successfully deciphering the complete sequence after 

extraction from the product. In relation to this, sequence-defined oligourethanes were 

employed as macroinitiators in the ATRP of styrene resulting in a binary code-tagged 

polymer.[506] 

In 2019, LUTZ et al. presented the preparation of poly(N-substituted urethane)s up to 

28 repeating units by implementing secondary instead of primary amino alcohols in the 

same synthesis protocol as shown in Scheme 19. Four unique monomer building 

blocks were used, thus containing 2 bits of information each (dyads). Several 

advantages were observed compared to the sequence-defined oligourethanes, e.g. 

reduced synthesis time, access of longer chains, and better solubility and processing 

in common organic solvents, while a simple read-out via ESI-MS/MS was still 

ensured.[130] A detailed study about the fragmentation mechanism was reported by the 

same group in 2020. Complementary to the N-H oligourethanes, CH2-O cleavage was 

observed for the N-R oligourethanes instead of O-(CO) bond cleavage, in both 

positive- and negative-mode ESI-MS/MS. Different rearrangements, produced up to 

four product ions per carbamate, thus resulting in a complex fragment pattern. Similar 

to the N-H oligourethanes these rearrangements were suppressed by a simple H/Na 

exchange of the carboxylic end-group. Furthermore, the procedure could be further 

simplified by formation of the methyl ester of the end group, resulting in only one 

fragment per repeating unit.[127] 

2.5.7. Further approaches for the storage of data in molecular structures 

Information-containing oligomers, obtained by a thia-maleimide Michael coupling, 

followed by a read-out using MALDI-TOF-MS/MS, were reported by ZHANG and 

coworkers.[157,158] In this example, an IEG strategy was applied using a difunctional 

precursor bearing a furan-protected maleimide and an acetyl-protected thiol. After 

separation and orthogonal deprotection, a thiol-maleimide Michael coupling was 

performed yielding the corresponding succinimide thioether dimer (Scheme 20). After 

repetition of the three-step chain elongation cycle for seven times, a 128-mer was 

obtained in an overall yield of 13% on a multi-gram scale.  
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Scheme 20: Reaction scheme of the IEG strategy for the synthesis of sequence-coded succinimide 

thioether. i: toluene, 110 °C; ii: thiourea, EtOH, 65 °C; iii: Na2S2O5, 18-crown-6, DCM/H2O, 50 °C; iv: 

TEA, CHCl3, 25 °C.[157] 

Furthermore, by using different starting materials, backbone definition was achieved, 

and a sequence-defined dodecamer was obtained and fully characterized by 

MALDI-MS/MS. By reducing the succinimide thioether to the corresponding vinylic 

double bond, a second thiol-maleimide Michael coupling was performed resulting in 

dithiosuccinimide (DTS) motifs. Thus, a branching point was generated, and a 

sequence-defined dendron was prepared via a double exponential dendrimer growth 

(DEDG).[159] In a further study by the same group, various DTS building blocks were 

prepared in order to synthesize a side-chain defined uniform sequence. These 

molecules were used to store information in form of a binary code. For this, a non-

functionalized succinimide thioether was translated into a “0”, whereas with the 

installation of a DTS unit a ”1” was written. The read-out was performed via 

MALDI-MS/MS and the fragmenting mechanism was uncovered assisted by computer 

simulations. This way, an information-containing dodecamer bearing three different 

side chain motifs, and 12 bits of data, was successfully decoded.[158] An improved 

protocol of this approach was reported just recently in 2020. First, a bromine precursor 

molecule was used, which offers a higher structural diversity and acts as an isotopic 

marker in the later read-out via tandem MS analysis. Prior to the thiol-maleimide 

Michael addition, the bromine was converted into the desired thiol via thiourea/bromine 

substitution. Furthermore, the thioether was oxidized to the sulfoxide, thus decreasing 

the C-S bond dissociation energy from 57.2 to 32.2 kcal/mol and increasing the 

possibility of a controlled and selective fragmentation. Additionally, an ester 

functionality was incorporated into the backbone structure, which tends to form easy 

detectable sodium adducts in mass analysis. By repetition of this four-step chain 

elongation cycle, a 64-mer was prepared in 24 steps in an overall yield of 5%. Products 

ranging from the 4-mer to the 32-mer were obtained in purities >95% and the SEC 

traces showed narrow distributions with dispersities of Đ = 1.01. Peak broadening 
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(Đ = 1.03) and a decrease in the purity (>92%) was observed for the 64-mer. The 

binary code was written into the backbone sequence, by varying the aliphatic spacer 

of the bromine precursors. A C3 spacer was translated into a “0” and a C5 chain into a 

“1”, respectively. The decoding via MALDI-MS/MS analysis was presented using an 

octamer containing 8-bits of information.[157] 

In 2020, KÉKI focused on an alcohol-isocyanate click approach for the synthesis of 

encoded polyethylene glycol. Various uniform monomethoxy polyethylene glycols with 

5 to 8 repeating units were coupled with uniform linear aliphatic isocyanates, ranging 

from the butyl to the octyl derivative, resulting in 20 different defined products. 

MALDI-TOF-MS was used for the read-out of the information and due to their structural 

similarity, an equal ionization efficiency was obtained. An alphabet based on a five-bit 

code was employed, thus four characters (20 bits) could be stored in one spot on the 

MALDI target. The absence or the presence of a certain compound was used to en-

and decode a binary code of “0”s and “1”s, whereby the chain length of the PEG part 

was indicated the order of the characters. In this way, a text file consisting of 476 

characters and in total 297.5 byte, a picture with 952 byte, and a Musical Instrumental 

Digital Interface (MIDI) were recovered with 100% accuracy.[510] 

Most of the shown concepts are based on using two monomer units, resulting in a 

binary code along the sequence. In order to store larger amounts of data, long 

sequences have to be synthesized, which is time-consuming and bears difficulties in 

terms of the read-out via tandem MS. Addressing the first point, automatic synthesis 

was used, reducing the reaction time and allowing an easy 

parallelization.[98,155,156,209,212]  

2.5.8. Increasing the data density 

A recent example was demonstrated by ANSLYN and coworkers in 2021, using self-

immolative chiral, abiotic sequence-defined urethanes as potential information-

containing compounds, for the first time. A library of 16 unique amino alcohols were 

obtained from the respective amino acids via reduction, further converted into the 

Fmoc-protected and activated carbonates using 4-nitrophenylchloroformate. The chain 

elongation was performed on a 2-chlorotrityl chloride polystyrene via sequential 

addition of one monomer at a time following a coupling/deprotection protocol (Scheme 

21). This approach shows a robust and efficient character, allowing a high throughput 

synthesis of 18 oligomers in parallel. The information of a text file consisting of 
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158 characters was translated into a hexadecimal code and encoded into 17 decamers 

(containing 9 hex symbols and an index for the start of the sequence) and a hexamer. 

The sequencing of the urethanes via self-immolation (5-exo-trig cyclization elimination) 

was performed under basic conditions at 70 °C and was monitored with LC-MS. All 

used 158 information-containing monomers were deciphered with 100% accuracy 

using a computer-assisted read-out of the mass spectra.[156] 

 

Scheme 21: General reaction scheme for the synthesis of sequence-coded self-immolative 

polyurethanes.[156] 

KIM et al. described the semiautomated synthesis of poly(L-lactic-co-glycolic acid)s 

(PLGAs) and the storage of 896 bits in 14 compounds (64-mers). The general 

synthesis protocol, using a three-step IEG consisting of divergent separate 

deprotection and the coupling via esterification, was already mentioned in chapter 

2.4.3. Following a convergent approach, 16 double-protected tetramers of all 

combinations of the two starting monomer units (lactic acid and glycolic acid) were 

prepared via continuous flow chemistry. The 64-mers were subsequently synthesized 

via cross-convergent coupling of the tetrads. The total process time for one 64-mer 

PLGA from tetrads was eight hours, including the final purification via preparative SEC. 

Each of the 64-mers was used to store 56 bit of information and an 8 bit chain identifier 

at the start of every sequence. The successful read-out was demonstrated with 

MALDI-MS/MS.[148] 

Another approach is the shortening of the chain length by increasing the data density 

per monomer unit. Research in the direction of multifunctional sidechains has been 

reported by DING et al. for sequence-defined oligotriazoles. A two-step unidirectional 
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growth strategy was employed, consisting of an azidation of an alcohol tosylate, and a 

subsequent iridium-catalyzed azide alkyne cycloaddition (IrAAC). The alkynes were 

easily accessible and a library of six examples, bearing different side chains was 

prepared. A general reaction scheme of the applied synthesis protocol is shown in 

Scheme 22. By repetition of this approach, a sequence-defined hexamer, equipped 

with six different side chains at the C4 position of the triazole function, was obtained 

after 12 steps, containing 15.6 bits of information. The constituent cleavage of the 

C(sp3)-S and the S(sp3)-N bonds generated a distinct fragment pattern via MALDI 

tandem MS analysis, which was deciphered with 100% accuracy.[162] 

 

Scheme 22: General reaction scheme of the synthesis of sequence-coded oligotriazoles via repetitive 

IrAAC and azidation.[162] 

In 2021, YAO et al. published the storage of data in peptide sequences. Eight out of the 

20 natural amino acids, and thus 3 bits per repeating unit, were selected for the 

synthesis of short peptide sequences. Mixtures of 40 18-mers and 511 18-mers were 

prepared for the storage of a 848-bit textfile or a 13.8 kbits MIDI, respectively. For the 

text file, a data storage density of 1.7 × 1010 bits g-1 and an accuracy of 100% was 

achieved for the read-out of the information via LC-MS/MS, whereas a 10% error was 

observed for the MIDI (2.6 × 109 bits g-1).[511] 

Furthermore, a similar approach was shown by the same group for the synthesis of 

stereocontrolled sequence-defined oligotriazoles, by employing a chiral L-prolinol-

derived azide. The reaction of the azide with a functionalized 3-thiopropagyl alcohol 

resulted in different chiral triazole monomer units. A three-step iterative chain 

elongation cycle, consisting of a separate deprotection step of the Boc-protected 

proline, the halogenation of the alcohol unit, and a subsequent coupling step via a 

substitution reaction was employed. With this reaction protocol, an IEG towards an 

8-mer bearing similar side chains, and an iterative sequential growth (ISG) towards a 

tetramer with four different side chains, were conducted. The sequence-defined 

tetramer with four different side chains was chain doubled in a final step leading to an 

overall yield of 27% in 9 steps. A variety of four different sidechain-containing building 

blocks resulted in a storage capacity of 16 bit for the presented octamers. Two 
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fragmenting pathways were described, including the Csp3-N bond cleavages on the 

triazole ring and in β-position to the triazole function. Based on this, a successful read-

out was demonstrated via MALDI-TOF-MS/MS analysis.[160,162] 

Different monomers containing a photoreactive benzaldehyde, which reacts as a diene 

from its o-quinodimethane state obtained under UV irradiation (so-called ‘photo-caged 

dienes’[512]), and a furan-protected maleimide were used for the preparation of 

information containing macromolecules by the group of BARNER-KOWOLLIK in 2016. 

Starting from a dimaleimide core, a bidirectional growth, consisting of the successive 

photo ligation of the benzaldehyde species with the maleimide and subsequent 

deprotection of the furan protecting group, was conducted (Scheme 23). Several 

sequence-defined homopolymers, alternating copolymers, and block copolymer up to 

decamers were obtained. A library of six different monomer building blocks was 

presented, allowing side chain or backbone definition, thus resulting in 26 bits per 

decamer, which were successfully deciphered via MALDI tandem MS.[110] 

 

Scheme 23: General reaction scheme of the synthesis of information-containing macromolecules via 

photoligation.[110] 

Another approach for data storage in sequence-defined structures, based on the well 

investigated thiolactone chemistry described in chapter 2.1, was presented by DU PREZ 

and coworkers in 2018. Applying the reaction protocol shown in Scheme 2 (2018, 

chapter 2.1), 71 short defined oligomers (1 monomer, 11 pentamers and 

59 hexamers) were prepared via simultaneous automated synthesis. In order to 

accomplish sidechain definition, a library of 15 different acrylates were used. Thus, a 

total data capacity of 1,089 bits was achieved and the successful en- and the 

computer-assisted decoding of a 33×33-pixel QR code was demonstrated via 
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MALDI-MS/MS. The controlled and characteristic fragmentation of the carbamate 

backbone allowed a reading from left to right and vice versa.[155] 

2.5.8.1. Dual side chain control 

Further methods to increase the complexity of the repeating units, and thus the storage 

capacity, rely on dual side chain control, as demonstrated by DU PREZ and coworkers 

via an in situ successive nucleophilic ring opening of thiolactones and epoxides. This 

way, two different side chains were installed in a two-step cycle. Using a library 

containing 12 different amines, and seven unique epoxides, three pentamers bearing 

ten different side chains, and thus containing 32 bits of information each, were 

prepared and fragmented via MALDI-MS/MS.[152] Also the group of DING et al. has 

recently reported an improved approach for the synthesis of sequence-defined 

tetrazole implementing dual side chain control. By using a difunctional instead of a 

monofunctional alkyne for the IrAAC described above, two different side chains were 

implemented in one reaction step. This way uniform tetramers containing 16 bits each 

were prepared and fragmented via MALDI-MS/MS.[161]  

2.5.8.2. Backbone and sidechain control 

Backbone and sidechain control was presented by our group using an iterative chain 

elongation protocol consisting of a Passerini reaction and a reductive hydrogenation 

of a benzyl ester, which was already mentioned in chapter 2.1. Employing nine unique 

isocyanide building blocks bearing a benzyl ester, backbone definition was achieved, 

whereas a library of eleven aldehydes was used to achieve sidechain definition. In this 

way, a sequence-defined pentamer containing 33 bits of information was fragmentated 

by ESI-MS/MS and deciphered successfully with 100% accuracy.[150] Another 

approach using a combination of a hydroxyl-yne and thiol-ene click reaction was 

published by the group of TANG. A pentamer was obtained in eleven steps in an overall 

yield of 54% on gram scale. A 4 × 4 monomer library was employed and thus a storage 

capacity of 20 bits was achieved. Further description of this approach is given in 

chapter 4.6.1.[163] 
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2.5.8.3. Dual sidechain and backbone control 

To further increase the storage capacity per repeating unit, a dual side chain and single 

backbone-controlled protocol was presented by DU PREZ et al. By combining the 

P-3CR with an addition of 1,2,4-triazoline-3,5-diones (TAD) to indoles, a sequence-

defined tetramer, containing 12 variable functions was prepared. In this way, a similar 

storage capacity of 20 bits compared to the pentamer of TANG et al. was achieved in 

eight reaction steps. Furthermore, a potential application of this “macromolecular pin 

code” for anti-counterfeiting purpose was demonstrated.[153] 

2.5.8.4. Triple sidechain and triple backbone control 

The combination of two multicomponent reactions (the Passerini and the Biginelli 

reaction) for the synthesis sequence-defined macromolecules, showing high 

complexity per repeating unit, was demonstrated by our group. Six different 

components (three side chain and three backbone functionalities) were varied per 

chain elongation cycle using a library of in total 33 unique components, and thus 

adding 13 bits of information per repeating unit to the growing chain. The fragmentation 

pathways and the successful read-out were demonstrated via ESI-MS/MS analysis.[151] 

General structures of the information-containing (macro)molecules prepared via the 

approaches described within this chapter are shown in Figure 14. The storage capacity 

per repeating unit, as well as the maximal deciphered chain length is provided. If 

reported, the preferred cleavage, when subjected to tandem MS, is marked with 

dashed lines in the molecule structure. 
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Figure 14: Overview of information-containing molecules and corresponding fragmentation pathways (if 

reported) described in chapter 2.5. 1. KIM et al. 2022[148]; 2. ZHANG et al. 2020[157]; 3. LUTZ et al. 2016[145]; 

4. LUTZ et al. 2017[125]; 5. LUTZ et al.[143]; 6. LUTZ et al.[132]; 7. DING et al. 2021[160]; 8. LUTZ et al.[127]; 9. 

ZHANG et al. 2019[158]; 10. BARNER-KOWOLLIK et al. 2016[110]; 11. DING et al. 2021[162] 12. YAO et al. 

2021[511]; 13. DU PREZ et al. 2018[155]; 14. MEIER et al. 2020[149]; 15. DING et al. 2021[161] 16. TANG et al. 

2022[163]; 17. DU PREZ et al. 2020[153]; 18. MEIER et al. 2020[150]; 19. DU PREZ et al. 2021[152]; 20. 

ROSENSTEIN et al.[513]; 21. MEIER et al. 2018[151]; 22. MEIER et. al. 2018[514]; 23. LUTZ et al. 2021[120]. 
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2.5.8.5. Data storage in molecular mixtures 

The read-out of mixtures of sequence-defined oligomers (three hexamers, up to 64 bits 

in total), thus avoiding the synthesis of longer sequences, was recently reported by our 

group using the iterative synthesis protocol containing a Passerini reaction and 

subsequent reductive hydrogenation (see Scheme 3, chapter 2.1).[149] 

To further simplify the procedures, small molecules can be used for the storage of data 

as well. Highly complex small molecules, i.e., made by multicomponent reactions, 

exhibit a high data storage density as shown in an example by our group in 2018. Using 

a library of 130 commercially available compounds in an Ugi reaction, providing 

500,000 permutations and thus a storage capacity of 18 bits of information per 

molecule, was achieved.[514] 

Whereas all methods described so far are based on the read-out via fragmenting mass 

analysis, in the now discussed approaches only the presence or absence of the 

molecular mass within the corresponding mixture was decisive for the transmission of 

information. Thus, each molecule represented one bit of information. The writing and 

read-out of a 0.88 megapixel drawing of Pablo Picasso has been demonstrated by 

ROSENSTEIN et al. using up to 1536 unique molecular mixtures of up to 575 different 

Ugi-compounds with an accuracy of 97.57% (Figure 14, 20).[513]  

The same strategy was used by WHITESIDES using mixtures of commercially available 

small oligopeptides analyzed by MALDI-MS.[515] In total, 400 kbit of information were 

written in mixtures of up to 32 compounds with 8 bits/s on a gold surface and 

retranslated with 20 bit/s with >99% accuracy. The “Principles of Information Storage 

in Small-Molecule Mixtures” is explained in detail by ROSENSTEIN et al.[516] They 

theoretically point out the immense storage capacity and density of small-molecule 

mixtures, underlined by experimental demonstrations.[513] It is also addressed that the 

read-out is not mandatorily restricted to MS or tandem MS, but can also be performed 

utilizing spectroscopic or chromatographic analysis.[513] Mixtures of fluorescent dyes 

for writing approximately 400 kbits of data in a binary code at a rate of 128 bits/s on a 

surface, and decoding these at a rate of 469 bits/s with >99% accuracy via a confocal 

microscope, were demonstrated.[517] Another example in this context using Raman 

scattering of alkynes was described by GAO and coworkers.[518] Data storage in a single 

molecule, which was used for secret communication and deciphered via fluorescence 

spectroscopy was reported by MARGULIES et al.[519] A binary code was encoded in 
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mixtures of up to 22 aromatic compounds by KEINAN et al. using their own coding 

language and making use of specific chemical shifts and concentration-dependent 

integral values in 1H NMR spectroscopy.[520] A similar approach is used in NMR 

photography to draw images with molecules based on their chemical shifts.[521]  

The ever-increasing amount of information encoded in either sequence defined 

macromolecules or molecular mixtures entails the handling of ever-larger data sets. 

Thus, writing the data and the subsequent manual decoding reach their limits. For 

writing, increasingly automated synthesis and chemical printers are used, and software 

is being developed for processing the amount of data and reading out the original 

information.[121],[155],[149,156] 

In chapter 4.6.1 investigations on an alternative approach for the synthesis of 

sequence-defined macromolecules suitable for the application as information-

containing molecules are discussed. For this purpose, a chemoselective two-step 

iterative chain elongation cycle, consisting of a Passerini reaction and a phenyl-yne 

Michael addition was studied.  

Furthermore, the fast and efficient data storage in mixtures of common, commercially 

available chemicals and the subsequent decoding via basic and commonly available 

analytical tools (1H NMR spectroscopy and gas chromatography (GC)) with zero 

synthetic effort is shown. We made use of a simple comparison approach, where the 

absence and the presence of a molecule, and its position in the respective spectrum 

or chromatogram, are used as binary information to carry either the information of an 

ASCII code or the black and white pixel of a bitmap. We further demonstrate a smart 

solution for the ordering issue, when handling more than one coding sample, by 

making use of the linear dependence of the integral on the peak concentration (GC). 

Furthermore, a software for decoding information from the compound mixtures 

analyzed by GC is introduced and showed a reliable readout for two 25×25-pixel 

bitmaps. 
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2.6. Multicomponent reactions 

2.6.1. General introduction 

Since the discovery of the amino acid synthesis by ADOLPH STRECKER in 1850,[522] 

multicomponent reactions (MCRs) have received an increasing interest in organic[523] 

and polymer chemistry,[524–532] as well as material science.[533] In a MCR, three or more 

starting materials react in a one-pot reaction to a single product, incorporating most of 

the atoms of the reactants.[534] Because of the high atom efficiency and their 

convergent character, highly complex architectures are accessible in a single reaction 

step. Thus, they show an advantage over conventional multistep synthesis strategies 

concerning working time and experimental simplicity, since isolation or purification of 

intermediates is not necessary. Furthermore, often high yields are achieved, and the 

mostly environmentally friendly starting materials are commercially available making 

MCRs suitable and versatile tools in combinatorial chemistry[535,536] and drug 

discovery,[537,538] but also in the context of synthesis of highly defined sequences[150,167] 

or polymeric structures.[526,528–530,532,539] Due to the mentioned features of MCR, they 

can be considered as “ideal reactions” according to the concept of an ideal synthesis 

described by WRIGHT et al.[540] In general, MCRs can be classified into three different 

types depending on their reaction mechanism, as shown in Scheme 24.[541] 

 

Scheme 24: Categorization of MCRs into three different types, established by DÖMLING and UGI in 2000. 

Type I: all reaction steps are reversible; type II: only the last step is irreversible; type III: each reaction 

step is irreversible, where A, B and C are starting materials, D is the intermediate and P the product.[541] 

In a type I MCR, all reactions steps are reversible. Thus, the starting materials, 

intermediates and the product are in equilibrium, leading to theoretical yields between 

0 and 100% depending on the individual equilibrium constants. Furthermore, side 

reactions can occur due to incomplete conversion, which additionally complicate the 
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isolation of the desired product. In contrast, the last step in type II MCR is irreversible. 

Therefore, based on The Equilibrium Law described by HENRY LOUIS LE 

CHATELIER,[542,543] the equilibrium in type II MCR is strongly shifted to the product side. 

The reason for the chemical driving force is the formation of a thermodynamically 

stable compounds and can be of many natures: e.g., formation of stable products, 

irreversible ring closure, aromatization, or the oxidation of the isocyanide (CII → CIII) in 

the P-3CR and U-4CR. The ideal type III MCR consist only of irreversible reaction 

steps and are rarely encountered in synthetic chemistry but can be often found in 

enzymatic biochemical processes. It must be noted that this is an ideal schematic 

overview, and an exact classification is not always possible.  

Additionally, MCRs can be divided into non-isocyanide based, isocyanide based 

(IMCR) and metal-catalyzed MCRs. A chronologic overview of the most common 

MCRs is given in the following section. 

In 1850, ADOLPH STRECKER described the three-component reaction of an aldehyde, 

hydrogen cyanide and ammonia.[522] Subsequent acidic hydrolysis of the formed 

α-aminonitrile yielded a racemic mixture of the respective amino acid (Scheme 25). 

The Strecker synthesis is known to be the first MCR and a milestone has been set for 

further reactions of this class. In 1882, ARTHUR HANTZSCH developed a four-component 

reaction towards 1,4-dihydropyridines (DHP) via the condensation of an aldehyde, two 

equivalents of an β-ketoester and ammonia.[544] DHPs can be easily oxidized to the 

corresponding pyridines and are of special interest in the pharmaceutical area due to 

their biological activity.[545] The most important example is the drug Nifedipin, a calcium 

channel blocker, which is employed in treatment of angina and cardiovascular 

diseases.[546] Another important MCR was published by HANTZSCH in 1890. It includes 

the condensation reaction of an β-ketoester, α-halo ketone and ammonia forming a 

pyrrole structure.[547] The aza-analogue of the Hantzsch DHP synthesis was 

discovered by PIETRO BIGINELLI 1891.[548] The product, a 3,4-dihydropyrimidin-2(1H)-

one (DHMP), proceeds via the reaction of an aldehyde, urea, and acetoacetate. The 

Mannich reaction, which was reported by CARL MANNICH in 1912, describes an 

aminomethylation of an oxo-component (aldehyde or ketone) using an amine and 

formaldehyde.[549] In 1934, the reaction of an aldehyde, a carboxylic acid, hydrogen 

cyanide and ammonia towards a hydantoins was published by HANS THEODOR 

BUCHERER[550] and HERMANN BERGS.[551] MARTIN ISRAILEWITSCH KABACHNIK and ELLIS K. 

FIELDS independently discovered a three-component reaction of an amine, an oxo-
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component (aldehyde or ketone) and a dialkylphophate yielding aminophosphonates 

in 1952.[552–554] 

 

Scheme 25: Chronologic overview of non-isocyanide based MCR.[522,544,547,549,555] 

 



THEORETICAL BACKGROUND 

 

76 

Another MCR for the synthesis of thiazoline derivatives using elemental sulfur, two 

equivalents of a ketone, and ammonia, was described a few years later in 1956 by 

FRIEDRICH ASINGER.[556] 

From an industrial point of view, cobalt-catalyzed carbon monoxide containing MCRs 

are of special interest, e.g. the hydroformylation of alkenes, which was described 1938 

by OTTO ROELEN[557] or the hydrocarboxylation of alkynes by WALTER REPPE in 1949.[558] 

Furthermore, PETER LUDWIG PAUSON and IHSAN ULLAH KHAND reported the 

[2+2+1]-cycloaddition using an alkyne, an alkene and carbon monoxide to form a 

α,β-cyclopentenone derivatives.[559] 

2.6.2. Isocyanide-based multicomponent reactions 

IMCRs are a special class of MCR,[526,560] which were applied in the second part of this 

thesis for the synthesis of information-containing molecules (chapter 4.6.2).  

The most known examples are the Passerini three-component reaction (P-3CR)[164] 

and the Ugi four-component reaction (U-4CR),[165] which will be discussed in detail in 

the following chapter. Before, synthetic strategies for the preparation of isocyanides 

and their extraordinary reactivity will be briefly introduced. 

2.6.2.1. Isocyanides 

In 1859, LIEKE intended to synthesize allyl cyanide by reacting allyl iodide and silver 

cyanide.[561] Instead, he obtained the corresponding isocyanide by accident. The actual 

presence of the isocyanide was confirmed ten years later (Scheme 26) in 1869, by 

ARMAND GAUTIER[562] and can be explained with Kornblum’s rule.[563,564] Another 

synthesis protocol was reported by AUGUST WILHELM VON HOFMANN in 1867,[565] by 

reacting a primary amine with chloroform in the presence of potassium hydroxide. It 

took around 100 years, until further approaches were reported by IVAR UGI in 1958 and 

1960.[566,567] He developed the preparation of isocyanides via a dehydration of 

N-formamides under basic condition. First, highly toxic phosgene was used as 

dehydration agent, which is still applied in industry nowadays. However, other 

compounds, such as di- or triphosgene, phosphorous oxychloride, the Burgess 

reagent, trifluoromethanesulfonic anhydride or recently p-toluenesulfonyl chloride have 

proven to be suitable dehydration agents.[568,569] Ugis approach was a milestone in the 

synthesis of isocyanides and since then IMCR became more and more attractive for 

organic chemistry.[570] Recently, ALEXANDER DÖMLING is performing pioneer work, in 
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terms of efficient, varied, and fast synthesis of isocyanides.[571] In 2015, he discovered 

the Leuckart-Wallach reaction as valuable tool for the preparation of N-formamides.[572] 

 

Scheme 26: Selected approaches for the isocyanide synthesis in chronological order.[561,565–567,572] 

The characteristic reactivity of isocyanides is based on the formally stable divalent 

carbon atom. Only carbon monoxide and carbenes share the same special property. 

In Scheme 27, the mesomeric resonance structure of isocyanides is depicted. Besides 

the carbene structure, a zwitterionic configuration can be formed, explaining the 

ambident character of the carbon atom.[573] Thus, isocyanides react usually in an 

α-addition, which is one key-steps in the mechanism of the P-3CR and the U-4CR. 

Here, the carbon atom is transformed into an electrophile after it reacts as a 

nucleophile, allowing a nucleophilic attack at the same position. Furthermore, their 

diverse reactivity can be explained by their α-acidity, which can be increased by 

electron-withdrawing groups (EWG) attached at the α-position, or the ability to form 

radicals. The latter feature could lead to polymerization or cyclization. Isocyanides are 
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highly stable under basic conditions, but very sensitive towards acids and hydrolyze to 

the corresponding N-formamides.[570] 

 

Scheme 27: Resonance structure of the isocyanide functional group. 

2.6.2.2. Passerini three-component reaction 

The P-3CR describes the reaction of an aldehyde, a carboxylic acid, and an isocyanide 

towards an α-acyloxy amide. It is the first mentioned IMCR and was discovered by the 

italian chemist MARIO PASSERINI in 1921.[164] Typically for a MCR, the P-3CR is 

characterized by its simple execution under ambient conditions. Usually aprotic 

solvents, such as DCM are used and up to quantitative yields can be achieved,[570] also 

since the last reaction step is irreversible, rendering the P-3CR a type II MCR reaction 

(Scheme 24).[570] The Passerini reaction exhibits an atom economy of 100%, as no 

side product is formed and thus every atom of the starting materials is incorporated in 

the product structure.  

Last year, in 2021, the Passerini reaction had its 100th anniversary. Nevertheless, the 

reaction mechanism has not yet been completely clarified. The net reaction as well as 

one proposed mechanism,[164] which is commonly accepted, is shown in Scheme 28. 

It starts with the activation of the oxo-component (here an aldehyde) by the carboxylic 

acid via hydrogen-bonding. In the next step, the isocyanide reacts in an α-addition with 

the hydrogen-bonded adduct I. Hereby, the isocyanide first reacts as a nucleophile 

with the carbonyl center of the activated aldehyde and subsequently gets attacked by 

the carboxylic acid at the formed electrophilic carbon atom resulting the cyclic transition 

state II. In the final irreversible rearrangement, an intramolecular transacylation takes 

place and an α-acyloxy amide is formed as the product. This mechanism was proposed 

by MARIO PASSERINI[164] himself and was supported by kinetic investigations by IVAR 

UGI and RAYMOND H. BAKER in 1959 and 1961, respectively.[574,575]  
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Scheme 28: Reaction equation and commonly accepted mechanism of the Passerini reaction.[164] 

However, HAGEDORN and EHOLZER proposed a controversial mechanism in 1965, 

describing a N-protonation of the isocyanide in presence of catalytical amounts of 

mineral acid as a first step.[576] These results are in conformity with a publication of 

MICHAEL P. PIRRUNG, that the P-3CR and U-4CR are accelerated in aqueous 

solution,[577] which, however, is in contradictory to the statement of UGI, who described 

the acceleration in non-polar, aprotic solvents.[578] In 2011, another mechanism was 

postulated by MAEDA et al. based on quantum-chemical calculations in the gas phase. 

They specified the Passerini reaction as a four-component reaction with an additional 

carboxylic acid, which acts as an organo catalyst and lowers the energy of the 

transition state (TS).[579] However, this would be in contrast with the mechanism of 

HAGEDORN and EHOLZER, but was confirmed by MOROKUMA with further DFT 

studies.[580] The mechanism is shown in Scheme 29 and the reaction steps including 

the α-addition are identical with the previously discussed mechanism of PASSERINI. 

Afterwards, a cyclic intermediate II is formed via a four-component cyclic TS I, which 

rearranges via another four-component TS III to the product. 
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Scheme 29: Alternative reaction mechanism of the Passerini reaction proposed by MAEDA et. al. 

involving a second carboxylic acid component. TS = transition state.[579] 

The following scheme shows the many different variations of the P-3CR and clearly 

illustrates the versatile scope and significant role in the field of combinatorial chemistry 

of the reaction (Scheme 30). By replacing either the carboxylic acid or the oxo-

component, diverse structural motifs are accessible via this MCR. In addition to the 

already explained main variant, carbonic ester amides can be achieved by applying an 

alcohol in presence of CO2 instead of the carboxylic acid, resulting in a Passerini four-

component reaction (b).[581] The straightforward synthesis of O-arylamides via a Smiles 

rearrangement in the Passerini reaction with electron-deficient phenols is depicted in 

reaction (c).[582,583] Furthermore, the carboxylic acid can be substituted by hydrazoic 

acid or trimethylsilyl azide in the type (d) reaction leading to tetrazole derivatives.[584–

586] By exchanging the acid component with mineral acids, α-hydroxyamides are 

obtained (e).[587] Moreover the carboxylic acid can be replaced by 1,1,1,3,3,3-

hexafluoro-propan-2-ol (HFIP),[588] suppressing the Mumm- or Smiles rearrangement, 

or an alcohol and 2-iodoxybenzoic acid (IBX) as in situ oxidizing agent,[589] leading 

either to α-hydroxyamines or the common Passerini product. The latter approach is a 
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practical alternative, since aldehydes are air-sensitive and tend to oxidize to the 

corresponding carboxylic acid, which leads to the formation of side products. Further, 

alcohols are commercially more available than aldehydes. Other than replacing the 

carboxylic acid, the oxo-component can be substituted by acyl iscocyanates (f) or 

ketenes (g), yielding in N,N-diacyloxamides[590] and α,γ-diketo-carboxamides,[591] 

respectively. 

 

Scheme 30: Overview of the different variants of the Passerini reaction. Besides the main approach (a) 

the carboxylic acid (b-e) or the oxo-component (f,g) can be substituted resulting in a variety of structure 

motifs.[581–591] Adapted from.[592] 

In the context of this work, the versatility of the reaction was used to synthesize a 

compound library for molecular data storage application. However, it was limited to the 

common variant of the Passerini reaction in combination with a subsequent 

hetero-Michael addition of different nucleophiles, which will be introduced in 

chapter 2.6.3. Recently, the successful application of the reaction has been used for 
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the synthesis of sequence-defined macromolecules[83,168,169,216,217,593] and the 

preparation of polymers.[532,594,595] 

2.6.2.3. Ugi four-component reaction 

The Ugi four-component reaction was developed by IVAR KARL UGI in 1959. Additional 

to the aldehyde, isocyanide and carboxylic acid used in the Passerini reaction, an 

amine component is employed in the U-4CR.[165,574,596,597] The reaction equation and 

the commonly accepted mechanism is shown in Scheme 31. In the first step, an imine 

condensation of the oxo-component and an amine takes place. The resulting imine is 

activated via protonation of the carboxylic acid followed either by the direct α-addition 

of the isocyanide forming a nitrilium intermediate I with subsequent addition of the 

carboxylic acid (ionic pathway), or the α-addition via a hemiaminal II in the non-ionic 

mechanism (isocyanide-insertion). After a final irreversible Mumm rearrangement, the 

Ugi product, an α-aminoacylamide is formed.  

 

Scheme 31: Reaction equation and commonly accepted mechanism of the Ugi reaction. 

Due to the additional amine component, compared to the Passerini reaction, even 

more complex molecules are easily accessible in a one-pot reaction. Thus, the U-4CR 
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is a powerful synthesis tool in many fields of application, e.g. pharmaceutical,[538,598,599] 

combinatorial,[535,536] and polymer chemistry,[524–532,539] synthesis of sequence-defined 

macromolecules[167,170,218] and recently as molecular data storage devices.[513,514] 

Similar to the Passerini reaction, several variants of the Ugi reaction were investigated 

over the last years, which are not further described within this work.[600–605] 

2.6.3. Combination of MCR with Michael addition 

If one of the employed components of the P-3CR or U-4CR is equipped with a Michael 

acceptor, a subsequent post-functionalization with several nucleophiles or an 

intramolecular cyclization is possible in a one-pot manner. Thus, complex molecular 

architectures are easily accessible. A vast variety of post-functionalization of Ugi 

products based on propiolates were reported by MAHDAVI et al.[606] and SHAKERI 

et al.[607]  

The classic Michael addition was published in 1887 by ARTHUR MICHAEL and describes 

the 1,4-conjugate addition of a nucleophile (Michael donor) to an α,β-unsaturated 

carbonyl compound (Michael acceptor).[608] The mechanism for the carbon-Michael 

addition is shown in Scheme 32. In the initial step, the C-H-acidic compound is 

deprotonated by the base catalyst. Since the resulting enolate is a soft nucleophile 

according to the HSAB concept, it attacks the β-position of the acrylate. After 

protonation of the carbanion, the catalyst is regenerated, and the Michael adduct is 

formed.[609] 

 

Scheme 32: General reaction mechanism for the carbon-Michael addition.[609] 

The nucleophilic conjugate addition of thiols, amines, and alcohols to activated alkynes 

was recently reviewed in detail by DOVE et al. in terms of substrate, solvent, and 
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catalyst effects, reactivity and the different applications in fields of organic, polymer, 

and biochemistry.[610] Furthermore, a detailed study of the reaction mechanism 

assisted with density functional theory (DFT) calculations of the aza-Michael addition 

was published by the group of TANG, confirming the experimental regio- and 

stereoselectivity of the reaction towards the E-configurated anti-Markovnikov 

product.[611]  

The combination of the U-4CR reaction and an aza-Michael reaction was reported by 

the group of BIJANZADEH, which is shown in Scheme 33. Different primary amines, 

isocyanides and aldehydes were reacted with propiolic acid in an Ugi reaction. To 

avoid the formation of unwanted side products, the five components were added to the 

reaction mixture in predetermined order. First the primary amine and the aldehyde 

were added to produce the imine followed by the addition of the propiolic acid and the 

isocyanide component. After full conversion towards the Ugi product, the secondary 

amine was added. Since amines act as both nucleophile and base, no additional 

catalyst was needed. Thus, a spontaneous reaction with the propiolate without 

isolation of the Ugi intermediate resulted in regio- and stereo-selective 

1,4-disubstituted piperazines with yields  greater than 88%.[612,613] The reaction is 

considered as click reaction according to the guidelines of SHARPLESS, since it 

possesses an atom efficiency of 100% and no formation of side products is witnessed. 

Further, the reaction exhibits fast reaction kinetics, simple reaction conditions and 

product isolation in high yields leading to a wide field of applications.[614]  

 

Scheme 33: Stereoselective preparation of enaminonen via successive U-4CR/aza-Michael addition 

one-pot reaction.[612] 

In 2014, the same group reported the combination of the U-4CR with an oxa-Michael 

addition towards the corresponding enols. Deprotonation of the alcohol was necessary, 

due to the low nucleophilicity. The solvent (methanol) was replaced by EA prior the 

oxa-Michael addition to avoid the formation of unwanted side product.[615] Alternatively 

to addition of a catalyst, the acceptor system can be activated by introducing a 

Brønsted acid.[616]  
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Although thiols in general are more nucleophilic than amines and alcohols, due to their 

higher acidity, bases are used as catalyst for the deprotonation.[609] Just recently, the 

group of DU PREZ reported the use of the thiol-yne and the subsequent reversible thiol-

ene reaction for the design of covalent adaptable networks (CAN). Several electron-

withdrawing groups for activation of the triple bond were investigated for this purpose. 

A simple procedure was described, and quantitative yield were observed after 10 min 

of reaction time. Furthermore, the formation of either the thioenol or the thioacetal was 

controlled by the equivalents of the added thiol.[617] 

Since alcohols, amines, and thiols are the most common commercially available 

nucleophiles, they are of special interest for the scope of this work to increase the 

number of permutations for the final product and thus the data storage capacity per 

molecule (see chapter 2.5.1 for the correlation of permutations and data storage 

capacity, and chapter 4.6.2 for the data storage capacity of a P-3CR in combination 

with a hetero-Michael addition). Propiolic acid is readily commercially available and 

can be directly used in the P-3CR and U-4CR to implement an electron-deficient triple 

bond, which is highly reactive towards additions of several nucleophiles (schematic 

overview in chapter 4.6.2, Scheme 49). 
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3. AIMS OF THE THESIS 

In the first part of this thesis, the aim was to investigate possible structure-property 

relationships and the influence of the dispersity on the self-assembly of a PEG-b-PCL 

diblock copolymer. The to be used synthesis protocols are based on an iterative 

exponential growth strategy, which were already investigated for the build-up of 

uniform structures reported in the literature (chapter 0 and 4.2). Due to preliminary 

results obtained during my master thesis,[618] the main focus is on the careful 

purification of each compound to ensure their high purity, which is of utmost importance 

for the investigations of the structure-property relationship of a uniform molecule. The 

obtained structures are to be compared regarding their thermal properties and their 

morphologies obtained via self-assembly through thermal and solvent-vapor annealing 

with narrowly distributed BCPs (chapter 4.5). These can be obtained via organo-

catalyzed ROP of ε-caprolactone using a disperse mPEG initiator.  

In connection to this, the determination of the resolution limits of common analytical 

tools used for purity determination (NMR, SEC, ESI-MS, chapter 4.1.1.3) is a crucial 

study to identify possible impurities, which might influence the further course of the 

synthesis or the result of the structure-property study. 

Additionally, a novel strategy for the synthesis of uniform PEGs, based on the GaBr3-

catalyzed reduction of esters, should be developed (chapter 4.1.2). In order to simplify 

the purification, the focus is on the optimization of the reduction step. The aim is to 

achieve full conversion of the ester to the corresponding ether while keeping the 

overreduction to the alcohol at a minimum. Due to milder reaction conditions and an 

easier purification protocol, this method presents an alternative to conventional ether 

syntheses. 

The objective of the second part of this thesis is the application of multicomponent 

reactions in combination with a hetero-Michael addition for the synthesis of molecular 

data storage devices. The chemoselectivity of both reactions allows an efficient and 

protection group-free synthesis of the sequence-defined macromolecules, where 

sidechain definition is introduced in each synthetic step (chapter 4.6.1). To improve the 
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efficiency of storing digital information in a molecular structure, in terms of a higher 

writing rate and data density, the synthesis of highly complex small molecules is 

described (chapter 4.6.2). The resulting molecules can be printed on a surface for an 

application as write-once, read-often data storage device. The evaluation of their 

storage capacity and read-out of the information via a unique fragment pattern, can be 

performed via MALDI-MS/MS. 

In the last part of this thesis, the goal was the molecular data storage with zero 

synthetic effort and read-out via non-fragmenting analysis. For this purpose, 

commercially available compounds can be used, and the simple read-out is carried out 

via computer assisted GC analysis (chapter 4.6.3). 
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4. RESULTS AND DISCUSSION 

4.1. Uniform PEGs 

Parts of this chapter and the associated supplementary information were published 

before: 

Bohn, P., Meier, M.A.R. Uniform poly(ethylene glycol): a comparative 

study. Polym J 52, 165–178 (2020). https://doi.org/10.1038/s41428-019-0277-1.[274] 

Experiments were partly carried out by students under the co-supervision of Philipp 

Bohn, which are marked with footnotes accordingly. 

Abstract 

Poly(ethylene glycol) (PEG) is a biocompatible, flexible, and hydrophilic polymer that 

is widely applied in numerous fields. Especially in pharmaceutical research, PEG is 

used as a bioconjugate agent for PEG-ylated drugs. A well-defined structure is crucial, 

since dispersity affects biological activity (e.g., toxicity and efficacy). Thus, intensive 

efforts to develop synthetic protocols approaching uniformity have been made in recent 

decades. Different approaches utilizing iterative step-by-step synthesis procedures 

have yielded promising results, and improvement is still ongoing. In this comparative 

study, we adopted several procedures for the preparation of uniform PEGs in 

combination with careful characterization, including size exclusion chromatography 

(SEC) analysis, which has yet to be reported. Oligo(ethylene glycol)s up to the 

dodecamer were synthesized. The results obtained were compared in terms of yield 

and purity with those previously reported in the literature. We clearly show the 

importance of SEC analysis with high separation capacity in the oligomer range for the 

synthesis of short-chain oligo(ethylene glycol)s. 
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4.1.1. Uniform poly(ethylene glycol): a comparative study 

Within this chapter, different literature known approaches for the monofunctionalization 

of oligo(ethylene glycols) (chapter 4.1.1.1) and their subsequent chain elongation via 

ether synthesis (chapter 4.1.1.2) were investigated. The results were compared in 

terms of yield and purity. In relation to this, a purity study was carried out using different 

analytical methods, which is presented in chapter 4.1.1.3. Further approaches, such 

as a chromatography-free method and the synthesis of uniform PEGs via macrocyclic 

sulfates are described in chapters 4.1.1.4 and 4.1.1.5. Afterwards the separate 

deprotection of the orthogonal protecting groups (chapter 4.1.1.6) and the chain 

elongation to the hexadeca(ethylene glycol) is demonstrated (chapter 4.1.1.7). 

Introduction 

PEGs with a low dispersity of Ð ≤ 1.04 are prepared via well-controlled anionic 

polymerization of 2-(benzyloxy)ethanol, potassium hydride, and ethylene oxide.[619,620] 

To achieve uniformity (i.e., Ð = 1.00), an iterative synthesis approach must be followed. 

Therefore, desymmetrization by introduction of protecting groups is indispensable, 

representing a synthetic bottleneck due to the formation of double-protected ethylene 

glycols as side products. HILL et al. reported the synthesis of monofunctionalized PEGs 

by adopting the BOUZIDE procedure of using stoichiometric amounts of the protecting 

group and silver(I) oxide (Ag2O).[236,621] In this way, monobenzyl-, monotrityl-, mono-

p-methoxybenzyl-, and monotosyl ethylene glycols with three or six repeating units 

were prepared in yields between 43 and 92%. To avoid stoichiometric amounts of 

Ag2O, an excess of less expensive tri- or tetra(ethylene glycol) can be used, which can 

be easily removed by washing with water. The combination with a slow addition of the 

protecting group statistically favors monofunctionalization, resulting in yields 

comparable with those of the silver(I) oxide approach. We therefore started our 

investigations by adopting different reported procedures for the synthesis of THP-, trityl 

(Trt)-, and benzyl-protected tri- or tetra(ethylene glycol), as summarized in Scheme 34.  
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4.1.1.1. Monofunctionalization of PEG-diols 

 

Scheme 34: Desymmetrization of PEG-diols; method A: synthesis of mono(tetrahydropyranyl) (ethylene 

glycol)s P1 and P2; method B: different approaches for the preparation of monotrityl tetra(ethylene 

glycol) P3 using trityl chloride; method C: synthesis of monobenzyl (ethylene glycol)s P4 and P5. 

Thus, we were able to compare yields and purity directly for the different approaches. 

SEC analysis using columns that offer high resolution in the oligomer range proved to 

be the most important technique for assessing the efficiency of the different 

approaches in terms of uniformity, especially that of the crude reaction mixtures. The 

investigated protecting groups were chosen due to the simple purification required after 

the deprotection step via filtration, solvent evaporation, and/or extraction.  

The THP protecting group was introduced by applying the chromatography-free 

reaction protocol of BAKER et al.[317] under acidic conditions using p-toluenesulfonic 

acid (0.10 eq.) in anhydrous dichloromethane (Scheme 34, method A). Tri(ethylene 

glycol) 1a was used in an excess of five equivalents. Although traces of doubly 

protected ethylene glycol (THP2(EG)3) would not influence the subsequent reaction 

steps, product P1a was purified via column chromatography, affording a yield of 

60.9%. The same reaction was conducted with tetra(ethylene glycol) 1b, affording the 

crude mono(THP)-protected PEG4 P2a in a yield of 2.30 g (74.4%). In addition, a 

procedure for the synthesis of P2b described by AHMED and TANAKA was 

performed.[108] Here, the reaction time was decreased considerably to 30 min. 

Product P2b was obtained in 51.0% yield after purification via column 

chromatography.  
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Figure 15 shows the SEC traces of the THP-protected ethylene glycols. A significant 

shift towards a lower retention time was observed for P2a and P2b compared with 

tetra(ethylene glycol) 1b. Interestingly, the crude product P2a obtained via 

method A(i) exhibits tailing towards higher hydrodynamic volumes, which was 

ascribed to the doubly protected ethylene glycol via NMR analysis. For the purified 

products P1a and P2b, symmetric and narrow SEC traces with dispersity indices 

of Đ = 1.00 were obtained, indicating high purity.  

19.5 20.0 20.5 21.0 21.5 22.0

0

1

I n
o

rm
.

retention time / min

 P4a

 P5b

d

19.5 20.0 20.5 21.0 21.5 22.0

0

1

I n
o

rm
.

retention time / min

 1b

 P5b

c

19.0 19.5 20.0 20.5 21.0 21.5 22.0 22.5

0

1

I n
o

rm
.

retention time / min

 1a

 P3a

 P3b

b

20.0 20.5 21.0 21.5 22.0

0

1

I n
o

rm
.

retention time / min

 1b

 P2a

 P2b

 THP2(EG)4

a

 

Figure 15: Comparison of the SEC chromatograms of a the monotetrahydropyranyl tetra(ethylene 

glycol) P2 with tetra(ethylene glycol) 1b and the doubly protected product (THP2(EG)4); b the crude 

monotrityl tetra(ethylene glycol) P3b and after purification via column chromatography P3a with 

tetra(ethylene glycol) 1b; c the monobenzyl tetra(ethylene glycol) P5b with tetra(ethylene glycol) 

1b; d monobenzyl tri- (P4a) and tetra(ethylene glycol) P5b. 

Monotrityl tetra(ethylene glycol) P3a (Scheme 34, method B) was prepared 

from 1b using triethylamine, 4-dimethylaminopyridine (DMAP), and trityl chloride.[318] 

The reaction was refluxed for 6 h, and purification of the product via column 

chromatography afforded P3a in 64.6% yield. In another chromatography-free 
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approach adopted from KINBARA et al., the reaction was performed using DMAP 

without any additional solvent. The reaction time and temperature were decreased to 

3 h and room temperature, respectively.[319] SEC analysis showed a contamination of 

8% with symmetric tetra(ethylene glycol) bis-trityl ether and 3% of the starting material, 

even after several additional washing steps (Figure 15b, P3b). The yield of the pure 

product P3b was calculated via SEC (88.4%, product not separated). The mixture was 

used for the next step without any further purification. In a third approach, an increase 

of 28.6 percentage points in yield compared with that of P3a was obtained when 

following the procedure of DAVIS et al.[237] Here, pyridine was used as the base, the 

reaction was conducted at 45 °C for 12 h, and toluene was used for the extraction 

instead of DCM. The narrow and monomodal SEC trace of P3a (Figure 15b) 

and P3c with a dispersity of Đ = 1.00 confirms the uniformity.  

Benzyl ether was chosen as an orthogonal protecting group for a trityl- or THP 

functionality (Scheme 34, method C). It was introduced via a nucleophilic substitution 

of an alkali alkoxide and benzyl bromide. Deprotonation was accomplished either with 

sodium hydroxide under aqueous conditions (Scheme 34, P4a, P5a)[316] or with 

sodium hydride in anhydrous tetrahydrofuran (THF)[273] (Scheme 34, P5b). The 

monobenzylated tetra(ethylene glycol)s P5a and P5b were obtained in comparable 

yields of 77–83% after purification via column chromatography. Hence, our initial 

comparative study revealed that method C(a) is preferred because of its more 

practicable performance and the avoidance of hydrogen formation. In this way, 

tri(ethylene glycol) monobenzyl ether P4a was synthesized in 72.9% yield. The 

products were again analyzed with SEC (Figure 15c) in addition to NMR spectroscopy 

and MS to confirm their purity. A comparison of the monobenzyl tri- (P4a) and 

tetra(ethylene glycol) (P5a) is shown in Figure 15d. A difference of 0.45 min in the 

retention times was observed.  

In the literature, the electrophilicity of the mono-protected ethylene glycol is shown to 

be improved by chlorination with thionyl chloride, which unfortunately leads to bond 

cleavage (depolymerization) affording a mixture of different chain lengths.[238,324] 

Therefore, sulfonate esters (mesylate and tosylate) are more suitable for the activation 

of alcohol functions.[13,321,622] Although the mesylate shows marginally better results in 

ether coupling than the tosylate, AHMED and TANAKA showed that the tosylation in 

aqueous THF is more reasonable than the introduction of mesylate in pyridine. In 

addition, mono-tosylation with subsequent protection is not appropriate because traces 
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of the formed bis-tosylate must be carefully removed to prevent undesired side 

products in the subsequent reaction process. Elimination of the mono(THP)- and 

monotrityl-protecting groups was observed under the tosylation conditions.[108] Here, 

we adopted the reaction procedure of BRUCE et al. (Scheme 35). Bifunctionalized tri- 

and tetra(ethylene glycol)s (P6 and P7) were obtained after reacting P4 or P5 for 15 h 

in basic aqueous THF with p-tosyl chloride. Purification via column chromatography 

afforded the monobenzyl ethylene glycol tosylates in 55.7% (P6) and 96.2% (P7) yield, 

respectively. Careful characterization via NMR spectroscopy, SEC (Figure 16) and MS 

revealed the purity of the products. To prevent the degradation of the tosylates, they 

were stored under argon and shielded from light. 

 

Scheme 35: Tosylation of monobenzyl ethylene glycols P4 and P5 according to the procedure of BRUCE 

et al.[273] 

A comparison of the SEC traces of the monobenzyl ethylene glycols P4 and P5 with 

the corresponding tosylated products P6 and P7 is shown in Figure 16. Narrow peaks 

with a dispersity of Đ = 1.00 and a shift towards lower retention times and thus a higher 

hydrodynamic volume was observed.  



RESULTS AND DISCUSSION 

 

95 

19.0 19.5 20.0 20.5 21.0 21.5 22.0

0

1

I n
o

rm
.

retention time / min

 P4

 P5

 P6

 P7

 

Figure 16: SEC chromatograms of the monobenzyl ethylene glycols P4 and P5 and the corresponding 

tosylates P6 and P7 

Chain elongation for the synthesis of uniform PEGs is conducted via iterative 

Williamson’s ether synthesis, where elimination under harsh reaction conditions 

constitutes the most significant side reaction and is thus related directly to the purity of 

the product.[323] TANAKA et al. described the synthesis of PEG44 by applying sodium 

hydride in THF. Unfortunately, chain degradation was observed, induced by the 

formation of PEG-alkoxides under basic conditions.[108] BAKER et al. adopted the 

TANAKA procedure and added sodium iodide as a catalyst, which undergoes tosylate–

iodide exchange in a Finkelstein-type reaction to improve the reactivity of the alkylating 

agent. Well-defined PEGs were obtained by a chromatography-free method, affording 

the products of ether coupling in quantitative yields.[317] Substitution of NaH in THF with 

KOtBu in DMF and 18-crown-6 was investigated by DAVIS et al. The base was added 

slowly to the reactants to keep the alkoxide concentration as low as possible and thus 

to prevent chain scission. To simplify the purification by column chromatography, 

orthogonal protecting groups (Bn, tert-butyl, and trityl) were used. Since the trityl- and 

benzyl ether protecting groups are both cleavable via reductive hydrogenolysis, the 

yields using these protecting groups were significantly lower than those with tert-butyl 

ether. Nevertheless, PEG32 and PEG48 derivatives were obtained with 98.9 and 98.0% 
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purity, as indicated by MALDI-MS, which allowed the first exceptional insight into the 

3D-PEG morphology and an extended helical secondary structure by X-ray 

crystallography.[237] Further optimization studies were performed by BRUCE et al. with 

the aim of avoiding the addition of 18-crown-6 to improve the solubility of KOtBu in 

DMF, as this additive was difficult to separate. To overcome the solubility issue, DMF 

was replaced by less toxic THF, which is also easier to evaporate. In addition, the 

reaction temperature was decreased, and the addition of the base was changed due 

to crystallization issues. In this way, PEGs with a purity >95% after three coupling 

steps, as indicated by MALDI-MS, were prepared on a multigram scale.[273]  

We adopted the above-discussed procedures for the synthesis of uniform PEG 

oligomers, which were all carried out under an argon atmosphere. Bis-benzyl 

dodeca(ethylene glycol) P8 was prepared according to the procedure of BAKER et al. 

(Scheme 36 P8a) using sodium iodide as a catalyst.[317] In a second approach, the 

reaction was performed with KOtBu instead of NaH (Scheme 36 P8b), according to the 

synthesis protocol of BRUCE et al.[273]  

 

Scheme 36: Symmetrical bis-benzyl dodeca(ethylene glycol) P8 via chain tripling/bidirectional growth. 

Based on the findings of TANAKA et al., tetra(ethylene glycol) 1b and monobenzyl 

tetra(ethylene glycol) tosylate P7 were used as coupling reagents instead of bis-

tosylate and monobenzyl tetra(ethylene glycol), since the elimination product of the 

monosubstituted intermediate is more difficult to separate from P8. Unfortunately, we 

observed various byproducts by SEC measurements of the crude reaction mixtures 

(Figure 17a). The SEC traces of P8a and P8b show the formation of the bis-benzyl 

dodeca(ethylene glycol) P8, as indicated by a significant shift towards a lower retention 

time of 18.8 min compared with that of the starting materials. Additional peaks beside 

the product peak were successfully assigned via SEC coupled to electrospray 

ionization-mass spectrometry (SEC-ESI-MS) analysis for P8b and are summarized in 

Supplementary Table 1. Several mono- and bifunctionalized oligo(ethylene glycol)s 

ranging from monobenzyl octa(ethylene glycol) to bis-benzyl icosa(ethylene glycol), as 

well as the elimination product of P7, were observed. Due to the structural similarity of 

the formed compound mixture, separation via column chromatography was 
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challenging, and the products were obtained in rather low yields of 12.6% (P8a) and 

36.5% (P8b) with a purity of ≥98% determined by SEC (Figure 17b). These results 

demonstrate the importance of SEC analysis and clearly show that this synthetic 

approach leads to unfavorable results.  

18 19 20 21 22

0

1

I n
o

rm
.

retention time / min

 1b

 P7

 P8a

 P8b

18.0 18.5 19.0 19.5 20.0

0

1

I n
o

rm
.

retention time / min

 P8a

 P8b

a b

 

Figure 17 Comparison of the SEC chromatograms of the crude products P8a and P8b obtained from 

the starting materials tetra(ethylene glycol) 1b and monobenzyl tetra(ethylene glycol) tosylate P7 (a); 

SEC chromatograms of P8a and P8b after purification via column chromatography (b). 

4.1.1.2. Orthogonally protected PEGs via IEG 

Although the chain growth for the first two ether couplings is faster in the case of chain 

tripling/bidirectional growth when compared with the iterative exponential growth, we 

could not obtain the dodeca(ethylene glycol) P8 in reasonable yields via bidirectional 

growth (Scheme 36, approaches (a) and (b)). This might be related to improved 

analytical protocols (i.e., SEC with high resolution). Therefore, attempts to prepare 

orthogonally protected oligo(ethylene glycol)s by applying iterative exponential growth 

were conducted. The monobenzyl oligo(ethylene glycol) tosylate P6 or P7 was 

coupled with either mono(THP)- (P1, P2) or monotrityl tetra(ethylene glycol) P5, 

affording bifunctionalized hepta- and octa(ethylene glycol)s P9, P10, and P11. The 

reaction conditions were adopted from BAKER et al. (Scheme 37 (a))[317] and BRUCE 

et al. (Scheme 37 (b)),[273] which were already applied for the chain-tripling approach.  
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Scheme 37: Ether coupling of monobenzyl oligo(ethylene glycol) tosylate P6 or P7 with 

mono(tetrahydropyranyl)- (P1, P2) and monotrityl tetra(ethylene glycol) P3 yielding the corresponding 

bifunctionalized products P9, P10, and P11 

SEC traces of the coupling products before and after purification via column 

chromatography are shown in Figure 18a-c. A peak corresponding to P7 was observed 

at a retention time of 20 min in the SEC of method (b), since it was used in an excess 

of 1.30 equivalents (Figure 18a, b). However, both reaction methods proceeded in a 

similar fashion. A clear shift to a lower retention time was observed for the formation 

of products P9, P10, and P11. Smaller impurities were found at a higher hydrodynamic 

volume and at a retention time of 20.8 min in the case of method (a) (Figure 18a, b). 

Several masses of byproducts up to the mono-protected hexadecamers were 

observed by SEC–ESI–MS analysis for the synthesis of P10b, which are summarized 

in Supplementary Table 4. Different solvent systems (DCM:MeOH, DCM:acetone, 

pure ethyl acetate) were tested, but the separation of the products via normal phase 

column chromatography was difficult, resulting in a decrease in yield. Interestingly, 

BAKER et al. claimed a quantitative yield for the synthesis of P10a after drying under 

high vacuum.[317] In contrast, we obtained a yield of 68.4% for P10a and 34.5% 

for P9a after purification via column chromatography. Furthermore, the yields of the 

products prepared via method (b) were not constant in repeated trials but were 

37.0-47.6% for the octamer and 71.3% for the heptamer. Since the THP protecting 

group is unstable under acidic conditions, we changed the reported purification 

protocol and used water instead of 1 M HCl for the washing step. Unfortunately, no 

considerable increase in yield was observed. Using monotrityl tetra(ethylene 

glycol) P3 in the ether coupling (method b), we obtained α-benzyl-ω-trityl octa(ethylene 

glycol) P11 (Figure 18c) in 49.6% yield, which is lower than that described in the 
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literature.[237] However, the high purity of the bifunctionalized ethylene glycols was 

indicated by NMR spectroscopy, MS, and SEC analysis. In summary, we can reveal 

that it is possible to distinguish PEG7 and PEG8 via SEC (Figure 18d), again pointing 

out the necessity to report SEC traces when working with uniform macromolecules, 

which is also described in detail in the following chapter. 
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Figure 18: Comparison of the SEC chromatograms the α-benzyl-ω-tetrahydropyranyl (ethylene glycol)s 

P9 and P10 with the mono(tetrahydropyranyl) (ethylene glycol)s P1 and P2, and the monobenzyl 

tetra(ethylene glycol) P7 before and after purification; c the α-benzyl-ω-trityl octa(ethylene 

glycol) P11 with P7 before and after purification; d the doubly protected heptamer P9 with the 

octamer P10. 
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4.1.1.3. Insertion: Purity study of PEGs 

Where is the limit of purity? 

Within the framework of the project “Uniform poly(ethylene glycol)s: a comparative 

study”, our main focus was on the separation protocols, and the purity determination 

of PEGs via SEC analysis, in addition to NMR and MS of several reported 

procedures.[274]  

Investigations of different samples of the doubly protected octamer P10 contaminated 

with varying amounts of the corresponding heptamer P9, ranging from 1 to 10wt%, 

were analyzed by SEC. A broadening in the peaks in the chromatograms was 

observed with increasing amount of the impurity (Figure 19 a and b). Using a simple 

peak symmetry analysis, contaminations of 2wt% and more could be clearly observed, 

thus setting the resolution limit of our SEC instrument to 98%, which is shown in Figure 

19 c.[274] Since a careful high-resolution analysis is crucial for the synthesis and 

characterization of uniform macromolecules, the questions arose, whether these 

observations also count for further molecular systems and what the resolution limit of 

other standard analytical tools is. 
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Figure 19: SEC analysis of purity study. a Comparison of the SEC traces of α-benzyl-ω-

tetrahydropyranyl octa(ethylene glycol) P10 containing different amounts (wt%) of impurity of α-benzyl-

ω-tetrahydropyranyl hepta(ethylene glycol) P9. b Enlarged detail of the SEC traces. Broadening of the 

peaks dependending on the amount of P9 was observed. c Analysis of the peak symmetry as a measure 

for purity of the SEC traces depicted in a. The plot indicates that an impurity of 2wt% can be clearly 

observed by SEC.  describes the ratio of integrals of one half of the SEC peak to the other (peak was 

divided vertically through the peak maximum; the baseline for integration was set to a value of 0.1 to 

exclude the baseline noise in the calculation of the factor).[274] 
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For this purpose, three different compound sets, consisting of uniform PEGs, 

sequence-defined oligo(phenylene ethynylene) (OPEs) and uniform Passerini 

oligomers were investigated on their purity via SEC, 1H NMR spectroscopy and 

ESI-MS. Therefore, pure oligomers of a certain structure and chain length “n” were 

contaminated with the corresponding “n-1” oligomer. Ten different samples with an 

impurity ranging from 1-15wt% were prepared and analyzed. The study was performed 

in a joint project with DR. MAXIMILIANE FRÖLICH and DR. DANIEL HAHN.[214,223] The 

synthesis and evaluation of the results shown within the scope of this thesis were 

performed by PHILIPP BOHN and are discussed in the following section. 

To ensure the highest possible purity of the used products, the heptamer P9 and the 

octamer P10 were purified by silica column chromatography for two times, 

respectively. The corresponding SEC chromatograms and a comparison of the crude 

and the purified product are shown in the experimental section (Supplementary Figure 

19 and Supplementary Figure 20 for P9 and Supplementary Figure 23 - Supplementary 

Figure 25 for P10). The product fraction P9 cc2 F13 for the heptamer and P10 cc3 F2 

for the octamer, respectively, showing the narrowest peaks, were further characterized 

with NMR, IR, and ESI-MS, confirming the high product purity. These samples were 

then used for the impurity study. As for the other two sequence-defined macromolecule 

pairs, an amount ranging between 1-15wt% of the (n-1) oligomer (here heptamer P9) 

was added as an impurity to the oligomer with n repeating units (here octamer 

P10).[214,223] For the 1H NMR analysis, the different samples were prepared in a 

concentration of 20 mg mL-1
 and were recorded on a 500 MHz instrument with 

64 scans at room temperature. The same samples were used in the subsequent 

characterization via SEC and MS. A detailed instrument information and the 

preparation of the samples is provided in the experimental section 6.2.  

A comparison of the 1H NMR spectra and the peak assignment of the pure products 

P9 and P10, in addition to the mixture samples with 1wt% and 15wt% impurity, are 

shown in Figure 20. Since the two molecules only differ in one ethylene glycol unit and 

thus in four protons in the PEG structure, the only distinction is the integral of the 

backbone signal 5. As observed from the integral values, the number of protons did 

neither match with the molecular structure, nor correlate with the added amount of 

impurity. 
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Figure 20: Comparison of the 1H NMR spectra of the doubly protected octamer P10 and the 

corresponding heptamer P9, and mixtures containing 1wt% and 15wt% impurity, respectively. 

The resonance of the aromatic protons was assigned to signal 1, whereas the 

CH2-group of the benzyl ester showed a peak at 4.56 ppm (signal 3). Signals at 

4.63 ppm and in the range of 1.92-1.42 ppm were assigned to the CH- and the 

methylene protons of the THP protecting group (2 and 6). The ethylene backbone 

signals and the CH2-group of the THP moiety next to the oxygen were assigned to the 

signals ranging from 3.92-3.45 ppm (signals 4 and 5), which were used for the 

evaluation of the individual mixtures, in reference to the benzyl methylene peak. Since 

the sum of the protons of signals 4 and 5 for the doubly protected octamer P10 is 34, 

and for the corresponding heptamer P9 30, the integral value should in principle 

decrease with an increasing amount of heptamer impurity. The calculated data up to 
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the octamer sample containing 15 wt% heptamer P9, show the expected negative 

linear trend and are compared with the experimental results depicted in Figure 21. 

Since the start and end point of the integral immensely influences the result, six 

volunteer colleagues with experience in NMR evaluation were asked to integrate 

signals 3 and 4+5 independently from each other, without giving advice on how to 

integrate. This resulted in two trends, which are highlighted in green and red (Figure 

21). The red highlights in Figure 21 were evaluated by persons 2, 3 and 4, showing a 

constant decrease of the number of protons depending on the increase of the impurity. 

The average values and the linear fit are depicted in blue. Interestingly, the lines are 

concurrent to each other, intersecting in x = 0, y = 34, which leads to an increasing 

deviation with increasing wt% of impurity. Compared to the calculated values (black 

squares), the slope of -0.1 protons per added wt% of impurity is too steep, as the 

extrapolation would result in a value of 29 protons for a mixture of 1:1, which is below 

the theoretical minimum of 30 protons for the pure heptamer. On the other hand, the 

results of the integrations made by persons 1, 5 and 6 showed a quasi-exponential 

decay for a small degree of contamination but might change to a more linear 

progression for a higher amount of impurity, depicted by the green straights in Figure 

21, which run parallel to the calculated fit. To further confirm this, mixtures containing 

a higher percentage of heptamer impurity must be prepared and analyzed. However, 

in each evaluation, the integral values for 1wt%, and partially 2wt% of impurity, are 

above the maximum number of theoretical protons, and from a value of 3wt% onwards, 

a trend could be observed, thus setting the resolution limit of the NMR instrument to 

97%. The measured values for 5wt% impurity are clearly off the trends and could be 

caused by pipetting errors. Due to the large deviation, it was not considered for the 

linear fit. 
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Figure 21: Plot of the observed integrals against the contamination of heptamer P9 in wt% in the octamer 

P10. The black squares and the linear fit are the calculated values. The integral values highlighted in 

red obtained from person 2, 3 and 4 follow a linear trend. The corresponding average values and the 

linear trend are plotted in blue. The integral values highlighted in green, obtained from person 1, 5 and 

6, showed a quasi-exponential decay for a small degree of contamination but might change to a linear 

progression for a higher amount of impurity depicted by the green straights. 

In summary, NMR spectroscopy is a powerful tool to determine the purity of a certain 

compound, if the impurity peak pattern is known and is not overlapping with that of the 

analyte. Since the main impurities in sequence-defined oligomers are unreacted 

precursor compounds, they are of the same kind of structure, only varying in the chain 

length. Thus, the chemical shifts are identical and purity determination via NMR 

becomes challenging, as demonstrated for the doubly protected octamer P10 

containing different amounts of heptamer P9 impurities. Similar challenges were 

observed for the uniform OPEs and the sequence-defined Passerini products, as 

described by FRÖLICH and HAHN.[214,223] For the latter compounds, a pentamer was 

contaminated with the corresponding tetramer and it was possible to successfully 
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identify the impurity level from 5wt% onwards via end-group analysis.[214] In contrast, 

even with an impurity of 15wt% of an OPE trimer mixed into the corresponding 

tetramer, no significant difference was observed compared to the pure tetramer.[223] 

This clearly shows that the NMR itself is not sufficient to confirm the purity of the 

compound pairs presented here. Furthermore, it demonstrates the importance of a 

multidimensional analysis for the characterization of molecules in general. 

SEC analysis was performed in a concentration of 2 mg mL-1 and the measurements 

were recorded in THF on a Shimadzu instrument at 30°C for all of the molecule pairs. 

The system was equipped with two separation columns with a high resolution for 

oligomer structures. Three measurements were taken of each sample directly one after 

another and the average chromatograms are shown in Figure 22 a. Because of the 

little mass difference of only 44 g mol-1, the hydrodynamic radii of the structures were 

very similar. Therefore, these measurements are close to the resolution limit of the 

instrument and thus the detection of the impurity percentage was the most challenging 

for the SEC. The peaks were superimposed at 19.6 min and a y-value of 0.1. In the 

magnitude, the trend of the peak broadening with an increasing amount of impurity is 

clearly visible (Figure 22 b). In contrast to the previous study, where the purity level 

was determined via the peak symmetry,[274] within this study, we calculated and 

compared the peak width at a threshold of y = 0.1. The peak width  determined by a 

three-fold determination, is plotted against the wt% of the contamination of the doubly 

protected heptamer P9 in the octamer P10 (Figure 22 c). A linear trend was observed 

and even a sample containing an impurity of only 1wt% was successfully 

distinguishable from the pure octamer. The samples of the 4 and 5wt% impurity exhibit 

approximately the same peak width, which is in accordance with the observed overlap 

of the yellow and orange trace in Figure 22 b. 

Compared to the Passerini molecules and the OPEs, where the difference in the 

hydrodynamic volume of the compared oligomers is higher than for the uniform PEGs, 

1wt% of impurity was clearly observed, as a separate signal, already in the raw 

chromatograms, thus no further calculations of the peak width or peak symmetry were 

performed.[214,223] In contrast, as already mentioned above, the change in the 

hydrodynamic volume of a doubly protected octa(ethylene glycol) and the 

corresponding heptamer is not that significant, resulting in a peak broadening instead 

of the formation of a separate signal. Therefore, individual calculations were performed 

to determine the purity of the samples. Furthermore, a reference of the pure substance 
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is needed to evaluate the difference in the peak shape of a certain sample. Until now, 

we reported the identification of a 2wt% impurity with analysis of our SEC system.[274] 

Within this study, we demonstrated the successful determination of 1wt% impurity for 

three different compound sets (PEGs, OPEs[223] and Passerini oligomers[214]), and thus 

the importance of SEC analysis for the confirmation of uniformity of oligomeric 

structures. 
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Figure 22: (a) SEC 

chromatograms of the 

octamer P10 contaminated 

with different quantities of the 

heptamer P9 (1-15wt%). The 

individual chromatograms 

were superimposed at a 

retention time of 19.6 min. 

and a y-value of 0.1. The 

averaged chromatograms 

calculated from the three-fold 

determination was plotted; 

(b) detailed section to 

highlight the trend of the peak 

broadening with an 

increasing amount of 

impurity; (c) plot of the peak 

width  at a threshold of 

y = 0.1 against the wt% of the 

contamination of the double 

protected heptamer P9 in the 

octamer P10. 
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To complete the standard analysis protocol, ESI-MS of the different samples was 

performed. The mass spectrum of the uniform doubly protected octamer P10, which 

was purified three times via column chromatography, is shown in Figure 23 a. The 

masses of the ammonium adduct ([M+NH4]+ = 562.3591 Da), the sodium adduct 

([M+Na]+ = 567.3141 Da) and the potassium adduct ([M+K]+ = 583.2878 Da) were 

observed. In the area highlighted in green, the mass of the corresponding heptamer 

was expected. The signals were only visible in a zoomed in view of this section at low 

intensities of <0.06 in relation to the sodium adduct of the octamer, which was 

normalized to a value of 100. Similar to the detected mass of the octamer, also of the 

heptamer P9 the ammonium adduct ([M+NH4]+ = 518.3327 Da), the sodium adduct 

([M+Na]+ = 523.2882 Da) and the potassium adduct ([M+K]+ = 539.2623 Da) were 

observed. According to the official definition of a “uniform polymer” by the IUPAC, this 

molecule must be stated as uniform compound related to SEC analysis. Although, this 

was the highest purity we were able to achieve according to the given purification 

methods, the analysis via ESI-MS of the samples containing impurities of the heptamer 

ranging from 1-7 and 15wt% was performed. The mass spectrum for the sample with 

1wt% impurity is shown in Figure 23 a, and the slight traces of the heptamer were 

already observed without magnification, underlining the high sensitivity and resolution 

of the analysis tool. The detailed mass area of the sodium adduct of the heptamer 

([M+Na]+ = 523.2882 Da) is shown in Figure 23 b and the increase of the signal 

intensity with increasing wt% of heptamer in the sample was clearly observed. ESI-MS 

is suitable for quantitative analysis, since the ion signal is proportional to the analyte 

concentration, under certain circumstances, e.g., concentration limit of the detector or 

ionization efficiency of the compound. Typically, an internal standard, similar to the 

structure of the analyte, is required. Since all samples contained the analytes in a 

known concentration, we have not added an additional internal standard. Due to the 

structural similarity of the compared products, the ionization efficiency, which is 

strongly compound dependent, was neglected. The relative peak intensity of the 

sodium adducts of the heptamer relative to sodium adducts of the octamer in relation 

to the wt% of the impurity are shown in the experimental section in Supplementary 

Figure 27. A linear trend up to an impurity content of 7wt% was observed. However, 

since the quantitative MS analysis was not the aim within this study, the use of an 

internal standard was renounced and thus the results are not as accurate as when 

using an internal standard. 
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Figure 23: ESI-MS spectrum of the octamer P10. a The mass of the NH4, Na, and K adducts of the product were 

found. b The detailed section of the area highlighted in green revealed, that product P10 already contained traces 

of the heptamer P9, even after further purification. The corresponing masses of the NH4, Na, and K adducts were 

observed with a low relative intensity of <0.06.  
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Figure 24: a ESI-MS spectrum of the doubly protected octamer P10 contaminated with 1wt% of the 

doubly protected heptamer P9. b detailed section where the signal of the sodium adduct of the doubly 

protected heptamer ([M+Na]+ = 523.2882 Da) is expected. Various samples containing different wt% of 

heptamer impurity are compared. 

In summary, this study showed the challenges in analysis and determination of the 

purity of uniform PEGs, contaminated with different wt% of the (n-1)-oligomer. 1H NMR 

spectroscopy, SEC and ESI-MS were used, and their individual resolution limit was 

rigorously proven, regarding structural similarity and small mass difference of the 

analytes. 1H NMR analysis provided the most ambiguous results. However, from 3wt% 

impurity on, a trend in the experimental results was observed, nevertheless leaving a 

great challenge for practical determination of impurities by 1H NMR. On the other hand, 

SEC allowed the determination of 1wt% impurity and with ESI-MS, even in the pure 

substance, low amounts of impurity were detected. In summary, there is not one 

standalone analytical method for determining the purity of a compound. Each of the 

mentioned tools has its strengths and weaknesses in a certain field of application, and 

therefore the combination of several analytical instruments is inevitable for both the 

characterization of a substance and the determination of purity. 

4.1.1.4. Chromatography-free approach 

To avoid tedious purification via column chromatography, KINBARA et al. established a 

chromatography-free approach for the synthesis of well-defined asymmetric PEGs. 

Making use of the functionalization-dependent distribution of PEGs between the 

organic and aqueous phases, an iterative monofunctionalization of tetra(ethylene 
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glycol) is described (Scheme 38).[319] A trityl protecting group was used as a 

hydrophobic tag, as well as a p-toluenesulfonyl moiety, which also acted as a leaving 

group in Williamson ether coupling. Bis-trityl-protected PEG byproducts, which did not 

interfere in further reactions, were transferred to the subsequent step, and could be 

easily removed after the final deprotection step via liquid–liquid extraction. Since 

products that differ in one ethylene glycol unit, resulting either from the base-induced 

depolymerization or from impurities in the starting material, cannot be separated during 

the extraction step, a suitable analytical method was crucial to verify uniformity. Taking 

advantage of the p-toluenesulfonyl group as a chromophore for UV detection, reverse-

phase HPLC (RP-HPLC) previously showed a higher resolution in comparison with 

MALDI measurements, demonstrating that MS is not a suitable method for quantitative 

dispersity analysis.[623]  

 

Scheme 38: Chromatography-free approach for the synthesis of monotrityl oligo(ethylene glycol)s. A: 

tosylation of the monotrityl ethylene glycol. B: monofunctionalization of tetra(ethylene glycol) with 

NaH. C: deprotection of the trityl ether with p-toluenesulfonic acid. 

In this way, PEG8-Ts (72% yield over five steps, 98.7% RP-HPLC purity), PEG12-Ts 

(63% over seven steps, 98.2% RP-HPLC purity), and PEG16-Ts (62% yield over nine 

steps, 97.0% RP-HPLC purity) were prepared on multigram scales. The limitation of 

this procedure was investigated, since PEG tosylate with a certain chain length prefers 

the aqueous phase during the extraction step, but even the PEG24-tosylate remained 

quantitatively in the organic layer, as indicated by HPLC analysis. Here, monotrityl 

tetra(ethylene glycol) P3b (contaminated with 8% of bis-trityl tetra(ethylene glycol), as 

indicated by SEC analysis) was activated via tosylation, and P12 was obtained in 

quantitative yield, still contaminated with 8% bis-trityl tetra(ethylene glycol), which was 

used in the subsequent step without further purification. In the coupling step, NaH was 

used as the base, and tetra(ethylene glycol) 1b was added in an excess of 7.32 

equivalents, leading to monotrityl octa(ethylene glycol) P13 in quantitative yield. 

Another tosylation was performed, affording P14 in 95.9% yield. In the last two steps, 

an additional impurity of bis-trityl dodeca(ethylene glycol) (2%) was observed in the 
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SEC chromatogram. In the final reaction step, the trityl protecting group was cleaved 

under acidic conditions, affording the crude octa(ethylene glycol) monotosylate P15 in 

an overall yield of 66.3% in five steps, which is 5–10% lower than that reported in the 

literature.[319] However, SEC indicated a contamination with 12% impurities at a lower 

retention time (Figure 25 a); thus, purification of product P15 via column 

chromatography was necessary after the final step, resulting in a 2.5% loss of the 

product (63.8% final yield). The crude and isolated yields are summarized in Table 1. 

The results demonstrate that a chromatography-free approach with an optional final 

purification step is a practical synthetic option.  

Table 1 Comparison of crude and isolated yields for the chromatography-free approach 

# Scale  

/ mmol* 

mcrude  

/ ga 

yieldcrude  

/ % 

yieldLit  

/ % 

purityLit  

/ %[319] 

puritycrude 

/ %c,[319] 

yieldisolated 

/ % 

purityisolated 

/ % 

P3b 44.8 17.3 88.4 ca. 87 93 92 - - 

P12a 39.6 24.5 quant. ca. 99 93 92 - - 

P13 39.6 22.3 99.2 ca. 90 88 90 48.2 ≥98 

P14 31.7 23.3 95.9 ca. 99 88 90 49.5 ≥98 

P15 28.2 11.7 78.8 ca. 99 97.7b 88 75.9 ≥98 

* Indicates approximately half of the literature scales; a not considering impurities indicated by SEC analysis; b 
determined by RP-HPLC; c determined by SEC. 

 

SEC chromatograms of each step are shown in Figure 25 (before (a) and after 

purification via column chromatography (b)). The contamination of the bis-trityl 

tetra(ethylene glycol) at 19.5 min is no longer visible in P12a, since the retention time 

is similar. Narrow and monomodal peaks with a dispersity of Đ = 1.00 were obtained 

for the single products after purification. 
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Figure 25: a SEC chromatograms of the monotrityl tetra(ethylene glycol) P3, the corresponding 

tosylate P12, monotrityl octa(ethylene glycol) P13, the corresponding tosylate P14, and octa(ethylene 

glycol) monotosylate P15 before purification; b after purification via column chromatography. 

4.1.1.5. Macrocyclization of ethylene glycols 

Recently, JIANG et al. reported the synthesis of uniform PEG derivatives via 

nucleophilic ring opening of an MCS. Macrocyclization was performed with several 

diols and thionyl chloride at a rather high concentration of 0.04 M, followed by in situ 

oxidation of the cyclic sulfite with ruthenium tetroxide (RuO4) (Scheme 39). A variety 

of different nucleophiles were used for the nucleophilic ring opening, giving PEG 

derivatives in yields of 34–99%.[318] Since this method avoids the use of protection and 

activation steps, it is an adequate alternative to previously described procedures. 

Furthermore, JIANG et al. reported the scalability and versatility of this method, e.g., for 

the synthesis of dual-functional PEGs,[624] as well as the preparation of an α-amino-ω-

methoxyl dodeca(ethylene glycol) on a 53-g scale, high purity determined by 1H NMR 

and an overall yield of 61% in eight steps.[625] 

 

Scheme 39: Macrocyclization of tetra(ethylene glycol) 1b with thionyl chloride towards the macrocyclic 

sulfite P18-1, in situ oxidation with RuO4 affording the macrocyclic sulfate P18 and subsequent 

nucleophilic ring opening using monobenzyl tetra(ethylene glycol) P5 yielding the monobenzyl 

octa(ethylene glycol) P16. 
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Unfortunately, even at lower concentrations of 0.01 M, we observed the formation of 

larger macrocycles in SEC traces for the macrocyclization of tetra(ethylene glycol) 1b, 

up to the cyclic pentamer (Figure 26), which was further confirmed by SEC-ESI-MS 

analysis (Supplementary Table 7 and Supplementary Table 8). Interestingly, the 

approach at a concentration of 0.02 M showed the lowest side product formation and 

was therefore used for in situ oxidation (Figure 26a). The MCS was purified via column 

chromatography, affording product P18 in 59.7% yield, which was used in a 

nucleophilic ring opening with monobenzyl-protected tetra(ethylene glycol) P5, leading 

to the monobenzyl octa(ethylene glycol) P16. Due to ring formation, the hydrodynamic 

volume decreases, resulting in a shift of the product peak of P18-1 towards a higher 

retention time, whereas cyclic oligomers were observed at a lower retention time 

compared with tetra(ethylene glycol) 1b (Figure 26). As a result of the nucleophilic ring 

opening with monobenzyl tetra(ethylene glycol) P5, a clear shift towards a lower 

retention time was observed. Unfortunately, we were not able to reproduce the results 

described by JIANG et al. ESI–MS analysis confirmed the formation of the desired 

product P16, but we also observed a side product at a lower retention time in SEC, 

which we could not assign to products of the ring opening of larger macrocycles. 
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Figure 26: Comparison of SEC chromatograms for the macrocyclization of tetra(ethylene glycol) 1b 

towards the macrocyclic sulfite P18-1 at different concentrations (a). Nucleophilic ring opening of the 

macrocyclic sulfate P18 yielding the benzyl octa(ethylene glycol) P16 (b). 
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4.1.1.6. Separate deprotection of the α-benzyl-ω-tetrahydropyranyl 
octa(ethylene glycol) 

Nevertheless, to complete the IEG, orthogonal deprotection of α-benzyl-ω-

tetrahydropyranyl octa(ethylene glycol) P10 was performed separately (Scheme 40). 

The THP-ether was deprotected under acidic conditions according to the procedure of 

BAKER et al.,[317] affording the monobenzyl octa(ethylene glycol) P16 in 97.7% yield. 

 

Scheme 40: Separate deprotection of α-benzyl-ω-tetrahydropyranyl octa(ethylene glycol) P10. 

Reductive hydrogenation under reflux conditions was conducted to cleave the benzyl 

protecting group, resulting in mono(THP) octa(ethylene glycol) P17 in 98.9% yield. A 

comparison of SEC chromatograms of products P16 and P17 with starting 

material P10 is shown in Figure 27. Significant shifts towards higher retention times 

were observed due to a decrease in the hydrodynamic volume. A narrow peak was 

observed for product P17, whereas peak broadening occurred after benzyl 

deprotection, which could be the result of complete deprotection towards the 

octa(ethylene glycol), since the mass was determined from the ESI-MS spectra as well. 

Furthermore, the mass of bis-benzyl octa(ethylene glycol) was found in 

product P16 and the mass of bis-tetra(hydropyranyl) octa(ethylene glycol) in 

product P17. 
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Figure 27: Comparison of SEC chromatograms for the separate deprotection of α-benzyl-ω-

tetrahydropyranyl octa(ethylene glycol) P10 yielding monobenzyl- (P16) and mono(tetrahydropyranyl) 

octa(ethylene glycol) P17. 

Conclusion 

We find that SEC measurements using columns optimized for separation in the 

oligomer range reveal currently unreported selectivity issues and allow comparison 

and optimization of the reported routes. SEC, compared with other chromatographic 

methods such as HPLC, offers the advantage of running isocratically and typically 

using RI instead of UV detectors, thus allowing a straightforward routine analysis 

without the necessary gradient optimization and allowing all present species 

(contaminations) to be detected. The purity values are based on a simple peak 

symmetry analysis (Figure 19). The chapters objectively compare reported synthetic 

routes towards uniform PEGs by using a set of characterization methods that allow the 

establishment of an unbiased data set for comparison. It is important to clarify that we 

compare different synthetic methods and approaches to highlight advantages and 

disadvantages, whereas it was not our intention to exactly reproduce the procedures 

described in the literature, since this is often not possible practically (i.e., availability of 

different grades of reagent, same type of silica, and so on). 
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In summary, different synthetic strategies to achieve mono-protected octa(ethylene 

glycol)s were investigated according to described literature procedures.[108,237,273,317–

319] Most importantly, all reactions were analyzed using an SEC system with high 

resolution in the oligomer range, thus allowing an unambiguous comparison of the 

different procedures in terms of practicality, selectivity, purity of the final product, and 

yield. In contrast, the literature indicates that SEC is not suitable for verifying the purity 

of PEGs.[273] Nonetheless, it is quite possible to distinguish oligomers with only one 

additional repeat unit for the described oligo(ethylene glycol)s, as monodisperse 

species should be observed as highly symmetric peaks in SEC. As shown in Figure 

19, contamination of a PEG8 P10 with only 2wt% PEG7 P9 can be clearly identified by 

SEC using a simple symmetry peak analysis, and even 1wt% was detectable via 

comparison of the peak width (Figure 22). Furthermore, for most side products, we 

observed a difference of at least four repeating units, thus supporting our hypothesis 

that SEC is a powerful analytical tool to monitor the reaction process. The results 

obtained in chapters 4.1.1.1, 4.1.1.2 and 4.1.1.4 are summarized in Table 2 and Table 

3 and compared with the values described in the respective reference. They reveal that 

there is no difficulty in mono- and difunctionalization (Table 2: entries 1-7,Table 3: 

entries 1–3), but the yields are often lower than those reported if SEC is used to 

measure the purity.  

Table 2: Summery of the results of the different reproduced literature approaches compared and 
investigated herein. 
entry # Author, 

Reference 

ScaleLit  

/ mmol 

yieldLit  

/ % 

purityLit  

/ % 

Scale  

/ 

mmol,[319] 

yield  

/ % 

purityb 

/ % 

1 P2a BAKER et al.[317] 8000 96.3c 89d 11.1 74.4c 88d 

2 P2b TANAKA et al.[108] 2.00 80c n.a. 2.00 51.0 ≥98 

3 P3a JIANG et al.[626] 90.0 85a n.a. 10.0 64.4 ≥98 

4 P3c DAVIS et al.[237] 257 68e 99.7 10.0 93.2 ≥98 

5 P5a DAVIS et al.[237] 259 n.a. 99.7 11.7 76.9 93 

6 P5b BRUCE et al.[273] 100 90.5e >99d,f 100 83.4 ≥98 

7 P7 BRUCE et al.[273] 88.6 99.6c >99d,f 7.03 96.2 ≥98 

8 P8b BRUCE et al.[273] 15.0 69.4e >98f 2.57 36.6 ≥98 

9 P10a BAKER et al.[317] 250 99.3c n.a. 1.80 68.4 ≥98 

10 P16 BAKER et al.[317] 267 90c n.a. 7.34 97.7c ≥98 

a Purification was performed by column chromatography; b purity determined via SEC based on simple peak 
symmetry analysis; c non-purified products; d purification by automated column chromatography; f purity 
estimated by MALDI-MS; purity estimated by ESI-MS. 

 



RESULTS AND DISCUSSION 

 

118 

Table 3: Summery of the results of PEG derivatives synthesized in this work according to literature 

procedures. 

entry # Author, Reference Scale / mmol Yield / %a Purity / %b 

1 P2a BAKER et al.[317] 34.0 60.9 ≥98 

2 P4a DAVIS et al.[237] 120 72.9 ≥98 

3 P6 BRUCE et al.[273] 60.8 55.7 ≥98 

4 P8a BAKER et al.[317] 2.57 12.6 98 

5 P9a BAKER et al.[317] 2.13 34.5 ≥98 

6 P9b BRUCE et al.[273] 0.88 71.3 ≥98 

7 P10b BRUCE et al.[273] 0.94 47.6 ≥98 

8 P11b BRUCE et al.[273] 0.93 49.6 ≥98 

9 P12b BRUCE et al.[273] 1.15 83.5 ≥98 

10 P17 DAVIS et al.[237] 7.34 98.9c ≥98 

a Purification was performed by column chromatography; b purity was determined via SEC based on simple peak 
symmetry analysis; c non-purified products 

 

This also accounts for the separate deprotection of oligo(ethylene 

glycol)s P16 and P17, while problems reproducing the ether coupling described in the 

literature arose (Table 2: entries 8 and 9,Table 3: entries 4–9). The purities calculated 

via SEC analysis are comparable with those reported, which were estimated mostly 

just by MS analysis. Chromatography, which detects all species and does not have a 

bias towards ionization of different species, is a better choice and gives more 

trustworthy data. The best yield was obtained for the synthesis of the double-protected 

heptamer P9b according to the procedure of BRUCE et al.,[273] whereas the results for 

the chain tripling method did not match those described in the literature (P8a and P8b). 

Due to the formation of several side products, identified via SEC-ESI–MS 

(Supplementary Table 1), the isolation of the products via normal phase column 

chromatography was rather challenging, resulting in low and nonconsistent yields. 

Such side products were not identified before, suggesting that the previously reported 

samples were contaminated. The results described herein provide a generalized 

overview of previously reported procedures as well as their limitations. 

The iterative cycle, consisting of the activation of P16 with p-toluenesulfonyl chloride, 

the coupling of two orthogonal protected octa(ethylene glycol)s P16 and P17 according 

to the procedure of BRUCE et al.,[273] and the subsequent THP deprotection, was 

continued to obtain the corresponding monobenzyl hexadeca(ethylene glycol) P21. 
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4.1.1.7. Chain elongation – synthesis of PEG16 derivatives 

Compared to the tosylation of P5, a yield of only 51% was achieved for P19 after 

purification via column chromatography, which was used directly in the coupling 

reaction prior to degradation. Unfortunately, similar side reactions as for the octamer 

P10 were observed for the ether synthesis of the hexadecamer P20 by SEC. Thus, the 

isolation of P20 was rather challenging and time-consuming, and two chromatographic 

purification steps were necessary to achieve the uniform product. The column 

chromatography separations took approximately one week, each. The product was 

collected as 58 fractions of various purity. The amounts of each fraction, the SEC 

results, and the corresponding purities are shown in Supplementary Figure 48 and 

Supplementary Table 10. The purities, determined by SEC of the product-containing 

fractions, varies from 5 to >99% with dispersities ranging from 1.00 to 1.01. The 

fractions highlighted in red were discarded, the ones in yellow were purified via a 

second column chromatography and the ones highlighted in green were used for 

further synthesis.  

An overview of all so far synthesized PEG derivatives is shown in Figure 28, ranging 

from the starting material tetra(ethylene glycol) 1b at the highest retention time of 

21.0 min (light green trace) to the α-benzyl-ω-tetrahydropyranyl hexadeca(ethylene 

glycol) P20 at a retention time of 18.3 min (dark green trace). All SEC traces show a 

narrow and monomodal shape. Additional characterization by NMR spectroscopy and 

MS indicated the uniformity of the products (see experimental section, chapters 6.3.1 

and 6.3.2).  
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Figure 28: SEC overview of the synthesized PEGs. The SEC traces range from the starting material 

tetra(ethylene glycol) 1b at a retention time of 21.0 min in light green to the doubly protected 

hexadeca(ethylene glycol) P20 at 18.3 min in dark green. All traces show a narrow and monomodal 

shape indicating the high purity of the products. 

The THP-protecting group was then cleaved under acidic conditions and the 

monobenzyl hexadeca(ethylene glycol) P21 was obtained in quantitative yield without 

further purification. Afterwards, the protection group had to be exchanged (Figure 26) 

in order to obtain an identical structure for the uniform block copolymers (described in 

chapter 4.2) as for the disperse ones (described in chapter 4.4.1). 

 

Scheme 41 Schematic overview of the exchange of protection group for PEG16. Monobenzyl 

hexadeca(ethylene glycol) P21 was methylated yielding the doubly protected PEG16 P22. Then, the 

benzyl protection group was cleaved via reductive hydrogenation to obtain the desired mPEG16 P23. 

Therefore, the alcohol moiety of compound P21 was methylated in a nucleophilic 

substitution using a ten-fold excess of methyl iodide as electrophile and NaH as 

deprotonating agent. TLC indicated full conversion after stirring the reaction over night 

at room temperature. After purification via column chromatography, 30% of pure 
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product P22 and 70% with a purity of 93 - 98% were obtained. In the final step, the 

benzyl protection group was cleaved via reductive hydrogenation. Compared to the 

procedure described in Scheme 40, here, the reaction was performed in EtOH and at 

room temperature, according to the procedure described by HAAG et al.,[627] instead of 

ethyl acetate and reflux. Using this milder reaction conditions, the side reaction was 

avoided, and the product P23 was obtained in 97.6% yield and was utilized without 

further purification steps.  

The corresponding 1H NMR spectra of the exchange of the protecting group are shown 

in Figure 29. The spectrum of the monobenzyl hexadeca(ethylene glycol) P21 is shown 

in green on top. The characteristic multiplet (7.35 - 7.26 ppm) as well as the methylene 

singlet (4.56 ppm) of the benzyl protection group are highlighted in orange.  

 

Figure 29: 1H NMR spectra of the exchange of the protection group of PEG16. The green spectrum on 

top shows the chemical shifts of the monobenzyl hexadeca(ethylene glycol) P21. The aromatic and 

methylene signals at 7.35 - 7.26 and 4.56 ppm of the benzyl moiety are highlighted in orange. The 

spectrum for the doubly protected PEG16 P22 is shown in the middle (blue). The characteristic singlet 

signal of the methyl capping group appears at 3.38 ppm (highlighted in purple). The 1H NMR spectrum 

after the reductive hydrogenation (P23) is shown in red on the bottom. The signals according to the 

benzyl protection group vanished completely, whereas the methyl group is still intact. 
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After methylation of the alcohol moiety, a singlet at a chemical shift of 3.38 ppm 

appeared (P22, blue spectrum, middle), which was identified as the methoxy protons 

highlighted in blue. In the red spectrum on the bottom (P23), the specific signals of the 

benzyl protecting group completely vanished, confirming full conversion during the 

reductive cleavage. The most intense signal around 3.65 ppm belongs to the PEG 

backbone. 

Figure 30 shows the SEC traces of the protection group exchange process of PEG16. 

Product P21 exhibits a retention time of 18.9 min in the SEC. After capping the free 

alcohol with a methyl group, the signal shifts to a lower retention time of 18.8 min, due 

to the increase in the hydrodynamic volume (blue trace, product P22). On the other 

hand, a higher retention time of 19.0 min was observed after the reductive 

hydrogenation of the benzyl ether, yielding product P23 (red trace). All curves show a 

narrow and monomodal shape, indicating uniformity. Further data of the full 

characterization consisting of 1H, 13C NMR and IR spectroscopy, MS, and SEC of the 

purification of P22 via columns chromatography are provided in the experimental part 

and confirmed the high purity of the compounds (chapter 6.3.2). Product P23 was used 

without further purification in chapter 4.2 for the synthesis of uniform block copolymers 

(uBCPs). 
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Figure 30: SEC chromatograms of the exchange of the protection group of PEG16. The green curve at 

a retention time of 18.9 min belongs to the crude monobenzyl hexadeca(ethylene glycol) P21. After 

methylation, the signal shifts to a lower retention time of 18.8 min due to the higher hydrodynamic radius 

(blue curve, product P22, after purification via column chromatography. The red curve shows the 

chromatogram of the crude product P23. The retention time decreased to 19.0 min after the cleavage 

of the benzyl group. 

Due to the described challenges in the synthesis and purification of PEGs to achieve 

uniformity, there is still an ongoing interest to develop alternative approaches. In 2019, 

LIVINGSTON et. al. reported a strategy for the synthesis of sequence-defined 

multifunctional polyethers based on purification via molecular sieving (Nanostar 

Sieving Technology).[325] The strategy is used in industry for the synthesis of defined 

oligonucleotides, peptides, homopolymers and sequence-defined polymers.[628] 

Another approach follows the purification of PEGs via Sample Displacement 

Chromatography (SDC).[629] 

These approaches focus more on the purification of PEGs to achieve uniformity. In the 

next chapter an alternative route for the direct synthesis of highly defined PEGs is 

presented, based on the GaBr3-catalyzed reduction of an ester with silanes. 
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4.1.2. Uniform PEG via GaBr3-catalyzed reduction of esters 

From a synthetic point of view, the synthesis of uniform PEGs is based on the iterative 

ether coupling of (orthogonally) protected building blocks (Scheme 42 a),[107,108,236–

238,273,316,317,319,623] or step by step addition on a hub unit (Scheme 42 b).[198,322,325] The 

nucleophilic ring opening of macrocyclic sulfates was reported in 2015 as a novel route 

to achieve defined PEGs (Scheme 42 c).[318] Within the scope of this work, 

investigations towards an alternative preparation of uniform PEGs, based on the 

GaBr3-catalyzed reduction of esters with silanes, were carried out (Scheme 42 d). 

 

Scheme 42: Summary of the synthetic approaches for the preparation of uniform PEGs since 1992. A 

detailed overview is shown in Figure 3 (chapter 2.2.1). 

Applications of such ester reductions have been presented in the literature by 

BIERMANN and METZGER for lactones, methyl oleate[346] and high oleic sunflower oil,[347] 

and in a collaboration with our group for renewable polyesters (see chapter 2.2.3).[348] 

The overreduction and thus the cleavage of the ester function was reported and is the 

major challenge to achieve uniform products. 

The first examinations of this project were carried out by QIANYU CAI in her study 

“Synthesis of uniform PEGs via GaBr3-catalyzed reduction”[630] and were continued by 

research assistants PETER CONEN and MAYA EYLEEN LUDWIG under lab-supervision and 

major data interpretation of PHILIPP BOHN. A schematic overview of the iterative 

reaction cycle is shown in Scheme 43. The reaction protocol includes the monomer 
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synthesis and the subsequent iterative chain elongation of the PEGs, consisting of a 

transesterification, a reduction, and a final deprotection step, which are explained in 

detail in the following. 

 

Scheme 43: Schematic overview of the synthesis of uniform PEGs via GaBr3-catalyzed reduction of 

ester functions. The approach includes the synthesis of the monomer units as well as the iterative 

reaction cycle, consisting of CALB catalyzed transesterification, a GaBr3-catalyzed reduction and a 

deprotection step via reductive hydrogenation. 

In the first step of the reaction cycle, the alcohol function of ethyl glycolate was 

protected with benzyl bromide using the same procedure as described above for the 

tetra(ethylene glycol).[273] The product P24 was obtained in a yield of 94% after 

purification via column chromatography.I  

Afterwards, a CALB (Candida antarctica Lipase B)-catalyzed transesterification 

(Scheme 43) with monomethyl tetra(ethylene glycol) was conducted in bulk. The 

reaction was (simply) performed in a flask connected to a rotary evaporator, according 

to a procedure presented by PUSKAS et al.[631] The temperature was set to 65 °C and 

vacuum (8 mbar) was applied to remove ethanol and thus shift the equilibrium towards 

the product side. Quantitative yields were reported in the literature, whereas within this 

 
I The synthesis was carried out by B. Sc. QIANYU CAI under the lab-supervision of PHILIPP BOHN. 
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work, a moderate yield of 79% was obtained after column chromatography. I  The 

reaction was followed by GC-FID analysis and showed full conversion of the starting 

material after the respective reaction time. Therefore, the purification process needs 

to be further improved, since a high yield in the first steps is essential to achieve 

uniform high molecular weight PEGs in large quantities.  

Since GaBr3 is highly water sensitive and the PEG-ester precursors are hydrophilic 

and tend to draw water easily, they were dried carefully via azeotropic distillation with 

toluene and further dried overnight under high vacuum and stored under argon 

atmosphere until usage in the subsequent reduction. The reduction of the ester 

function to the corresponding ether, which is the key step of the reaction cycle, was 

optimized in terms of reducing agent and its quantity, catalyst loading and reaction 

time.II Either the disilane TMDS (1,1,3,3-tetramethyldisiloxane) or the monosilane TES 

(triethylsilane) were used as reducing compound. For a better comparison of the 

individual approaches, two equiv. of TES were used related to one equiv. of TMDS. 

The conversion was monitored via NMR and IR spectroscopy and the results are 

summarized in Table 4. 

Using a similar quantity of catalyst (1.00 mol%) as described in the literature, almost 

no conversion was observed when using 1.10 or 2.20 equiv. of TMDS (entries 1 and 2). 

Full conversion was achieved with 3.30 equiv. of TMDS, but on the other hand 28% of 

the alcohol side product were formed due to overreduction (entry 3). Increasing the 

amount of catalyst to 2.00 mol% or higher, the conversion increased to >80% for all 

approaches and the ester cleavage was decreased. In comparison, the alcohol 

formation was significantly lower when using TES (4-7%) instead of TMDS (6-28%). 

Furthermore, 1H NMR analysis showed additional side products for the reduction of 

the ester with TMDS, which is shown in Supplementary Figure 64 in the experimental 

section 6.3.3. Thus, the most promising results were achieved using 5.00 mol% of 

catalyst and 4.40 or 6.60 equiv. TES per ester function. After 67 or 44 h, respectively, 

quantitative conversion of the ester and only 7% side product formation in both cases 

were observed (entries 9 and 10). To further optimize the reaction conditions in terms 

of decreasing the reaction time and overreduction, online monitoring would be a 

powerful tool to gain important insight into the reaction process. 

 
I The synthesis was carried out by B. Sc. QIANYU CAI under the lab-supervision of PHILIPP BOHN. 
II All reduction steps were performed by B. Sc. PETER CONEN under the lab-supervision of PHILIPP BOHN. 
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Table 4: Optimization study of the GaBr3-catatyzed reduction of P25 

# GaBr3 

/ mol% 

TMDS / 

equiv.1 

t 

/ h 

conv.3,4 

/ % 

alc.5 

/ % 

TES2 

/ equiv.1 

t 

/ h 

conv.3,4 

/ % 

alc.5 

/ % 

1 1.00 1.10 140 14 / 4 (9) 2.20 - - - 

2 1.00 2.20 66 9 / 7 (6) 4.40 - - - 

3 1.00 3.30 93 >99 / >99 28 6.60 - - - 

4 2.00 1.10 67 82 / 86 12 2.20 144 83 / 87 5 

5 2.00 2.20 67 >99 / >99 7 4.40 144 94 / 96 6 

6 2.00 3.30 20 >99 / >99 17 6.60 144 85 / 89 5 

7 3.00 1.10 73 86 / 87 13 2.20 73 86 /87 4 

8 5.00 1.10 - - - 2.20 144 96 / 97 7 

9 5.00 2.20 - - - 4.40 67 >99 / >99 7 

10 5.00 3.30 - - - 6.60 44 98 / >99 7 

1 equivalents per ester function; 2 for a better comparison, double the amount of the monosilane (TES) were used 

related to one equiv. of the disilane (TMDS); 3 determined by 1H NMR spectroscopy via integration of the ethylene 

signals 3 and 4 (Figure 31) related to the aromatic protons (signal 1) / 4determined by IR spectroscopy via the 

peak height of the carbonyl (C=O) vibration at 1752 cm-1 normalized, to the methoxy stretching (O-CH3) vibration 

at 2869 cm-1; 5 determined by IR spectroscopy via the peak height of the alcohol (O-H) vibration at 3500 cm-1, 

normalized to the methoxy stretching (O-CH3) vibration at 2869 cm-1; Complete evaluation of the reaction 

monitoring via NMR and IR spectroscopy is provided in the experimental section. 

 

The monitoring with 1H NMR spectroscopy of the entries 9 and 10 of Table 4 and a 

comparison with the starting material P25 and the purified product is shown in Figure 

31. During this reduction, the 1H NMR signals of the CH2 unit next to the ester at 

4.21 ppm (signal 3) is shifted high field and overlaps with the broad signal of the OEG 

backbone at 3.51 ppm (signal 4 in the product). The benzyl methylene peak at 

4.54 ppm (signal 2) is shifted to the high field (4.49 ppm) as well, due to the loss of the 

deshielding effect of the carbonyl group.  



RESULTS AND DISCUSSION 

 

128 

 

Figure 31: Reaction monitoring of the reduction of P25 via 1H NMR spectroscopy using 5 mol% of GaBr3 

and 4.40 equiv. of TES. All NMR spectra were measured in DMSO-d6. The starting material P25 (botton 

spectrum) is compared to the corresponding product P26 (top spectrum) and the shifts of the 1H signals 

are monitored over the reaction time and highlighted in a color code.  

Furthermore, the singlet signal 4 of the methylene group, in α-position to the ester, at 

4.18 ppm is shifted to 3.56 ppm and overlaps with the CH2 group next to it, which arises 

due to the reduction of the carbonyl function. In addition to the signals in the aliphatic 

region, highlighted in red, which belong to the ethyl groups of the reducing agent (TES) 

and the corresponding side product hexamethyldisiloxane, only small amounts of 

impurities were detected at 5.17, 4.70 and 1.24 ppm, which could be removed easily 

via column chromatography (Figure 31). 
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The overreduction of the ester to the corresponding alcohols via the GaBr3-catalyzed 

approach was described in the literature as the main side reaction.[346–348] The possible 

side products are shown in Figure 32 c.  

 

Figure 32: Investigation of the side product formation during the GaBr3-catalyzed reduction of P25 via 

1H NMR spectroscopy. a reaction scheme of the reduction of P25 to the corresponding ether P26; b 

detailed 1H NMR section (4.5-4.6 ppm), which shows the shift of the benzyl methylene signal 2 indicating 

complete reduction (green and red spectrum); c possible side products resulting from overreduction and 

thus ester cleavage. The yellow spectrum shows the alcohol signal of monomethyl tetra(ethylene glycol) 

SP1 at 4.56 ppm, which is also observed in the reaction monitoring after 67 h in the blue spectrum. 

Since the 1H NMRs were measured in DMSO-d6 the alcohol signals could be detected. 

The relevant spectra sections as well as the peak assignment are shown in Figure 

32 a-c. Since the 1H signal for the monomethyl tetra(ethylene glycol) SP1 (yellow 

spectrum) occurs at 4.56 ppm and thus overlaps with signal 2 of the parent molecule 
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(green spectrum), the ester cleavage could only be quantified via 1H NMR, if the ester 

was completely converted. For the approach shown in Figure 31 using 5 mol% of 

GaBr3 and 4.40 equiv. of TES, full conversion was achieved after 44 h. At this point, 

approximately 9.5 % of alcohol were formed due to overreduction (please note a weak 

signal to noise ratio was observed (blue spectrum), thus the value might be erroneous). 

However, the signal completely vanished after the isolation of the product. For the 

purification, the reaction mixtures of entries 9 and 10 (Table 4) were combined and 

39% of the desired product was obtained after column chromatography (please note: 

Since several samples were taken out of the reaction mixture for the monitoring via 

NMR and IR spectroscopy, the yield is significantly decreased and is lower than the 

observed conversion). In order to quantify the formation of the other possible side 

products, further investigations must be carried out, e.g., by additional mass analysis.  
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Due to the characteristic carbonyl vibration band at 1752 cm-1, which decreases in 

intensity during the reaction, IR spectroscopy provides another powerful tool to monitor 

the degree of ester reduction. Figure 33 shows the corresponding superimposed IR 

spectra for the reduction, using the same reaction conditions as for the 1H NMR 

monitoring shown in Figure 31 (5.00 mol% GaBr3, 4.40 equiv. TES). The spectra were 

normalized to the end group methyl ether (O-CH3) stretching vibration at 2869 cm-1 

and the conversion of the ester was observed by the decrease of the C=O vibration 

(Figure 33 b). A significant peak at a wavenumber around 3500 cm-1 was observed 

from a reaction time of 19 h on and can be assigned to the O-H stretching vibration of 

the formed alcohol side product via overreduction (Figure 33 c). 7% ester cleavage 

and quantitative reduction of the carbonyl were calculated after 67 h, which confirms 

the values determined by 1H NMR spectroscopy. 
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Figure 33: Superimposed IR spectra of GaBr3-catalyzed reduction of P25. a complete IR spectra 

normalized to the methoxy -O-CH3 stretching vibration at 2869 cm-1; b detailed section of the carbonyl 

(C=O) vibration at 1752 cm-1, which is decreasing due to the reduction; c detailed section of the arising 

O-H vibration at around 3500 cm-1 indication alcohol formation via overreduction.  

In the last step of the reaction cycle, the benzyl ether P26 was deprotected via 

palladium-catalyzed reductive hydrogenation (Figure 34). Full conversion was 

achieved after stirring the mixture at room temperature under hydrogen atmosphere 

(balloon) overnight, indicated by 1H NMR analysis (Figure 34). The signals 1 and 2 

corresponding to the benzyl group at 7.33 and 4.49 ppm completely vanished due to 

the cleavage, whereas a triplet at 4.56 ppm associated to the formed alcohol function 

was observed (product signal 1). Furthermore, the ethylene signal 3 at 3.56 ppm was 

shifted high field to 3.45 and 3.42 ppm (product signal 3 and 4).  
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Figure 34: Reaction monitoring of the deprotection of P26 via 1H NMR in DMSO-d6. Comparison of the 

1H NMR spectra of P26 before and of P27 after the deprotection. The signals associated to the benzyl 

protecting group at 7.33 and 4.49 ppm completely vanished, indicating full conversion. The signal at 

4.56 ppm is assigned to the formed alcohol. The ethylene signal 3 in the starting material at 3.56 ppm 

is shifted high field to 3.45 and 3.42 ppm.  

After filtering off the catalyst and evaporating the solvent and the side product toluene, 

the desired product P27 was obtained in a quantitative yield. 

Additionally, a comparison of the 13C NMR spectra of the reduction and deprotection 

step is shown in Figure 35. Due to the reduction of the carbonyl function, the quaternary 

carbon signal 1 of the ester P26 at 170.1 ppm completely vanished in the spectrum of 

the corresponding ether P27 (highlighted in orange). Furthermore, the peaks 

associated to carbon 9, 10 and 11 were shifted low field and partially overlap with the 

backbone signal (highlighted in yellow). Signal 8 of P26 was assigned with the help of 
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2D HMBC analysis (highlighted in purple) due to the correlation to signal 5. After the 

deprotection via reductive hydrogenation, the benzyl signals (highlighted in blue) 

completely vanished and the carbon peaks next to the formed alcohol function (signal 

1 and 5, highlighted in green) were shifted to 72.4 and 60.2 ppm, respectively. 

 

Figure 35: Comparison of 13C NMR spectra of the reduction and deprotection step of iterative chain 

elongation cycle (Scheme 43). The corresponding molecular structures P25 (top spectrum), P26 (middle 

spectrum) and P27 (bottom spectrum) are shown next to the spectra, as well as the peak assignment.  

Figure 36 shows the SEC chromatograms of the product P25 (red trace), the product 

P26 crude (green trace) and after purification (yellow trace) and the alcohol P27 (blue 

trace). In general, narrowly distributed signals were observed for the three compounds 

in the SEC analysis, but also impurities towards higher retention times and thus a lower 

molecular weights were present (please note that the products eluate barely at the 

lower resolution limit of the SEC instrument, thus overlapping with system peaks might 

occur). A complete analysis including 1H, 13C and IR spectroscopy as well as MS is 

provided in the experimental section 6.3.3. Furthermore, it should be highlighted that 

product P26 was already obtained in a purity of 94% directly after the reduction, without 

further purification. Since the side products were easily separated via column 

chromatography, this first investigations of the presented approach shows that it is a 

promising alternative to the commonly used Williamson ether synthesis discussed in 

chapter 0. 
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Figure 36: Comparison of SEC traces of products P25 (red trace), P26 crude (green trace) and after 

purification (yellow trace) and P27 (blue trace). 

The generated alcohol P27 can be applied directly, without further purification, in a 

subsequent transesterification with P24. Thus, the PEG chain is elongated by one EG 

unit per reaction cycle consisting of a CALB-catalyzed transesterification, a GaBr3-

catalyzed reduction and a Pd/C-catalyzed deprotection. 
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With the presented results, a promising proof of principle for the synthesis of uniform 

PEGs was demonstrated. In order to synthesize high molecular weight uniform PEGs, 

the addition of one unit per three steps is not efficient and therefore not sufficient. 

Therefore, the ethyl ester P24, which is the iterative transesterification agent, can be 

easily substituted to increase the monomer addition per reaction cycle. Therefore, 

compound P28 was prepared in a one-step ether synthesis using ethyl bromo acetate 

(EBA) and tetra(ethylene glycol) monobenzyl ether P5. The reaction was performed in 

a multi-gram scale according to the procedure of WANG et al.[632] and the product P28 

was obtained in 78% yield after purification via column chromatography.I The ester 

was then used in the transesterification with monomethyl tetra(ethylene glycol) 

according to the reaction protocol of PUSKAS et al.[631] and the desired product P29 was 

obtained in a moderate yield of 65%.II The stacked 1H NMR spectra of P28 (green 

spectrum, top) and P29 (blue spectrum, bottom) as well as the peak assignments are 

shown in Figure 37. The characteristic triplet at 1.28 ppm and the quartet at 4.21 ppm, 

both assigned to the ethyl ester, completely vanished (signal 3 and 6, highlighted in 

orange) and new signals for the transesterification product P29 were observed at 4.29, 

3.45 and 3.37 ppm (color-coded). Further analysis, e.g., SEC, must be carried out as 

well as the investigation of the subsequent reduction protocol. 

 
I The synthesis was carried out by B. Sc. MAYA EYLEEN LUDWIG under the lab-supervision of PHILIPP 

BOHN. 
II The synthesis was carried out by KIARA MAURER under the lab-supervision of PHILIPP BOHN. 



RESULTS AND DISCUSSION 

 

136 

 

Figure 37: Comparison and assignment of 1H NMR spectra of P28 (green spectrum, top) and P29 (blue 

spectrum, bottom). The signals of the ethyl ester in compound P28 at 1.28 and 4.21 ppm (signal 3 and 

6, highlighted in orange) completely vanished after the transesterification with monomethyl 

tetra(ethylene glycol). Signals at 4.29, 3.45 and 3.37 ppm (highlighted in green, blue and yellow) arose 

due to the formation of product P29. 

Within this study, the high potential of the GaBr3-catalyzed reduction of esters was 

shown to be a competitive synthesis protocol to previously reported approaches in 

order to prepare uniform PEGs. Investigations of the reduction step, in terms of 

reducing agent and their used quantity, catalyst loading and reaction time, were carried 

out via NMR and IR monitoring. Full conversion was achieved while keeping the 

overreduction and the formation of the side products at an appropriate low level. In this 

way, the successful addition of one EG monomer unit via a three-step reaction cycle, 

as well as the potential of increasing the degree of elongation per cycle, was shown.  
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4.2. Synthesis and characterization of uniform PCLs 

In this chapter, the synthesis of uniform oligo(ε-caprolactone) is presented and 

discussed. All procedures were performed according to the iterative exponential 

growth strategy reported by HAWKER et al.[240] A schematic overview of the synthesis 

protocol is shown in Scheme 44. Parts of the synthesis within this project were already 

examined in more detail during the master thesis of the author.[618] With these findings, 

the synthesis protocol for the preparation of uniform PCL was started again from the 

beginning on a larger scale. Footnotes in the experimental section mark the molecules, 

which were already synthesized and fully characterized during the master thesis. 

 

Scheme 44: Synthesis of uniform oligo(ε-caprolactone) via iterative exponential growth strategy 

according to the procedure of HAWKER et al.[240] 

First, a base-catalyzed ring-opening of ε-caprolactone was performed on a multi-gram 

scale, and the monomer unit, 6-hydroxyhexanoic acid C1, was obtained in 94% yield 

via continuous extraction with diethyl ether over four days. In the next divergent step, 

the functional groups were protected separately using orthogonal protecting groups. 
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Therefore, the alcohol moiety of one batch of C1 was protected with t-butyldimethylsilyl 

(TBDMS) ether, and the carboxylic acid of another batch of C1 was transferred into a 

benzyl ester. The selection of the protecting groups was performed according to 

HAWKER et al. after a comparison of different protecting groups. This orthogonal pair 

was proven the most efficient and selective in consideration of the complete synthesis 

protocol.[240] The subsequent convergent coupling reaction of the monofunctionalized 

compounds C2 and C3 was performed via a Steglich esterification using DCC for 

activation of the carboxylic acid and DMAP as catalyst, also according to the procedure 

of HAWKER et al. As reported, activation via acyl halides or other active esters resulted 

in low yields or partial deprotection of the TBDMS group. The doubly protected dimer 

C4 was obtained as the product of the esterification. Afterwards, the protecting groups 

were cleaved orthogonally under specific reaction conditions. The benzyl ester was 

deprotected via reductive hydrogenation and the silyl ether by treatment with 

tetra-n-butyl ammonium fluoride (TBAF) under acidic conditions, affording either the 

carboxyl- or the hydroxyl-terminated dimers C5 and C6 in quantitative yields. By 

repetition of the coupling step and the separate deprotection reactions, the 

caprolactone chain grows in an exponential manner. From the synthesis of the octamer 

on, 4-(dimethylamino)pyridinium p-toluenesulfonate (DPTS) was used instead of 

DMAP to suppress the formation of reported unreactive N-acyl ureas.[633,634] Using this 

IEG-strategy, a carboxyl-terminated PCL64 C20 was obtained in 20 steps in an overall 

yield of 33.1%, considering always the lowest yield of the divergent steps. In total, 88 

column chromatographic purification steps were performed during this synthesis. Each 

of the products was characterized with 1H, 13C, and IR spectroscopy, as well as MS 

and SEC to confirm the high purity. The complete characterization data of all products 

is provided in the experimental section. In Figure 38, representative 1H NMR spectra 

for the products obtained from the Steglich esterification and both separate orthogonal 

deprotection steps are shown, using the octamer derivatives as an example. The 

spectrum of the doubly protected octamer C10 is shown in green on top. All peaks 

were assigned to the molecular structure. The characteristic signals of the protection 

groups, as well as the methylene groups in α-position, respectively, are highlighted in 

yellow for the TBDMS group (signal 4 at 3.55 ppm, 10 at 0.85 ppm, and 11 at 

0.01 ppm) and in green for the benzyl ester (signal 1 at 7.35 ppm, 2 at 5.08 ppm and 

5 at 2.35 ppm). After deprotection of the benzyl ester via a reductive hydrogenation, 

where toluene is released and the carboxylic acid is formed (product C11, blue spectra 
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in the middle), the signals 1 and 2 have completely vanished and the signal at 

12.05 ppm, belonging to the acid proton, was observed. In addition, the methylene 

group in α-position (signal 5) was shifted upfield. For the TBDMS deprotection, similar 

changes of the corresponding signals were observed. The 1H NMR spectrum of 

product C12 is shown on the bottom Figure 38 in red. The peaks of the TBDMS moiety 

at 0.85 and 0.01 ppm completely vanished and a signal belonging to the formed 

alcohol appeared at 4.36 ppm. As for the benzyl deprotection, the methylene group in 

α-position is shifted upfield (from 3.55 to 3.36 ppm). 

 

Figure 38: Comparison of 1H NMR spectra of octa(ε-caprolactone) derivatives. The green spectrum on 

the top shows the characteristic signals of the doubly protected octamer C10. The specific peaks 10 

and 11 for the TBDMS protecting group are highlighted in green at 0.01, 0.85 ppm, and for the 

α-methylene group 4 at 3.55 ppm, and for the benzyl ester in yellow, at 7.35 ppm for the aromatic 

protons (signal 1), at 5.08 ppm for the benzyl methylene group (signal 2) and the α-methylene group 5 

at 2.35 ppm. After reductive hydrogenation of the benzyl ester, the corresponding peaks completely 

vanished and a signal at 12.1 ppm is observed for the carboxylic acid (signal highlighted in purple, blue 

spectrum in the middle of compound C11). The α-methylene group next to the carboxylic acid shifted to 

2.19 ppm. In the case of TBDMS cleavage (red spectrum on the bottom of C12), the corresponding 

peaks highlighted in green completely vanished, and the α-methylene group next to the resulted alcohol 

(at 4.36 ppm) function shifted to 3.36 ppm. These spectra are representative for all coupling and 

deprotection products obtained during the IEG. A full characterization for each of them is provided in 

the experimental section. 
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In addition, Figure 39 shows the comparison of the corresponding 13C NMR spectra of 

the octamer derivatives C10 (green spectrum, top), C11 (blue spectrum, middle) and 

C12 (red spectrum, bottom) and the change of the peak pattern as a result of the 

separate orthogonal cleavage of the TBDMS- and the benzyl protecting group. The 

same color coding is used as in Figure 38. Thus, the carbon signals of the benzyl group 

(2-6, green spectrum, compound C10) are highlighted in yellow and vanish completely 

during the deprotection to the product C11. The carbonyl carbon 1 is shifted downfield 

to 174.4 ppm, whereas the signal corresponding to the methylene carbon in α-position 

to the ester, is shifted to 33.6 ppm and overlaps with another signal of the backbone.  

 

Figure 39: Comparison of 13C NMR spectra of octa(ε-caprolactone) derivatives. The green spectrum on 

the top shows the characteristic signals of the doubly protected octamer C10. The specific peaks of the 

benzyl protection group highlighted in yellow are completely vanished after the reductive hydrogenation 

(compare blue spectrum of C11). Further, the CH2-group in α-position to the ester and the quaternary 

carbon of the carboxylic acid is shifted downfield to 33.6 ppm and overlaps with another backbone signal 

(detailed section a), and 174.4 ppm (signal 1 of C11, highlighted in purple), respectively. In the case of 

the TBDMS cleavage (red spectrum on the bottom of C12), the corresponding peaks, highlighted in 

green, completely vanished and the α-methylene group next to the resulting alcohol is shifted upfield 

from 62.3 to 60.6 ppm. These spectra are representative for all coupling and deprotection products 

obtained during the IEG. A full characterization for each of them is provided in the experimental section. 
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This is an assumption based on the integral ratio shown in the spectrum cutout, but 

could not be confirmed by correlated 2D NMR, since the signals are too close to each 

other. On the other hand, the vanishing of the signals, which belong to the TBDSM 

protecting group (signal 12, 15+16, highlighted in green) confirmed the complete 

deprotection yielding the alcohol C12 (red spectrum, bottom). Furthermore, the 

methylene carbon in α-position to the alcohol (signal 12) is shifted upfield, when 

compared to the silyl ether. 

Figure 38 and Figure 39 clearly point out that 1H and 13C NMR spectroscopy is a solid 

tool for monitoring the separate deprotection of the orthogonal protecting groups as 

well as the coupling reaction of the IEG growth strategy towards uniform PCLs. 

However, as described in section 4.1.1.3, one analytical method is not sufficient to 

determine the purity, and especially not the uniformity of a compound. 

In accordance to the description of HAWKER et al., from the synthesis of the 

hexadecamer on, a small impurity, that matches in terms of the retention time, to the 

precursor molecules, respectively, was observed. In the literature, they specified the 

products with purities >95%, which were used without further purification.[633] Here, a 

purity of 98.6% was determined by SEC analysis for the doubly protected 

hexadecamer C13 after flash column chromatography (see Supplementary Figure 104). 

Strictly speaking, these compounds are to be declared as non-uniform molecules 

according to the official IUPAC definition of uniform polymers.[80] Therefore, we focused 

on the careful purification of compound C13 via fractionating column chromatography. 

The crude product of a 15.5 mmol (31.8 g) batch was applied on a silica column and 

the mobile phase was chosen to allow the product to elute as slowly as possible. Thus, 

the separation from impurities of precursor molecules, which exhibit almost similar 

retention factors, is more likely. Three of these fractionating isolation steps were 

performed, and in total 46 fractions were collected, 31 of which contained the product 

in purities ranging from 50.2 to >99%. The SEC chromatograms are shown in 

Supplementary Figure 100 - Supplementary Figure 103 and the corresponding 

evaluated data sets in Supplementary Table 13 - Supplementary Table 16. The 

fractions highlighted in green exhibit a high purity of >99% and were selected for further 

synthesis. The samples with an insufficient purity were either further purified 

(highlighted in yellow) or discarded, if they only contained a few milligrams of the 

product or if no product was found (highlighted in red). Impurity signals ranging from 

15 to 21 min in the SEC chromatogram were observed for the individual purification 



RESULTS AND DISCUSSION 

 

142 

steps. By comparison with the chromatograms of the starting materials, the according 

signals could be identified. The masses corresponding to the other signals could be 

obtained via SEC-ESI-MS and thus give more insight into formed side products. 

Initially, 1.4% of impurity were detected in a 31.8 g sample after purification via flash 

column chromatography (Supplementary Figure 100 - Supplementary Figure 103 and 

Supplementary Table 13 - Supplementary Table 16), which correlates to 446 mg. After 

performing the fractionated column chromatography, 1.20 g of impurities were 

obtained, which were not detected before (please note: this amount also contains 

impurities from the used solvents). In total, approximately 60 L of solvents were used 

for the purification. Each purification step required about one week of work, but in the 

end, the doubly protected hexadecamer C13 was obtained in a yield of 97.1% and a 

high purity confirmed by SEC (>99%), NMR spectroscopy, and MS. At this point of the 

study, it should be pointed out once more, that not only a completely optimized 

synthesis strategy, but also a careful purification and characterization is inevitable 

when preparing uniform macromolecules. Furthermore, an improvement of analytical 

instruments in terms of resolution, and preparative purification methods, which are at 

the moment rather expensive for large scale demands, is crucial. 

The same effort was performed for the isolation of the doubly protected PCL32 C16, 

resulting in 82.8% yield and a purity of >99% (SEC) after two consecutive fractionating 

column chromatography steps (see Supplementary Figure 111 and Supplementary 

Figure 112, and Supplementary Table 17 and Supplementary Table 18). Since the 

focus of this thesis was more on the high purity of the products than on the yield, the 

doubly protected PCL64 was purified only once (i.e., impure fractions were discarded 

instead of performing additional column chromatography), resulting in a yield of 84.1% 

(7.34 g) and a purity of >99% (SEC). Thus, enough product was obtained for the 

remaining synthetic steps. Nevertheless, especially for long synthesis protocols, a high 

yield is essential. An overview of all steps, including the scale, yield, dispersity, and 

purity determined by SEC is shown in Table 5. A full characterization via NMR as well 

as IR spectroscopy and MS of each of the products is provided in the experimental 

section (chapter 4.2). 
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Table 5: Overview of scale, yield, dispersity, and purity of the synthesized PCL. 

product scale / mmol yield / % Đ1 purity1 / % 

C1 263 94.3 1.00 >99 

C2 125 85.3 1.00 >99 

C3 127 87.9 1.00 >99 

C4 45.1 88.3 1.00 >99 

C5 11.1 99.0 1.00 >99 

C6 27.7 98.9 1.00 >99 

C7 86.3 87.9 1.00 >99 

C8 14.7 99.1 1.00 >99 

C9 8.84 99.8 1.00 >99 

C10 41.5 94.4 1.00 >99 

C11 2.64 quant. 1.00 >99 

C12 2.64 97.3 1.00 >99 

C13 1.92 97.1 1.00 >99 

C14 7.29 quant. 1.00 >99 

C15 7.32 98.1 1.00 >99 

C16 5.37 82.8 1.00 >99 

C17 1.81 93.4 1.00 >99 

C18 1.81 96.5 1.00 >99 

C19 1.16 84.1 1.00 >99 

C20 0.40 95.0 1.00 99 

1 determined via SEC (system II) 

 

The carboxyl-terminated PCL64 C20 was obtained in an overall yield of 33.1% in 20 

reaction steps. A minor impurity of 1% was observed in the SEC after the last reductive 

hydrogenation, thus a purity of 99% is reported, which was used without further 

purification in a coupling reaction with product P23 (chapter 4.3). All precursor PCL 

derivatives from the monomer C1 to the doubly protected PCL64 C19 were obtained in 

a purity >99% (SEC) and can be declared as uniform. An overview of the 

corresponding SEC chromatograms is shown in Figure 40, ranging from the monomer 

unit 6-hydroxyhexanoic acid C1 in light green at a retention time of 21.0 min to the 

doubly protected PCL64 C19 in dark green at 13.8 min All traces show a monomodal 
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and narrow shape, indicating the high purity of the compounds. Only the final product 

C20 shows a small impurity of 1% at 15.2 min. 

 

Figure 40: SEC overview of the synthesized PCLs. The SEC traces range from the monomer, 

6-hydroxyhexanoic acid C1 at a retention time of 21.0 min in light green to the doubly protected PCL64 

C19 at 13.8 min in dark green. All traces show a narrow and monomodal shape indicating the high purity 

of the products. 

The exponential chain growth can also be monitored with NMR spectroscopy. Figure 

41 shows the stacked 1H NMR spectra of the individual doubly protected PCLs. A clear 

increase of the caprolactone backbone integrals is observed due to the chain doubling 

per iterative reaction cycle, which is highlighted in Figure 41 with the light blue triangles. 

Since the proton number of end groups for the doubly protected PCLs is constant 

during the complete synthesis protocol, the integrals of the orthogonal protecting 

groups are consistent. 
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Figure 41: Stacked 1H NMR spectra of the synthesized doubly protected oligo(ε-caprolactone)s from the 

dimer C4 on the bottom (light blue spectrum) to the 64-mer C19 on top (green spectrum). The increase 

of the backbone signals with increasing chain length is highlighted in blue.  

4.3. Uniform PEG-b-PCL block copolymers 

In order to synthesize uniform PEG-b-PCL block copolymers, the hydroxyl-terminated 

mPEG16 P23 was reacted in a Steglich esterification with the corresponding carboxyl-

terminated oligo(ε-caprolactone) C14, C17, and C20 of desired chain length (Scheme 

45). Applying the same reaction conditions as for the oligo(ε-caprolactone) coupling 

reaction, only 16% product formation was observed after two days of stirring at room 

temperature, as determined via SEC. After further addition of 0.8 equiv. catalyst 

(DPTS) and 6.00 equiv. of DCC (in portion of 2.00 equiv.) 62% of product formation 

was observed after stirring for nine days. From the beginning, side reactions towards 

side products eluting at a lower retention time than the desired uBCP-1 were observed. 

The reaction was stopped and purified via column chromatography twice, to afford the 

product uBCP-1 in a moderate yield of 54%. Unfortunately, the side product at lower 

retention times could not be completely removed. The SEC chromatograms of the 

fractions obtained from the isolation steps are provided in the experimental part 

(Supplementary Figure 132 and Supplementary Figure 133). To identify the formed 
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side products with a higher hydrodynamic volume, further analysis, e.g., SEC-ESI-MS 

needs to be performed.  

 

Scheme 45: Reaction scheme for the synthesis of uniform PEG-b-PCL BCPs. The hydroxyl-terminated 

mPEG16 P23 was coupled via a Steglich esterification with the corresponding carboxyl-terminated 

oligo(ε-caprolactone)s C14, C17, and C20 to obtain three PEG-b-PCL BCPs varying in the length of the 

hydrophobic ε-caprolactone block. 

Since further addition of DPTS and DCC to the reaction mixture increased the 

conversion, the catalyst was used in equimolar amounts and the carbodiimide in an 

excess of 6.00 equiv. in a second approach directly from the beginning. After stirring 

at room temperature overnight, almost full conversion was observed via SEC analysis. 

A comparison of the reaction control and the starting materials P23 and C14 is shown 

in (Figure 42 a). The formation of the desired product uBCP-1 was confirmed by the 

appearance of a new signal at a retention time of 15.9 min. As already observed in the 

first approach, a side product at a lower retention time (14.9 min) was detected. 

However, remarkably less of the side product was observed if compared to the first 

test reaction. Furthermore, a slight tailing towards higher retention times and a small 

signal at 18.8 min were observed, which might be assigned to remaining starting 

material. In general, the reaction process was significantly improved by using these 

optimized conditions, which were thus also used for the synthesis of uBCP-2 and 

uBCP-3 as well.  

Purification via column chromatography was challenging, since the elution behavior of 

the different substances were very similar and the substances were only slightly visible 

on a TLC plate, independent from the choice of staining solution (Seebach, vanillin or 

KMnO4), resulting in loss of yield. The fractions obtained after the isolation of the 

product are shown in Figure 42 b. Fractions 1 and 3 contain mostly the product, but 

also either small impurities at a lower retention time (green trace) or a slight tailing 

towards higher retention times. Therefore, only 49% of product uBCP-1 were obtained 

in a purity of >99%. 
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Figure 42: SEC analysis for the synthesis and purification of uBCP-1. a The uniform homopolymers are 

shown in the blue and the red trace. The green trace shows the chromatogram of the corresponding 

uBCP-1 after the coupling reaction. Only small impurities were observed at a retention time of 14.9 min 

and 18.8 min, and a tailing towards higher retention time. b Different fractions (F1-F3) of the isolation 

process of uBCP-1 via column chromatography. The blue traces (F2) shows a narrow and monomodal 

shape, indicating a high purity of the product, whereas the blue (F1) and the red (F3) chromatograms 

show small impurities at higher and lower retention times.  

The coupling reaction of the mono functionalized homopolymers P23 and C14 could 

also be monitored via 1H NMR spectroscopy, as shown in Figure 43. The green 

spectrum on top corresponds to the mPEG16 homopolymer P23. During the 

esterification with the TBDMS protected PCL16 homopolymer C14 (blue spectrum, 

middle), only the signal assigned to the methylene group next to the hydroxyl moiety 

(signal 3, highlighted in blue, top spectrum) is shifted downfield from 3.59 to 4.22 ppm, 

due to a higher deshielding caused by the formed ester function in proximity. All other 

signals of the homopolymers P23 and C14 remain at the same chemical shifts in the 

resulting uBCP-1. Since signal 2 of the PCL homopolymer C14 (highlighted in green, 

middle spectrum) exhibits a similar chemical shift as signal 3 of the PEG homopolymer 

P23 (highlighted in blue, top spectrum), 2D NMR spectra (COSY and HMBC, see 

experimental section, Supplementary Figure 129 and Supplementary Figure 130) were 

recorded to confirm the presented peak assignment of the uBCP-1. 
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Figure 43: Comparison of 1H NMR spectra of the monomethyl hexadeca(ethylene glycol) P23, the 

carboxyl-terminated hexadeca(ε-caprolactone) C14 and the corresponding product uBCP-1. Signal 3 of 

the mPEG16 is shifted upfield from 3.59 to 4.22 ppm due to the esterification. All other signals remain 

at the same chemical shift. These spectra are representative for the synthesis of all three BCP. A full 

characterization for each of them is provided in the experimental section. 

The comparison of the 13C spectra of the PEG16 and PCL16 homoblocks P23 and C14 

with the desired block copolymer uBCP-1 is shown in Figure 44. The carbon signals 

next to the alcohol of P23 or the carboxylic acid of C14, are shifted in the product 

spectrum (red spectrum middle) and highlighted in the respective color code. Signal 1 

of the mPEG16 is shifted upfield from 72.7 to 69.3 ppm (highlighted in orange), whereas 

signals 5 and 4 are shifted downfield due to the coupling reaction. The latter overlaps 

with the backbone ethylene peak 3 at 70.7 ppm in the product spectrum (highlighted 

in purple). Similar to that, the carbonyl signal 1 at 117.0 ppm (highlighted in green) and 

the CH2-group in α-position to the ester of the PCL16 homoblock at 33.7 ppm 

(highlighted in blue) are shifted to 173.7 and 34.2 ppm, respectively and are 

overlapping with the backbone peaks. 
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Figure 44: Comparison of 13C NMR spectra of the monomethyl hexadeca(ethylene glycol) P23, the 

carboxyl-terminated hexadeca(ε-caprolactone) C14, and the corresponding product uBCP-1. The 

signals next to the alcohol of P23 or the carboxylic acid of C14, are shifted in the product spectrum (red 

spectrum middle) and highlighted in the respective color code A full characterization for each of them is 

provided in the experimental section. 

Additionally, ESI-MS and DOSY analyses were performed to further determine the 

purity of the product. The found mass and the experimental isotopic pattern of the 

single charged sodium adduct ([M+Na]+ m/z found 2698.6143 matched with the 

calculated m/z values ([M+Na]+ m/z calc. 2698.6106, Figure 45). The complete ESI-MS 

spectrum and the found masses are provided in the experimental section 6.3.5 in 

Supplementary Figure 127. 
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Figure 45: Comparison of the isotopic pattern of the single charged sodium adduct of the experimental 

uBCP-1 (black spectrum) and the calculated values (blue spectrum). 

We have recently demonstrated that the uniformity of a sequence-defined decamer, 

obtained via an iterative Passerini reaction and subsequent deprotection, was 

confirmed with DOSY experiments.[635] Therefore, the product uBCP-1 was analyzed 

via DOSY at a concentration of 0.8wt% and except for a weak water signal with a 

diffusion coefficient of D = 5.48 × 10-9 m2 s-1, the desired product uBCP-1 was the only 

detected signal with a diffusion coefficient of D = 3.32 × 10-10 m2 s-1 and thus 

confirming the high purity (Figure 46). Surprisingly, in the DOSY spectrum of uBCP-2 

several peaks ranging from D = 1.50 × 10-10 - 6.48 × 10-10 m2 s-1 were observed and 

were confirmed by repetition of the measurement (see experimental section 

Supplementary Figure 126). This is in contrast to the results observed from NMR, SEC, 

and MS analyses. Furthermore, the direct comparison to the DOSY results of the 

disperse block copolymer dBCP-2 (see experimental section Supplementary Figure 

137) is contradictory to these results, since a distinct signal with a diffusion coefficient 
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of D = 2.14 × 10-10 m2 s-1 was observed. Further investigations need to be performed 

to explain the peak pattern observed for uBCP-2. 

 

Figure 46: Spectrum of the DOSY experiment of the uBCP-1.  

The same synthesis protocol as for uBCP-1 was conducted using the carboxyl-

terminated PCL homopolymers C17 and C20 with a chain length of 32 and 64 units, 

respectively yielding the corresponding uBCP-2 and uBCP-3. Thus, a set of three 

block copolymers were synthesized varying in the domain length of their PCL block 

and therefore in the ratio of the hydrophilic to the hydrophobic part. After purification 

via column chromatography, product uBCP-2 was obtained in a yield of 43.2% (four 

isolation steps) and uBCP-3 in 18.4% (three isolation steps) in a high purity of >99% 

determined by SEC analysis. The SEC chromatograms of the individual purification 

steps and the evaluated data is provided in the experimental section 6.3.5. Only the 

fraction with the highest purity was included in the yield and used for the intended 

purpose of this thesis, resulting in a drastic loss of yield. For all the other fractions, also 

1H
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excellent purities were obtained. The complete characterization of the block 

copolymers uBCP-1 and uBCP-2 including 1H, 13C, and diffusion-ordered NMR, and 

IR spectroscopy, SEC, and high-resolution ESI-MS was performed. Furthermore, DSC 

and SAXS analyses were conducted to investigate the structure-property-relationship, 

in terms of the self-assembly behavior of the presented block copolymers, depending 

on the dispersity (see section 4.5). Unfortunately, impurities of 

mPEGn-b-PCLm-1-TBDMS were observed in the ESI-MS spectra of the products 

uBCP-2 and uBCP-3, which could not be quantified with an additional analysis tool. 

Therefore, only uBCP-1 is considered uniform as indicated by the complete 

characterization, whereas uBCP-2 and uBCP-3 must be classified as “uniform with 

respect to SEC” according to the official IUPAC definition of a uniform polymer.[80] The 

SEC chromatograms of the three block copolymers are presented in Figure 47. All 

SEC traces show a narrow and monomodal shape, indicating uniform structures. 
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Figure 47: SEC chromatograms of the three synthesized uniform block copolymers uBCP-1 (green), 

uBCP-2 (blue), and uBCP-3 (red).  
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In order to investigate the structure-property relationship in terms of the self-assembly 

behavior of the amphiphilic block copolymers, identical structures, similar in Mn with 

the uniform BCP, but exhibiting a slight molecular weight distribution, were prepared. 

The synthesis and characterization are explained in detail in the following chapter. 

4.4. Disperse PEG-b-PCL block copolymers  

The disperse PEG-b-PCL block copolymer analogs were prepared in a two-step 

synthesis. First, a base-catalyzed ring-opening polymerization of ε-caprolactone was 

conducted using a commercially available monomethyl poly(ethylene glycol) with a 

number average molecular weight of Mn = 750 Da as macroinitiator. The reaction was 

performed according to the procedure of HEDRICK, WAYMOUTH and coworkers, and 

TBD was utilized as organo-catalyst (Scheme 46).[408] Increasing the equivalents M of 

the monomer ε-caprolactone and thus the resulting ratio to the amount of used 

macroinitiator, increases the polymerization speed, and thus offers the possibility to 

have a control of the dispersity Đ of the desired block copolymer, since the probability 

of side reactions increases with the reaction time. A detailed study of the influence of 

several catalysts and different monomers on the conversion and the dispersity is 

presented in the literature.[408]  

 

Scheme 46: Reaction scheme for the synthesis of PEG-b-PCL BCP. mPEG (Mn = 750 Da) was used as 

a macroinitiator for the TBD-organo-catalyzed ROP of ε-caprolactone. By variation of the equivalents 

(M) of the ε-caprolactone, the DP (n) was controlled (M > n). The reaction conditions were adopted from 

HEDRICK, WAYMOUTH and coworkers.[408] 

The reaction was performed under water-free and inert conditions, since water could 

act as an initiation reagent or hydrolyzes the formed ester function under the used 

reactions conditions, which would lead to unwanted side products. Therefore, all 

chemicals were dried carefully prior to usage. A detailed description of the reaction 

procedure is provided in the experimental section 6.3.6. Since we were aiming for 

polymers with similar Mn, compared to the uniform analogs, and thus the same 

retention time in SEC (assuming a symmetrical peak shape), monitoring via SEC was 

performed. The resulting stacked chromatograms received from five different 

approaches, varying in their M/I ratios, ranging from M/I = 40-1226, and the 
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corresponding evaluated data sets are shown in the experimental section 6.3.6. A 

linear relationship of the molecular weight depending on the reaction time was 

observed in all reactions, whereas the dispersity remained constant up to a reaction 

time of three hours for all approaches. After four hours, a slight increase was recorded 

for the reactions with a M/I ratio of 40, 80, and 167. Correspondingly, high molecular 

mass shoulders at lower retention times occurred in the associated SEC 

chromatograms, respectively. For the reaction with the highest M/I ratio of 1226, a 

low-molecular tailing, increasing over the reaction time, was observed. Such effects 

are caused by side reactions via intramolecular (backbiting) or intermolecular (chain 

transfer) transesterification reactions and could be prevented to a certain degree by 

increasing the monomer concentration and thus decreasing the reaction time to obtain 

the desired degree of polymerization. Furthermore, quenching of the catalyst with 

benzoic acid prevented post-polymerization transesterification. To achieve the correct 

retention time of the block copolymers in SEC, i.e., the same retention time as for the 

uniform system described above, several approaches were carried out and stopped at 

minutes intervals, based on the results of the kinetic study. The corresponding SEC 

chromatograms as well as for the individual purification steps via column 

chromatography are shown in the experimental section 6.3.6. All chromatograms were 

recorded in the same sequence directly one after each other, to avoid shifting caused 

by pressure and temperature fluctuations of the instrument. The SEC results for the 

most suitable approaches for the comparison study with the uniform analogs are 

depicted in Figure 48 in green, blue, and red. Since the subsequent end-group 

functionalization increases the hydrodynamic radii of the polymers, the reactions were 

deliberately stopped at that point, where the corresponding SEC traces show a slight 

shift towards higher retention times compared to the uniform BCP (black traces). With 

the purification process, it was possible to reduce the high-molecular shoulder and the 

tailing, but unfortunately not to remove it quantitatively (see experimental section 

chapter 6.3.6). Further analysis via 1H and 13C NMR was performed, which is provided 

in the experimental section (chapter 6.3.6). 
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Figure 48: Comparison of the SEC chromatograms of the uniform uBCP-1 – 3 (black traces) and the 

disperse alcohol-terminated block copolymers dBCP-1 (green trace), dBCP-2 (blue trace) and dBCP-

3 (red trace). 

4.4.1. Protection of mPEG-b-PCL with TBDMS-Cl 

In the final step, the hydroxyl end-group of the disperse block copolymers dBCP-1 – 3 

were capped in a post-polymerization protection with TBDMS-Cl (Figure 49 a). To 

ensure a quantitative functionalization, an excess of 30 equiv. of the silyl chloride and 

1H-imidazole were used, respectively. The reaction was stirred overnight at 50 °C in 

DMF and the reaction process was monitored via NMR and IR spectroscopy and SEC 

to confirm complete conversion. 1H NMR spectra were recorded in DMSO-d6 in order 

to follow the conversion by the alcohol signal. The comparison or the relevant section 

of the spectra, before (dBCP-1, green) and after (dBCP-4, blue) the protection reaction 

is shown in Figure 49 b. Full conversion was observed due to the completed vanishing 

of the alcohol signal at 4.32 ppm (highlighted in yellow). However, since the products 
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dBCP-2 and 3 and the corresponding TBDMS-protected polymers were poorly soluble 

in DMSO, this approach was not suitable to determine the conversion of the reaction. 

 

Figure 49: a Reaction scheme of the TBDMS protection of the alcohol function of the three disperse 

PEG-b-PCL block copolymers dBCP-1 – 3. b 1H NMR recorded in DMSO-d6 of dBCP-1 (green 

spectrum) compared to the desired protected compound dBCP-4 (blue spectrum). The broad alcohol 

signal at 4.32 ppm is highlighted in yellow and is completely vanished after the protection.  

Therefore, the NMR spectra were recorded in CDCl3. The stacked spectra and the 

peak assignment of dBCP-2 (green) and dBCP-5 (blue) are presented in Figure 50. 

The two signals corresponding to the ethylene group next to the alcohol moiety were 

shifted slightly upfield (highlighted in green and orange) after the protection. However, 

since the initial chemical shifts of the alcohol were overlapping with backbone signals, 

it was challenging to quantify complete conversion. The determination of the converted 

alcohol via end group analysis of the appeared signals of the TBDMS protection group 
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at 0.88 and 0.03 ppm, respectively, was insufficient due to the challenges in terms of 

integration, which were mentioned in chapter 4.1.1.3. 

 

Figure 50 Stacked 1H NMR spectra and peak assignment of dBCP-2 (green) and dBCP-5 (blue) 

recorded in CDCl3. The shifts towards lower ppm of the signals according to the ethylene group 5 and 

11 next to the alcohol are highlighted in green and orange. The peaks at 0.9 and 0.0 ppm were assigned 

to the TBDMS protecting group (highlighted in red). 

On the other hand, under consideration of the carbon signals of the same ethylene 

group next to the alcohol, quantitative conversion was observed by a chemical shift of 

both signals towards higher ppm (downfield). A comparison of the 13C spectra of 

compound dBCP-2 (green) and dBCP-5 (blue) is shown in Figure 51. Signal 7 was 

shifted from 62.7 to 63.1 ppm, whereas signal 10 was shifted from 32.4 to 32.6 ppm. 

Furthermore, the appearance of the quaternary carbon 15 at 18.5 ppm and the CH3 

signals 12 and 16 at 26.1 and -5.6 ppm of the protecting group indicated a successful 

reaction. 
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Figure 51: 13C NMR spectra and peak assignment of dBCP-2 (green) and dBCP-5 (blue) recorded in 

CDCl3. The shifts towards higher ppm of the signals according to the ethylene group 7 and 10 next to 

the alcohol are highlighted in green and orange. The peaks at 26.1, 18.5, and -5.6 ppm were assigned 

to the TBDMS protecting group (highlighted in red). 

An increase of the hydrodynamic volume is expected as a result of the 

TBDMS-protection of the alcohol function of the products dBCP-1 – 3, which was 

already considered for the synthesis strategy, as mentioned above. The SEC 

chromatograms of the disperse block copolymers of different chain length before and 

after the transformation into the silyl ether is shown in Figure 52. A shift of the peak 

maximum of 0.05 min towards lower retention times and thus a higher hydrodynamic 

volume was observed for the products dBCP-1 (dark green) and dBCP-4 (light blue). 

In contrast a smaller shift of 0.02 min. was detected for the other two polymer pairs 

dBCP-2 (dark blue) and dBCP-5 (orange), and dBCP-3 (red) and dBCP-6 (light 

green). This observation is another indication for the successful functionalization of the 

alcohol.  
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Figure 52: Comparison of the SEC chromatograms of the block copolymers before (dBCP-1 (dark 

green), dBCP-2 (dark blue) and dBCP-3 (red)) and after (dBCP-4 (light blue), dBCP-5 (orange), and 

dBCP-6 (light green)) the protection of the alcohol with TBDMS-Cl. 

IR is another useful tool to monitor the protection of the alcohol with TBDMS-Cl. The 

IR spectra of the polymers before and after the protection are presented in Figure 53 a. 

Since the alcohol shows a characteristic broad vibration at around 3500 cm-1 a detailed 

view of the corresponding area is shown in Figure 53 b. Since the PEG block is very 

hydrophilic and tends to draw moisture easily, which shows a signal in the same region 

as the alcohol, the polymers were carefully dried before the measurements. Therefore, 

the individual samples were dissolved in DCM, dried over anhydrous sodium sulfate, 

filtered and the solvent was removed again under reduced pressure. Afterwards, an 

azeotropic distillation with toluene (3 ×) was performed and the samples were further 

dried overnight under high vacuum. The drying process was also crucial to protect the 

polymers from degradation via hydrolysis of the ester and was performed for the 

uniform BCP as well. For the compounds dBCP-1 and 3, a significant alcohol vibration 

was observed, whereas for dBCP-2 the peak showed a weak intensity. However, after 

protection of the alcohol moiety, the broad signal decreased for each of the samples, 

but a slight peak remained, which might be caused by air humidity during the 

measurement. 
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Figure 53: a Stacked IR spectra of the disperse block copolymers dBCP-1 – 6 before and after the 

protection of the alcohol. b detailed area of the broad alcohol vibration around 3500 cm-1. 

The reaction process of the TBDMS-protection of the alcohol was carefully monitored 

with the given analytical methods, to ensure a quantitative end-group functionalization. 

As already discussed in chapter 4.1.1.3, the combination of different analysis tools is 

crucial for a meaningful result.  

The compounds dBCP-3 – 6 were purified via precipitation in n-hexane from DCM to 

remove the excess of TBDMS-Cl and washed with water and brine to remove the 

1H-imidazole and residual DMF. Unfortunately, impurities were still present. Therefore, 

the polymers were purified twice by column chromatography, yielding narrow 

distributed mPEG16-b-PCLn-TBDMS block copolymers, varying in the domain size of 

the PCL block.  

A comparison of the SEC traces of the uniform (uBCP-1 – 3, green) and the 

corresponding disperse block copolymers (dBCP-4 – 6, blue) is shown in Figure 54. A 

significant peak broadening was observed, as expected, due to the larger distribution 

in chain length with a dispersity of Đ = 1.06 for dBCP-4 – 6 compared to Đ = 1.01 

uBCP-1 – 3. 
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Figure 54: Comparison of the SEC traces of the uniform (uBCP-1 – 3, green) and the corresponding 

disperse (dBCP-4 – 6, blue) block copolymers. 

In the next chapter, the differences in terms of self-assembly and thermal properties 

based on the small difference in the dispersity of the disperse and uniform block 

copolymers are investigated and discussed using DSC and SAXS analysis. 

4.5. DSC and SAXS – comparison of uBCP and dBCP 

To investigate the thermal properties and potential differences of the thermal 

transitions of the uniform and non-uniform BCP (uBCP-1 – 3 and dBCP-4 – 6), DSC 

measurements were performed. The BCP pairs of similar size (uniform (green traces) 

and non-uniform (blue traces)) are individually compared in Figure 55 a – c. The BCP 

were analyzed with the following heating program with two identical cycles: heating 

from -15 °C to 70 °C in 20 K min-1 and subsequent cooling from 70 °C to -15 °C 

in -10 K min-1. A general trend of an increase in both the melting temperature, Tm, and 

the crystallization temperature, Tc, with an increasing degree of polymerization, N, of 

the PCL block was observed, which are summarized in Table 6. For the samples with 

NPCL = 16 (uBCP-1 and dBCP-4), two melting points were observed for both polymer 

samples, with the non-uniform showing two distinct Tms, whereas for the uniform 

sample a shoulder towards higher temperatures was observed. A clear trend of a 
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decrease in Tm of the two melting points with increasing NPCL was observed for the 

non-uniform samples. For dBCP-4 a difference of Tm = 6 °C and 3 °C for dBCP-5, 

whereas dBCP-6 showed only one melting temperature at 54 °C. In comparison, for 

the uniform BCPs with NPCL = 32 and NPCL = 64 only one melting transition at 48 °C 

and 55 °C was observed, respectively. For the crystallization transition, a shift towards 

lower temperatures was observed with decreasing temperature for the samples 

uBCP-1 and uBCP-3 compared to the corresponding non-uniform BCPs (dBCP-4 and 

dBCP-6). 

 

Figure 55: DSC traces of the individual uniform (green) and non-uniform (blue) BCP pairs (a, b, c) using 

a heating program with two identical cycles: heating from -15 °C to 70 °C in 20 K min-1 and subsequent 

cooling from 70 °C to -15 °C in -10 K min-1. d DSC trace of uBCP-2 using a heating program as follows: 

5 °C to 70 °C in 20 K min-1 and subsequent cooling from 70 °C to 23 °C in -10 K min-1, keeping that 

temperature for 5 min; cooling from 23 °C to 5 °C in -10 K min-1. 

This behavior could be explained by larger macromolecules only present within the 

non-uniform samples, which could act as crystallization nuclei. Interestingly, the 
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uniform BCP with NPCL = 32 (uBCP-2) showed two crystallization transitions at 

Tc = 24 °C and Tc = 32 °C, whereas only one transition at Tc = 24 °C was observed for 

the corresponding non-uniform sample (dBCP-5). To slow down the crystallization 

process, the temperature program was adjusted by inserting an isotherm for 5 min at 

23 °C (Figure 55 d). Thus, only a single crystallization transition was observed for 

uBCP-2, indicating the crystallization being slower than the initial cooling rate. 

Furthermore, glass transition temperatures, Tg, for the BCPs with NPCL = 64 were 

observed at 25 °C (uBCP-3) and 22 °C (dBCP-6), respectively. 

No noticeable difference in the comparison of the melting enthalpy, m, of the uniform 

and non-uniform samples with NPCL = 32 and NPCL = 64 (see Table 6, please note: 

for uBCP-1 an exothermic phase transition was observed at -13 °C in the heating 

cycle. Therefore, these results were not considered in the comparison). 

Table 6: Comparison of DSC results of the uniform and non-uniform BCPs. 

 m 

/ mg 

Tc
onset

 

/ °C 

Tc
peak

 

/ °C 

Hc 

/ J g-1 

Tm
onset

 

/ °C 

Tm
peak

 

/ °C 

Hm 

/ J g-1 

uBCP-1 5.3 13 8 36 31 35 -38 

dBCP-4 5.3 15 12 56 30 34/40 -58 

uBCP-2 6.5 28 24/32 60 44 48 -63 

dBCP-5 6.5 30 24 60 45 49/52 -63 

uBCP-3 5.5 30 28 58 49 55 -57 

dBCP-6 5.5 35 31 57 49 54 -55 

Further adjustments, such as a decrease of the cooling rate to decelerate the 

crystallization process could provide insights into the possible formation of structures 

with higher crystallinity for the uniform BCPs compares to the non-uniform BCPs. 

However, further microscopic analysis (TEM and AFM) must be performed to 

investigate the crystalline structure of the PEG-b-PCL BCP dependent on their block 

composition and dispersity. The following investigates of the BCPs via SAXS result in 

first assumptions about the morphology and the long-range-order distance. 
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The uniform and non-uniform BCPs (uBCP-1 – 3 and dBCO-4 – 6) were 

self-assembled directly on Kapton® foil via either thermal or solvent vapor annealing 

(SVA) with acetone. For thermal annealing, the sample was heated to 70 °C under 

vacuum, kept at that temperature for three hours and was subsequently cooled to room 

temperature overnight. To evaluate the long-range order distance (domain size, 

L0 = 2π/q0) in the uniform and non-uniform BCPs, SAXS was performed at room 

temperature. The 1D SAXS patterns for the thermally annealed samples are shown in 

Figure 56 a-c. In general, the samples showed SAXS reflection at 1q0 and 3q0 

consistent with a symmetrical lamellar morphology, with the exception of uBCP-1therm. 

(Figure 56 a, green trace), which had an exact degree of polymerization of N = 16 for 

both the PEG and PCL block, that lacked the higher-order peak. Compared to the 

corresponding non-uniform BCP (dBCP-4therm., Figure 56 a, blue trace) a single broad 

peak at q0 = 0.42 Å-1 was observed indicating a less ordered structure. These 

observations are inconsistent with the findings of MEIJER, PALMANS et al. and HAWKER, 

BATES and coworkers, who describe the opposite effect for uniform and non-uniform 

oligo(DMS-b-LA) BCPs[72] and oligo(DMS-b-MMA) BCPs,[76] respectively. With a 

decrease in dispersity, an increase in the (long-range) order was described.[72,76] On 

the other hand, note that the reported difference in dispersity of the compared BCPs 

is twice as large (Ð ~ 0.13)[76] as for the BCPs described within this thesis 

(Ð = 0.05). Since uBCP-1 and dBCP-4 are similar in their volume fraction of PCL 

(PCL = 0.71), but differ in their degree of polymerization, N, the resulting difference in 

N could be decisive for the effect in segregation.  

Similar results for the degree of order, as described for the thermal annealing of 

uBCP-1 and dBCP-4, were observed for the self-assembly via SVA in acetone (Figure 

56 d). Here, however, due to less pronounced phase separation a broad peak, was 

observed at q0 = 0.59 Å-1 compared to Figure 56 a, corresponding to a decrease in the 

long-range order distance of L0 = 3.1 nm (L0(uBCP-1SVA) = 10.5 nm) compared to the 

non-uniform dBCP-4 (L0(dBCP-4SVA) = 13.6 nm) was observed. A comparison of L0 of 

uBCP-2SVA (L0 = 13.6 nm) and dBCP-5SVA (L0 = 13.8 nm) showed the same trend 

(L0 = 0.2 nm, Figure 56 e) as well as uBCP-3SVA (L0 = 12.6 nm) and dBCP-6SVA 

(L0 = 13.0 nm) with a difference of L0 = 0.4 nm (Figure 56 f). 
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Figure 56: SAXS data for the uniform (uBCP-1 – 3, green traces) and non-uniform BCP (dBCP-4 -6, 

blue traces). Self-assembly via thermal (a-c) or solvent vapor (d-f) annealing on Kapton® foil.I 

 
I  The SAXS measurements were performed by SIMON BUCHHEISER (group of PROF. DR. HERMANN 

NIRSCHL) at the Institute of Mechanical Process Engineering and Mechanics (MVM) at the Karlsruhe 

Institute of Technology (KIT, Karlsruhe, Germany). 
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Thus, even small differences of Ð = 0.05 in relation to the uniform BCP affected the 

expansion of the lamellar period for the SVA, resulting in an increase of the primary 

Bragg reflection q0, which is in agreement with the results of previous experimental 

reports and predictions by self-consistent field theory (SCFT).[65,72,76]  

However, a contradictory trend was obtained for the samples self-assembled via 

thermal annealing (Figure 56 a-c). A decrease in the dispersity resulted in an increase 

of the L0 up to 4% (0.5 nm for N = 32) compared to the non-uniform BCPs. Since the 

scattering vector, q0, is proportional to the radius of gyration, Rg, which in turn is 

proportional to the square root of the average degree of polymerization, N, shorter 

chains in a non-uniform polymer have greater impact on the Rg. Thus, smaller values 

for q0 are expected for a symmetrical widening of the molecular weight distribution, 

resulting in larger L0 (Table 7, thermal). Similar results were reported by FORS et al. 

with polymers showing a positively and negatively skewed molecular weight 

distribution. Furthermore, an increase of PCL
 resulted in an expected increase in L0 

for the thermal annealing (excluding the less ordered uBCP-1therm), where an inverted 

trend was observed for the SVA of the samples in acetone. 

Table 7: Primary SAXS peak analysis for the uniform (uBCP-1 - 3) and non-uniform (dBCP-4 – 6) 

BCPs. 

compound NPEG NCL Ða PCL
c L0

d / nm L0
e / nm 

uBCP-1 16 16 1.01 0.71 14.8 10.5 

uBCP-2 16 32 1.01 0.83 14.6 13.6 

uBCP-3 16 64 1.01 0.91 16.1 12.6 

dBCP-4 17a 17b 1.06 0.71 14.1 13.6 

dBCP-5 17a 34b 1.06 0.83 14.1 13.8 

dBCP-6 17a 74b 1.06 0.92 15.8 13.0 

adetermined via SEC (system III); bdetermined via 1H NMR; cPCL volume fraction using densities of 

1.094 g mL-1 for mPEG (Mn = 750 Da) and 1.146 g mL-1 for PCL (average Mw ~ 14k; average Mn ~ 10k 

by GPC); dLong-range order distance calculated via L0 = 2π/q0 (thermal annealing); eLong-range order 

distance calculated via L0 = 2π/q0 (solvent vapor annealing). 

In summary, a clear difference in the self-assembly behavior of the uniform and non-

uniform PEG-b-PCL BCP with PCL = 0.71 was demonstrated for thermal as well as 

solvent vapor annealing. Furthermore, an increase of the long-range order distance L0 

with increasing dispersity was obtained for all BCPs via SVA, which is in accordance 
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with the literature. However, contradictory results were obtained for both annealing 

processes and no expected narrowing of the signals was observed. 

These findings should motivate the study of the effect of the molecular weight 

distribution on the self-assembly on BCPs to get a complete understanding of the 

structure-property relationship. Further investigations via AFM, TEM and SA in solution 

would be the first step in that direction.  
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4.6. Data storage in defined structures 

4.6.1. Sequence-definition approach 

As described in chapter 2.5.1, the interest of synthetic sequence-defined molecules for 

the application as data storage devices has strongly increased over the last 

decade.[84,86] Sequences obtained by iterative chain elongation cycles, consisting of 

chemoselective reactions, are of particular interest because they do not require 

intermediate steps,[152,163,216,217] e.g., deprotection[148,150,151,159,168,215,504] or re-

functionalization,[157,167,169] and thus no further purification steps. In addition, 

information can be written in each synthetic step into the growing chain. In order to 

develop a new protocol based on two orthogonal reactions, the combination of the 

Passerini three-component reaction and a subsequent hydroxy-yne reaction was 

investigated. 

First, both reactions were tested independently. A general reaction scheme is shown 

in Scheme 47. For the hydroxyl-yne reaction (a), ethyl propiolate was used as starting 

material, and was converted with butanol to the desired enol ether. The reaction was 

performed according to a procedure of LIANG et al., applying DABCO as catalyst.[636] 

The Passerini test reaction was performed using 2-ethylbutyraldehyde, tert-butyl 

isocyanide and propiolic acid (Scheme 47 b). A propiolate is formed as the product, 

including the two variable moieties of the aldehyde and isocyanide, which can be 

applied in a subsequent functionalization with a nucleophile.  

 

Scheme 47: Reaction schemes for the hydroxyl-yne reaction (a) and the Passerini three-component 

reaction (b). 
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Both reactions were conducted in DCM, and full conversion was indicated by 1H NMR 

spectroscopy after 10 min of stirring at room temperature. The corresponding 1H NMR 

spectra as well as the peak assignment of product S1 and S2 are shown in Figure 57. 

Since the starting materials were used in equimolar quantities, respectively, and only 

minor side reactions were observed, both products were obtained in almost 

quantitative yield without further purification, after removal of the solvent under reduced 

pressure.  

 

Figure 57: 1H NMR spectra and the corresponding peak assignment of the enol ether S1, and the 

Passerini product S2.  

In order to synthesize a sequence-defined macromolecule via an iterative reaction 

cycle, a bifunctional molecule bearing an alcohol moiety and one of the Passerini 

reactive groups is necessary, enabling an iterative reaction cycle. Therefore, aromatic 

hydroxy aldehydes were used, since alcohols containing an isocyanide functionality 

were commercially not available. A complete overview of the reaction protocol, 

including the preparation of a starting molecule and the subsequent chain elongation 

via repetitive phenol-yne[637] and Passerini reaction is shown in Figure 58.  
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Figure 58: Overview of the general reaction scheme for the synthesis of sequence-defined 

macromolecules via repetitive phenol-yne and Passerini-reaction. i) DCM, rt; ii) 0.1 equiv. DABCO, 

DCM, rt. 

The starting unit I was prepared via a Passerini reaction containing the electron-

deficient triple bond of the propiolic acid component for the subsequent addition of the 

alcohol in the DABCO-catalyzed phenol-yne reaction.[637] Differently substituted 

aromatic hydroxy aldehydes II can be employed in this step to increase the structural 

variety of the sequence. In the second reaction of the cycle, the aldehyde endgroup is 

reacted with an isocyanide component and propiolic acid in another Passerini reaction 

under regeneration of the propiolate. By repetition of this two-step reaction cycle, a 

dual side chain definition per repeating unit is achieved by variation of the phenol and 

the isocyanide component. 

The preparation of a sequence-defined dimer was successfully performed using the 

presented protocol.I A comparison of the 1H NMR spectra of product S2 -S5 after 

purification via column chromatography is shown in Figure 59. For the starting unit, the 

same components were used as for the test reaction described above on a 12 mmol 

scale. The product was easily identified with the characteristic peaks of the amide NH 

proton 1, with a broad signal at 5.78 ppm, and the CH proton 2, with a doublet at 

5.27 ppm, which are formed during the Passerini reaction (Figure 59, compound S2, 

orange spectrum). After full conversion, as indicated via GC analysis, 4-hydroxy 

 
I The syntheses of the sequence-defined macromolecules via the phenol-yne P-3CR one-pot reaction 

were carried out by REBECCA SEIM under the lab-supervision of PHILIPP BOHN, who evaluated the 

obtained results. 
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benzaldehyde was directly added into the reaction mixture for the in-situ phenol-yne 

addition. The reaction was stirred overnight and the desired product S3 was obtained 

in a yield of 65% after purification via column chromatography. The terminal alkyne 

signal completely vanished in the 1H NMR spectrum, due to the functionalization with 

the alcohol.  

 

Figure 59: Comparison and peak assignment of the 1H NMR spectra of products S2 – S5 after 

purification via column chromatography. 
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Two characteristic doublets at 7.91 and 5.78 ppm arose and were assigned to the 

formed double bond (Figure 59, compound S3, red spectrum, signals 2 and 5). A 

coupling constant of J = 12.1 Hz was determined, indicating the selective formation of 

the E configuration. Furthermore, the characteristic signal of the aldehyde appeared at 

9.98 ppm. The isocyanide component was varied in the following Passerini reaction, 

and thus cyclohexyl isocyanide was used. However, even after further addition of 

0.2 equiv. of propiolic acid and isocyanide, only 72% conversion was achieved after 

two weeks of stirring at room temperature. After purification via column 

chromatography, a low yield of only 16% of pure product S4 was obtained. Applying a 

higher reaction temperature might increase the conversion and thus simplify the 

purification of the product. In the 1H NMR spectrum (Figure 59, compound S4, blue 

spectrum), the characteristic signal of the aldehyde completely vanished and peaks 

belonging to the formed CH and NH group (signal 4, blue spectrum) were overlapping 

at 6.11 ppm. The terminal alkyne proton 9 and the CH proton of the cyclohexyl moiety 

8 were assigned to the signals at 3.03 and 3.81 ppm, respectively, whereas the CH2 

protons of the cyclohexyl group 10 were found in the aliphatic region between 

1.98 – 1.13 ppm. In the second phenol-yne reaction, a methoxy-substituted 4-hydroxy 

benzaldehyde (vanillin) was used as alcohol component, and thus side group definition 

was achieved at a different position of the structure. The reaction was monitored via 

SEC analysis and full conversion was indicated after stirring the mixture over night. 

Afterwards, the product was purified via column chromatography and obtained in a 

yield of 82%. As for the first phenol-yne reaction, the 1H NMR signals of the terminal 

alkyne group completely vanished, whereas the peak at 9.95 ppm was assigned to the 

aldehyde function 1 (Figure 59, compound S5, green spectrum). Furthermore, two 

additional doublets 3 and 11 allocated to the formed double bond at 7.82 and 5.66 ppm 

with a coupling constant of J = 12.1 Hz appeared. Additionally, the methoxy singlet 14 

was observed at 3.94 ppm.  

The SEC chromatograms of the products S3, S4 and S5 are compared in Figure 60. 

A general trend towards lower retention times, and thus a higher hydrodynamic volume 

was observed due to the chain elongation in each reaction step. The green graph 

associated to product S3 exhibits a narrow and monomodal shape, indicating a high 

purity of the product, whereas impurity signals at higher and lower retention times were 

observed for the products S4 (blue trace) and S5 (red trace), respectively. 
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Figure 60: Comparison of the SEC chromatograms of product S3 (green trace), S4 (blue trace) and S5 

(red trace). 

However, a further Passerini reaction was performed, using benzyl isocyanide and 

propiolic acid to obtain product S6 (Figure 61). Unfortunately, an even lower 

conversion of 18%, compared to the Passerini reaction to obtain product S4, was 

observed after one week of reaction time. Further addition of 1.5 equivalents of the 

acid and isocyanide component and increasing the reaction temperature to 60 °C 

(solvent was changed to chloroform) had no improving effect on the conversion. Thus, 

no isolation steps or investigations on the fragmentation of the product were 

performed. 



RESULTS AND DISCUSSION 

 

174 

 

Figure 61 Desired product S6 via a Passerini reaction of S5 with benzyl isocyanide and propiolic acid. 

Since the expected results of a simple and efficient approach for the synthesis of 

sequence-defined macromolecules using a two-step repetitive reaction cycle 

consisting of a P-3CR in combination with a phenol-yne reaction were not achieved, 

due to the lower reactivity of aromatic aldehydes in the Passerini reaction, the 

approach was not pursued further. On the other hand, an interesting study on 

sequence-defined macromolecules based on the high reactivity of propiolates in a 

Michael addition reaction as well as the application in the field of information storage 

was just recently reported by TANG and coworkers (Scheme 48 a).[163] In contrast to 

the approach discussed above, where the Passerini product as well as the Michael 

adduct were incorporated into the backbone structure, hydroxy thiols were reacted in 

a combination of a hydroxyl-yne and a subsequent thiol-ene reaction with the 

propiolate to build a monothioacetal backbone structure. By variation of the hydroxy 

thiols and the propiolic acid esters, dual sequence-definition (sidechain and backbone) 

was achieved by the authors per iteration cycle. Since the structural diversity in this 

approach is limited due to the rather low availability of different hydroxy thiols and 

propiolates, the combination with propiolates obtained via multi-component reactions 

would massively increase the number of permutations, and thus the data storage 

capacity per repeating unit. The facile and fast preparation of a library of such building 

blocks in a parallel operation is demonstrated in chapter 4.6.2. Thus, using the P-3CR 

in combination with the approach of TANG et al., a single backbone and dual side chain 

definition would be achieved, which could be further increased to a triple side chain 

definition applying propiolates prepared by the Ugi reaction (Scheme 48 b). However, 

investigations on the fragmentation of such highly complex structures need to be 

performed, to ensure the readability of the sequence and thus possible applications in 

molecular data storage.  
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Scheme 48: a Schematic dual sequence-definition approach reported by TANG et al. via a combination 

of hydroxyl-yne and thiol-ene click reactions.[163] b Suggestion for an improvement of the protocol by 

TANG by using propiolates prepared via multi-component reactions, and thus increasing the data storage 

density per repeating unit immensely. 

Even with an optimized reaction protocol, many iterative preparation steps are usually 

necessary to achieve a high data storage capacity, which is often associated with a 

time-consuming synthesis and several purification steps. To further simplify the 

molecular data storage, investigations on the storage of information into mixtures of 

small, highly complex molecules have been presented in last years by different groups 

(see chapter 2.5.8.5).[513–517,519] Since the electron-deficient triple bond of propiolates 

offers the possibility of various functionalizations with different nucleophiles, a large 

variety of highly complex structural motifs are easily accessible (Scheme 49), making 

this chemistry suitable for the synthesis of compound libraries for the application in the 

field of molecular data storage. 

4.6.2. Data storage in small molecules 

The first examinations of this project were carried out by STEFANO FLAVIO SECHI in his 

study about “Digital Monomers via the Passerini-Amino-yne Cascade One-Pot-

Reaction”[638] and continued by TAMARA MEYER in her study about “Data Storage in 

Small Molecules”[639] under lab-supervision of PHILIPP BOHN. The calculations for the 

Design of Experiments (DoE) as well as the synthesis of the compound libraries were 

performed by PHILIPP BOHN, if not otherwise noted. The printing was performed by 

JANNE WIEDMANN (working group of PROF. DR. PAVEL LEVKIN) from the Institute of 

Biological and Chemical Systems – Functional Molecular Systems (IBCS-FMS) at the 

Karlsruhe Institute of Technology (KIT). The MALDI-MS/MS measurements were 
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performed by DR. QUIQIN ZHOU in a collaboration with DR. STEFAN SCHMIDT (working 

group of PROF. DR. CARSTEN HOPF) from the Center for Mass Spectrometry and Optical 

Spectroscopy (CeMOS) in Mannheim, Germany. 

In Scheme 49, the variety of structural motifs accessible through the functionalization 

of propiolic acid esters with different nucleophiles is presented by a selection of 

literature-known reactions. The immense diversity is crucial to increase the number of 

permutations and thus the data storage capacity of a single highly complex molecule. 

 

Scheme 49: A general selection of literature-known functionalization of propiolic acid esters with several 

nucleophiles. 

The addition of primary (a), secondary (b) and tertiary amines (c) lead to the formation 

of the corresponding enamines. Especially the use of secondary amines is often 

described in the literature due to the spontaneous and quantitative formation of 

E-configured products as well as the fast reaction kinetics.[640,641] The base-catalyzed 

mono (d) and double addition (e) of thiols to the alkynone can be controlled by the 
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employed equivalents of the thiol component.[642] As already described above, a 

combination of a DABCO-catalyzed hydroxyl-yne and a subsequent NHC-catalyzed 

thiol-ene addition yield the monothioacetal (f).[163] The DABCO-catalyzed single 

addition of alcohols yields the corresponding enol structures (g). Aliphatic as well as 

phenolic alcohols can be applied for this reaction.[637] Dithiocarbamates are accessible 

via the combination of amines and CS2 (h),[643] whereas the urea and thiourea 

derivatives are obtained from the isocyanate and isothiocyanate precursors in 

combination with an amine (i).[644,645] The well-known copper-catalyzed azide alkyne 

cycloaddition was also performed with propiolates yielding the desired 1,2,3-triazoles 

(j).[646] Furthermore, the addition of carbon nucleophiles were investigated e.g. on 

pentan-2,4-dione derivatives (k),[647] as well as carboxylic acids as nucleophilic 

component (l).[636] 

Within the context of this work, the focus was on the most commonly commercially 

available classes of compounds (amines, alcohols, thiols, and carboxylic acids). A 

general reaction scheme of the Passerini reaction in combination with the Michael 

addition of different nucleophiles is shown in Scheme 50. 

 

Scheme 50: General reaction scheme for the synthesis of highly functionalized molecules via a 

combination of the P-3CR and subsequent Michael addition of different nucleophiles. 

As limitations for the compounds, suitable for this reaction, an upper prize limit of 

50 € g-1 has been set, except for the isocyanide component. Furthermore, the 

nucleophiles must not contain a second nucleophilic group to prevent unwanted side 

reactions. Additionally, only one constitutional isomer of a compound is included in the 

molecule list to prevent issues in the later read-out via fragmentating mass 

spectrometry. This preselection resulted in 160 suitable aldehydes, 32 isocyanides, 

229 primary and secondary amines, 54 thiols, and 231 alcohols, which were 

commercially available at Sigma Aldrich, and were appropriate candidates for this 

approach. Thus, 2.63 M different combinations for the preparation of the product were 

possible. Since the synthesis of all molecules would not be feasible and even be highly 

challenging using synthesis robots, a Design of Experiments (DoE) based on the logP 



RESULTS AND DISCUSSION 

 

178 

value per Connolly Molecular Area (CMA)I was conducted. The logP value indicates 

how lipophilic or hydrophilic the respective compound is and is therefore a relative 

measure of the polarity of a substance. The basic idea of a DoE approach is to gain 

the maximum knowledge with the minimum synthetic effort, to predict the outcome of 

an experiment dependent on a change of the variables (here logP per CMA of the 

components). Typically, such a design is used as a statistical approach for reaction 

and process optimization, by varying all parameters at the same time and thus to find 

the optimal conditions in a defined reaction space. In case of the reaction approach 

described above, the logP value per CMA of the three variable components (aldehyde, 

isocyanide, and nucleophile) are the adjustable parameters. Thus, the reaction space 

is a cube, where the corners are defined by all combinations of the most lipophilic and 

hydrophilic components. Performing a full factorial design, the experiments for the 

corner compound combinations, as well as the combination for the center of the cube 

were conducted. The premise is, that if these reactions are successful, all other 

combinations located in the reactions space should also be successful, considering 

polarity as the only reaction-determining parameter. If this is not the case, a new set 

of experiments needs to be performed, until the desired result is achieved. Thus, a 

smaller reaction space compared to the initial is defined. Within the scope of this 

project, 25 experiments were performed of the top and bottom surface of the reaction 

space, respectively, in order to better demonstrate the feasibility of the library 

synthesis. A graphical representation for the combination of a P-3CR and an amino-

yne Michael addition is shown in Figure 62. An equal distribution of the component 

combinations (green and red spheres) of the top and bottom reaction surfaces (green 

and red area) was preselected. The used aldehydes and isocyanides are depicted 

along the x- and y-axis, whereas the amine structures are given within the cube. A list 

of the logP per CMA ratios of the complete compound libraries is provided as 

supplementary information on the CD.  

All 51 P-3CR and subsequent amino-yne reactions employing the preselected 

component combinations were performed in one-pot reactions. After stirring the 

reactions over night at room temperature, the solvent was removed under reduced 

pressure and the products were analyzed via NMR spectroscopy and ESI-MS without 

further purification. Since a high conversion was achieved for every combination and 

 
I The contact surface created when a spherical probe is rolled over the molecular model. 
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the similar core structure of the compounds, the peak assignment and identification of 

the products via 1H NMR spectroscopy was straightforward. The desired masses were 

found for 47 out of the 51 products (see experimental section 6.3.8, Supplementary 

Table 24 and Supplementary Table 25) with ESI-MS analysis, confirming a successful 

reaction. 

 

Figure 62 DoE based on the logP/CMA ratio of the components used for a Passerini reaction and 

subsequent amino-yne Michael addition shown in (Scheme 50). 

Assuming, that all the 2.63 M compound combinations result in the formation of the 

desired product, this reaction protocol is suitable for the synthesis of small information-

containing molecules. The storage capacity of one molecule was calculated with 

equation (3), where the number of permutations P is equal to the number of bits n to 

the base 2 (each bit is defined by 2 states “0” and “1”). 

𝑃 = 𝑛𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 ∗ 𝑚𝑖𝑠𝑜𝑐𝑦𝑎𝑛𝑖𝑑𝑒 ∗ (𝑤𝑎𝑚𝑖𝑛𝑒 + 𝑥𝑡ℎ𝑖𝑜𝑙 +  𝑦𝑎𝑙𝑐𝑜ℎ𝑜𝑙)  (2) 

𝑃 = 160 ∗ 32 ∗ (229 + 54 + 231) 

𝑃 = 2 631 680 
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𝑃 = 2𝑛        (3) 

𝑛 =  
log (𝑃)

log (2)
 

𝑛 =  
log (2 631 680)

log (2)
 

𝑛 =  
log (𝑃)

log (2)
 

𝑛 =  21 𝑏𝑖𝑡𝑠 

Thus, 2.63 M possible permutations resulted in 21 bits per molecule. Compared with 

the literature, where an 18 bits molecular key based on 0.5 M possible Ugi products 

was described and identified with ESI tandem MS,[514] here the five-fold number of 

permutations is achieved, representing an increase of 3 bits. In other studies, the 

presence or absence of a certain compound in a molecule mixture was translated into 

a “1”s and “0”s, respectively and were used for the en- and decoding of images up to 

0.8 megapixel.[513,515] For the read-out of the information, non-fragmenting mass 

analysis was used, thus only compounds distinctly distinguishable by their parent ion 

could be applied.  

To further improve this approach, tandem mass analysis was performed within this 

context. In this way, also constitutional isomers could be exactly identified by their 

characteristic fragmentation pattern, considering the limitations in the selection of the 

components, which has been proven in a previous study.[514] 

Therefore, the synthesized compounds were printed on a glass slide using a liquid 

dispenser, which represents the writing process of the information to be stored. A 

schematic overview is presented in Figure 63. The individual spots exhibit a diameter 

of 900 µm and a distance of 225 µm to the neighbor molecule spot. Thus, in total 81 

products could be printed per square centimeter on the target, resulting in a data 

storage density of 1701 (81 × 21) bits per cm2. The matrix for the MALDI read-out was 

printed as a second layer on top of the compound spots. Four different matrices 

(α-cyano-4-hydroxycinnamic acid (HCCA), dihydroxybenzoic acid (DHB), sinapinic 

acid (SA), and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malonitrile 

(DCTB)), and three different analyte concentrations were tested (10, 50, 

100 pmol/spot), where HCCA gave the most promising results regardless of the 
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analyte concentration. In order to read the stored information, tandem MS analysis was 

conducted, and the preselected proton adduct of the analyte was fragmented applying 

a collision energy of 15 eV. 

 

Figure 63: Schematic overview of the synthesis, printing, and analysis via MALDI-MS/MS for the 

information-containing small molecules prepared via a combination of P-3CR and Michael addition  

The observed fragmentation pattern of product D8c1 as well as the individual 

fragments for the peak assignment are shown in Figure 64. Most of the observed 

fragment masses were clearly identified, thus confirming the exact structure of the 

product, and offering the possibility of using also constitutional isomers for the data 

storage (limitations mentioned above). Furthermore, an error in the read-out process 

was reported in the literature with single MS analysis,[513,515] which could be reduced 

to a minimum applying a tandem MS approach for each molecule. A general scheme, 

presenting the most common fragmentation pathways of the product core structure is 

shown in Scheme 51 exemplarily for product D8c1.  
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Figure 64: Fragmentation pattern of product D8c1 observed via MALDI tandem MS of the proton adduct 

[M+H]+ applying a collision energy of 15 eV. 

The α-cleavages of the ester and amide function are literature-known and result in the 

formation of the acylium ions α1 in case of ester cleavage and x1 and b1 via 

fragmentation of the amide bond (see Scheme 51). Furthermore, the protonated 

alcohol and ammonium adducts are obtained via the same cleavages. The respective 

mass for an elimination of water was found and an oxolium species was postulated as 

suitable fragment. A McLafferty-like rearrangement resulted in the formation of an 

α,β-unsaturated amide proton adduct ‘McL’ (Figure 64 green structure). To generalize 

these proposed fragments, further investigations on different substrates need to be 

performed. 
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Scheme 51: Proposed fragmentation pathways based on the fragments observed via MALDI-MS/MS of 

product D8c1. 

To increase the data storage density on the surface, more than one molecule can be 

printed on a single spot. For this purpose, the molecule mixtures could be directly 

synthesized in a one-pot fashion, by using equimolar quantities of different 

nucleophiles (in sum: one equivalent related to the triple bond). A series of up to five 

different secondary amines were applied in such an approach resulting in the formation 

of the desired products M1 – M5 (Scheme 52). The masses of each proton adduct 

were found in ESI-MS, but the read-out via tandem mass spectrometry was not 

performed yet. However, the principle of reading molecule mixtures was just recently 

successfully proven by our group by the example of a mixture containing three 

sequence-defined hexamers.[149] 
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Scheme 52: Reaction scheme for the synthesis of molecular mixtures via a combination of the P-3CR 

and a subsequent amino-yne Michael addition of five different secondary amines, in a one-pot fashion. 

In the example shown in Scheme 52, the Passerini reaction was performed using 

propiolic acid, 2-ethylbutyraldehyde and tert-butylisocyanide as components. After full 

conversion as indicated by GC analysis, a mixture of N-benzylmethyl amine (amine 1), 

dibutylamine (amine 2), N-benzylethyl amine (amine 3), dihexylamine (amine 4), and 

bis(2-ethylhexyl)-amine (amine 5), 0.2 equivalents each, was added for the 

subsequent amino yne click reaction. A comparison of the 1H NMR spectra as well as 

the peak assignment of reaction with one (green spectrum on bottom) to five (purple 

spectrum on top) nucleophiles is presented in Figure 65. In combination with the 

ESI-MS analysis, the formation of each desired structure was confirmed.  
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Figure 65: Comparison of the 1H NMR spectra of reaction with one (green spectrum on bottom) to five 

(purple spectrum on top) secondary amines used for the amino-yne reaction. 

To further increase the number of permutations and thus the storage capacity per 

molecule, the combination of the Ugi four-component reaction (U-4CR) instead of the 

P-3CR with a subsequent amino-yne reaction was tested. Since a primary amine is 

used for the U-4CR, which could also lead to side products, when reacting with the 

triple bond, the order of the addition of the components is crucial. Vice versa, if the 

secondary amine is added before the Ugi product is formed quantitively, it will also 

form the imine and result in a second side product. In the test reaction shown in 

Scheme 53, propiolic acid, benzaldehyde, tert-butyl isocyanide, and 4-bromoaniline 
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were used for the Ugi reaction. After full conversion was confirmed via GC analysis, 

diethyl amine was added for the subsequent amino-yne reaction to form the desired 

product U1. 1H NMR analysis and the peak assignment of the crude product is shown 

in Figure 66, confirming a high purity and quantitative formation of the product. 

 

Scheme 53: Reaction scheme for the synthesis of product U1 via a combination of the U-4CR and a 

subsequent amino-yne reaction. 

 

Figure 66: 1H NMR and peak assignment of the crude product U1. 

In summary, a new strategy, combining the Passerini reaction with a subsequent 

phenol-yne reaction to synthesize sequence-defined macromolecules for possible 

applications in the field of data storage gave unfavorable results, due to the low 
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reactivity of the aromatic aldehydes in the P-3CR. Nevertheless, a combinatorial 

approach for the synthesis of information-containing small molecules was introduced, 

which were used for the data storage on a glass slide. Therefore, a combination of the 

P-3CR and a subsequent Michael addition was used to write the information into 

molecules. MALDI-MS/MS was successfully applied for the read-out and identification 

of the molecule structure based on the fragmentation pattern. For the first test 

reactions, the products were obtained quantitatively after 10 min, providing a fast and 

highly efficient protocol for the storage of information in molecular structures. A more 

detailed kinetic study via 1H NMR and online IR is currently under way. A comparable 

amount of data can be stored in a fraction of time, when compared to defined 

sequences, which need to be carefully purified after each reaction step. The amount 

of data was easily scalable by the parallel synthesis of up to 5 different products in a 

one-pot reaction and thus without additional synthetic effort as well as by using the 

U-4CR instead of the P-3CR. To further optimize the principle of a write once, read 

often data storage approach using small information-containing molecules on a 

surface, we are currently on the way to optimize the reaction conditions to transfer the 

synthesis step directly onto the surface. 

However, in order to store data in molecules, it is not necessary to have knowledge 

about the exact structure or to determine the compound composition using expensive 

and complex fragmentation methods. Furthermore, even the separate synthesis can 

be avoided by using commercially available compounds. In the following chapter the 

data storage without any synthetic effort and the readout via other analysis methods 

than mass spectrometry is presented. 
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4.6.3. Data storage with zero synthetic effort 

Parts of this chapter and the associated supplementary information have already been 

published: 

Bohn, P., Weisel, M.P., Wolfs, J., Meier, M. A R. Molecular data storage with zero 

synthetic effort and simple read-out. Sci Rep 12, 13878 (2022). 

https://doi.org/10.1038/s41598-022-18108-9.[494] 

 

Compound mixtures represent an alternative, additional approach to DNA and 

synthetic sequence-defined macromolecules in the field of non-conventional molecular 

data storage, which may be useful depending on the target application. Here, we report 

a fast and efficient method for information storage in molecular mixtures by the direct 

use of commercially available chemicals and thus, zero synthetic steps need to be 

performed. As a proof of principle, a binary coding language is used for encoding words 

in ASCII or black and white pixels of a bitmap. This way, we stored a 25 × 25-pixel QR 

code (625 bits) and a picture of the same size. Decoding of the written information is 

achieved via spectroscopic (1H NMR) or chromatographic (gas chromatography) 

analysis. In addition, for a faster and automated read-out of the data, we developed a 

decoding software, which also orders the data sets according to an internal “ordering” 

standard. Molecular keys or anticounterfeiting are possible areas of application for 

information-containing compound mixtures. 
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Molecular data storage using NMR spectroscopy. As a first and simple proof of 

concept, mixtures of up to nine different molecules, which each shows only one specific 

singlet 1H NMR-signal, were mixed in an NMR tube (Supplementary Table 31: Chemical 

shifts of molecules used for data storage in NMR). Eight of them were used to encode an eight-bit 

(one byte) American Standard Code for Information Interchange (ASCII), whereas the 

last molecule (TMS) serves as a reference for the chemical shift. All of the information-

containing chemicals are commercially available and standard solvents in a common 

laboratory. ASCII is a character encoding standard that allows 256 characters to be 

translated into a binary code. These include not only the alphabet, but also numbers, 

punctuations, and special characters. The reading direction was defined from left to 

right within the 1 H NMR spectrum, i.e., from low field to high field. For the later read-

out, a reference spectrum, a mixture that contained every of the eight information-

containing compounds and thus the information of 11111111, was recorded (Figure 

67). To encode a certain character, the required molecules were added to write a “1” 

or left out for a “0” in binary language. An example is the letter “F” (in ASCII 01000110), 

which translates to DCM, acetone, MeCN, which were mixed with CDCl3 and the 

reference substance TMS to obtain the desired peak pattern (see Figure 67 and 

Supplementary Table 31 for solvents and their order). In order to write a word, the 

sequence of the letters is determined by the manual placement of the eight-bit NMR 

tubes into the instrument sample holder in the correct order. Afterwards, the reading 

process works vice versa and is based on an alignment principle. The reference 

spectrum is compared to the individual eight-bit spectrum to be evaluated. Depending 

on the compound mixture, the obtained peaks are slightly shifted towards higher or 

lower ppm. The average peak maximum as well as the largest chemical shifts for a 

certain signal were determined in all measurements (Supplementary Table 31) and 

remained unproblematic for the read-out. With the presence of a signal within the 

standard deviation of the respective chemical shift, the value “1” is defined, otherwise 

a “0” is defined in case of absence. Thus, the NMR peak pattern is retranslated into 

the ASCII code and the associated character. Using this method, the names “Felix␣

Bloch” (Figure 67) and “Edward␣Mills␣Purcell”  (Supplementary Figure 208) were 

successfully encoded into 31 molecular mixtures (in total 248 bits) and decoded 

manually via NMR spectroscopy. Both were awarded the 1952 Nobel Prize in physics 

“for their development of new methods for nuclear magnetic precision measurements 

and discoveries in connection therewith”.[648,649] 
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Figure 67: Encoding and decoding by 1H NMR analysis. “Felix␣Bloch”, who was awarded the Nobel 

Prize together with Edward Mills Purcell (Supplementary Figure 208) in 1952,[648,649] was encoded and 

decoded in mixtures of up to eight information-containing compounds via an 8-bit ASCII code. The 

reading direction was specified from low to high field and the ordering via manual placement in the 

sample holder. The absence or presence of a compound signal in the spectra was retranslated to a 

sequence of “0”s and “1”s to reconstruct the binary code. 

Molecular data storage using GC. To underline the simplicity and effciency of this 

strategy of data storage in molecular mixtures, the writing and reading process was 

easily transferred to a standard GC-FID system. Here, we increased the storage 

capacity per mixture to 24 bits (3 bytes) by using 24 commercially available molecules, 

each of them with a different retention time in the chromatogram (Supplementary Table 

32 for the compound list and their order). Thus, in one mixture, three characters can 

be stored in a binary ASCII form (triads). n-Tetradecane was added to every mixture 

as the reference. Analogously to the NMR approach discussed above, a reference 

chromatogram of a mixture containing all molecules was recorded. By applying the 

from left-to-right reading (lower to higher retention time) and alignment strategy, the 

name of our university “Karlsruhe␣ Institute␣of␣Technology” was successfully 

written and manually decoded using 11 mixtures (in total 264 bits, Supplementary 

Figure 209). The order of the triads is also determined by placing the samples into the 

GC autosampler in the predefined order. 
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The challenge of sorting the information-containing molecules, whether it is sequence-

defined macromolecules or molecular mixtures, has been addressed by applying 

different approaches. Either by an “internal” position mass tag[149,155] or a short ordering 

sequence,[148] or by the “external” arrangement of the samples on e.g. a 

surface.[116,513,515] We have so far shown the external arrangement of the samples for 

the data storage via NMR and GC, but we would also like to present a simple way for 

the internal approach. The reference substance n-tetradecane was therefore varied in 

its concentration in increments of 1 mg per sample and termed as the “ordering” 

compound in this context. Using this approach, only one more compound had to be 

added to the system, acting as the internal standard (2,6-dimethylphenol) to 

circumvent signal intensity deviations caused by e.g., variations of the injection volume 

or pipetting errors. Thus, the integral ratio of the ordering compound relative to the 

internal standard is calculated and the descending order of these values determines 

the sequence of the information pieces (Supplementary Figure 211). This way, an 

internal sorting is achieved, and the information-containing samples can be stored and 

analyzed in any order, achieving always the correct original data. 

For an illustration of the sorting process, a part of the KIT logo, which symbolizes the 

fan-shape of the city Karlsruhe, was saved as an image in a 25 by 25 bitmap by using 

25 mixtures, containing 25 bits of information each (Figure 68). If a black pixel is 

painted in the picture, the corresponding compound was added into the mixture to 

produce the required signal at that specific position in the data set. On the other hand, 

for a white pixel, the respective molecule was left out. The decoding process works 

vice versa again by comparison with a reference chromatogram. The presence of a 

compound and thus a signal stands for a black pixel and the absence of the molecule 

for a white one. In the schematic overview provided in Figure 68, the information-

containing mixtures were prepared in the first step (a) and analyzed in a random order. 

The unsorted chromatograms are depicted in (b) and were translated into the 

corresponding bitmap (c). At this point of the decoding process, the original information 

is not readable due to the disordering, which underlines the importance of the internal 

“ordering” compound. After the sorting process of the information pieces, the correct 

image was obtained (d).  
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The used compounds are listed in Supplementary Table 32 and the 625 bitmap was 

manually written and decoded error-free. To optimize the read-out process in terms of 

reading speed and error-proneness, we next developed a decoding software, which is 

explained in detail in the following section. 

 

Figure 68: Schematic representation of bitmap coding. (a) Production of mixtures of up to 25 information-

containing compounds per sample (25 bits) plus two reference molecules. (b) Randomly stacked, as 

obtained, GC chromatograms of information-containing samples plus reference chromatogram 

containing all compounds. (c) Translation of chromatograms into 25×25-pixel bitmap via alignment 

principle with the reference chromatogram. The absence of a signal is translated into a white pixel and 

the presence into a black pixel. The signals for the internal standard and the “ordering” compound were 

excluded from the translation process. (d) Ordering of the pixel lines according to the integral ratio of 

the two reference signals (Supplementary Figure 211) revealing a picture of a fan, which symbolizes 

the fan shape of the city Karlsruhe and is also part of the KIT logo. The KIT logo was copied and modified 

with permission of the KIT. © Karlsruhe Institute of Technology. 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

9

21

14

4

12

18

3

22

16

15

7

1

25

10

6

24

20

17

11

23

5

8

19

2

13

ENCODING

DECODING

ORDERING

a b

d c

2 4 6 8 10 12 14

retention time x / min



RESULTS AND DISCUSSION 

 

194 

Computer assisted read-out of GC mixtures In order to establish a faster and more 

effcient read-out of the data, different research groups have developed custom-made 

decoding softwares.[121,149,155] Here, we present a software tool for automatically 

decoding the data sets obtained by gas chromatography. First, some calculations were 

necessary to adjust the settings of the software, as will be explained in detail. Small 

deviations in the retention time of a certain molecule in GC measurements cannot be 

avoided. These retention time offsets were calculated manually for each signal with 

the data sets corresponding to the QR code and summarized in Supplementary Table 

32 and visualized in Supplementary Figure 210. The average retention time xRef of all 

used molecules was calculated via a three-fold determination of the reference sample 

measurement, and starting from this value, the distance to the maxima with the largest 

±x-value shift over all 75 measurements (three-fold determination of each out of the 

25 mixture) was determined. From these values, the width of the x-axis () section was 

calculated, in which all maxima of the corresponding molecule are located. The largest 

deviation from the average retention time was observed for methyl stearate 

(−xMAX = 10.83 × 10–3 min). In order to avoid errors in the decoding process, a higher 

value (±xMAX = 15.0 × 10–3 min) was defined in the settings of the software to make it 

more robust against major deviations. Thus, a width of  = 30.0 × 10–3 min is set as 

x-range, in which it searches for a maximum in information-containing molecule 

mixtures. These small deviations did not influence a manual or automated read-out. 

Furthermore, a y-threshold of y = 50 mV was set to eliminate the baseline noise. The 

integration area for the ordering compound signal, n-tetradecane, was defined as 

[x1 = 5.98 min; x2 = 6.10 min] and for the internal standard, 2,6-dimethylphenol, as 

[x3 = 5.63 min; x4 = 5.70 min]. 

In the first step, the CSV (Comma-Separated Values) data files obtained from the GC 

instrument were imported into the script. For the ordering process, the reference 

signals were integrated using the trapezoidal rule. The values obtained for the 

n-tetradecane signal are divided by the ones for the internal standard 

(2,6-dimethylphenol). These ratios are then arranged in ascending order, defining the 

sequence of the information-containing molecule mixtures (Supplementary Figure 211). 

Ten, the software calculates the absolute maxima of each data set by comparing each 

y-value with its nearest neighbor in ±x direction and recognizes the reference sample 

based on the presence of the highest amount of found maxima. In the last step, the x-

values of the maxima of the reference chromatogram are compared with those of the 
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individual mixtures within the specified tolerance of  = 30.0 × 10-3 min. The reference 

signals were excluded from this step, as they do not carry information, apart from the 

sample order already evaluated above. If a match and thus the presence of a 

compound is determined, a black pixel is displayed. On the other hand, if a maximum 

is not observed and thus the absence of a compound is determined, a white pixel is 

displayed. With help of this software, a QR code (Figure 69) referring to the homepage 

of the Karlsruhe Institute of Technology, could be decoded with 100% accordance. To 

confirm the errorless functioning of the software, the image of the “fan” was re-read 

automatically with the same precision. The individual steps of the entire encoding and 

decoding process is shown in the flowchart in Supplementary Figure 212. 

 

Figure 69: Schematic representation of QR coding. (a) Randomly ordered GC chromatograms of 

information-containing samples plus reference chromatogram containing all compounds. (b) Bitmap of 

a 25×25-pixel QR code containing 625 bits of information. Encoding was achieved via GC in 25 mixtures 

using 25 information compounds (25 bits) plus two reference molecules and a reference sample 

containing all molecules. Decoding was performed manually and using a new decoding software. The 

QR leads to the homepage of the KIT (https://www.kit.edu/index.php). 

In summary, we presented a fast and efficient strategy for data storage using 

commercially available chemicals. Mixtures of up to 25 information-containing 

compounds were prepared manually and decoded via spectroscopic (1H NMR) or 

chromatographic (GC) approaches. Thus, the writing and reading of binary ASCII 

codes and bitmaps was shown as well as an easy ordering approach. We developed 

a decoding software, which automatically put the data sets into correct order and 

guaranteed a faster read-out of the original information. Thus, we have introduced a 

simple strategy for molecular data storage that avoids complicated syntheses and 
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complex analytical methods by demonstrating encoding and automated decoding of 

QR codes. Especially the use of a standard GC-FID instrument for the read-out 

cheapens the analysis by more than one order of magnitude in terms of acquisition 

cost, if compared to the typically available NMR or MS equipment. 
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5. CONCLUSION AND OUTLOOK 

Within the framework of this thesis, uniform and highly defined structures were 

investigated towards either their structure-property relationships or their application as 

potential data storage devices. 

Uniform PEG-b-PCL BCPs were prepared via Steglich esterification of the 

corresponding uniform PEG and PCL homopolymers, which were synthesized using 

an IEG protocol. A PCL containing 64 repeating units was obtained in 20 steps in an 

overall yield of 33% according to the optimized reaction protocol of HAWKER et al.[240] 

TBDMS ether and benzyl ester were employed as orthogonal protecting groups. 

Consistently high yields for both the deprotection (>95%) and the coupling steps 

(>83%) were achieved (chapter 4.2). 

For the synthesis of the uniform PEGs, a comparative study of literature-known 

procedures was carried out regarding practicality, selectivity, yield, and product purity. 

SEC analysis provided an important insight into the formation of side products, which 

were identified by SEC-ESI-MS. Time-consuming purification with loss in yield was 

necessary to achieve uniformity. THP and benzyl ether as protecting groups and 

KOtBu as base for the etherification showed the most promising results and a uniform 

mPEG16 was obtained in 11 steps in an overall yield of 3% (chapter 4.1). 

In connection to this, a study was carried out to determine the resolution limits of 

common analytical tools used for purity determination of uniform oligomers. A PEG8 

containing different amounts of PEG7 was investigated by NMR, SEC, and ESI-MS 

(chapter 4.1.1.3). The highest sensitivity was observed for MS and SEC, detecting 

impurities of ≥1wt%, whereas NMR provided a resolution limit of ≤97%. This study 

demonstrated the importance of multidimensional analysis when determining the purity 

of substances. 

Furthermore, the potential of a GaBr3-catalyzed reduction of esters was shown to be a 

competitive synthesis protocol to previously reported approaches in order to prepare 

uniform PEGs (chapter 4.1.2). The reduction step was optimized with focus on full 
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conversion of the ester to the corresponding ether, while keeping the overreduction 

towards the alcohol at a minimum. TES as reductant showed the best results and the 

reduction was monitored quantitatively by NMR and IR spectroscopy. Due to the milder 

reaction conditions and an easier purification protocol, this method presents an 

alternative to conventional ether syntheses. So far, the addition of one monomer unit 

per chain elongation cycle was presented. The potential of increasing the degree of 

elongation per cycle was shown, to improve the efficiency of this strategy for the 

synthesis of high-molecular weight PEGs. 

The coupling of the PEG and the PCL homopolymers via Steglich esterification 

resulted in three uniform PEG-b-PCL block copolymers (Ð = 1.01), varying in the 

length of the PCL domain. Identical structures, similar in Mn with the uniform BCP, but 

exhibiting a slight molecular weight distribution (Ð = 1.06) were prepared to investigate 

the influence of the dispersity on thermal properties and morphologies obtained via 

self-assembly through thermal and solvent-vapor annealing (chapter 4.3 and 4.4). 

The thermal properties and the self-assembly behavior of the BCPs were investigated 

by DSC and SAXS, respectively (chapter 4.5). A clear constitution and dispersity 

dependent structure-property relationship based on the crystallization temperature Tc, 

and the difference in self-assembly of the smallest BCP as a function of dispersity was 

observed. Further investigations of the self-assembly behavior in bulk and in solution 

analyzed with TEM, AFM and DLS could give more insights and confirm the described 

results. 

The high purity (>99%) and uniformity (Ð = 1.00) of all synthesized homopolymers as 

well as the corresponding BCP were achieved by successive fractional silica column 

chromatography and confirmed by SEC, NMR spectroscopy, and MS. 

It would be of high interest to use automated column chromatography and preparative 

SEC for the synthesis of the uniform homopolymers as well as the corresponding block 

copolymers. Furthermore, a semiautomated flow-chemistry approach, which was 

recently reported for the synthesis of uniform polyesters, could be easily transferred to 

the synthesis of uniform PCL, thus reducing the operating time by several 

magnitudes.[148] Another strategy based on the separation of narrowly distributed 

products via successive/ recycling chromatographic purification is also described in the 

literature[75,76] and would result in a library of uniform BCPs varying in their composition. 
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In this way, even more information about the structure-property relationship and the 

self-assembly behavior could possibly be achieved. 

In the second part of this thesis, a combinatorial approach was developed for the 

synthesis of information-containing small molecules, which were used for data storage 

on a glass slide. As a synthesis protocol, a P-3CR in combination with a hetero-Michael 

addition was employed. The compounds were prepared in a straight-forward, one-pot 

reaction procedure by using propiolic acid as a linker component of both reactions. 

Consistently high conversions were observed in short reactions times for both reaction 

steps and no further purification was necessary for the application shown here, thus 

providing a fast and highly efficient protocol for the storage of information in molecular 

structures. Using a database of 708 commercially available components and 

considering all permutations, 2.63 M unique structures are accessible with the 

described approach. This number of permutations corresponds to a data storage 

capacity of 21 bits per molecule. The compound structures were exemplary identified 

by MALDI-MS/MS fragmentation with 100% accuracy (chapter 4.6.2). Thus, a similar 

data storage capacity as in sequence-defined macromolecules could be achieved. 

Furthermore, the scalability of this approach for the data storage in molecular 

structures was demonstrated by the parallel synthesis of up to five unique products in 

a one-pot reaction without additional synthetic effort. To further optimize the principle 

of a write once, read often data storage approach in terms of a faster writing rate, the 

reaction could be directly conducted on the surface. In principle, the presented 

molecules could also serve as molecular keys, e.g., as anti-counterfeiting tags. 

In the last part of this thesis, a fast and efficient strategy for the molecular data storage 

with zero synthetic effort and read-out via non-fragmenting analysis was demonstrated. 

Mixtures of up to 25 commercially available compounds were used and simple read-

out was carried out via GC analysis (chapter 4.6.3). The writing and reading of binary 

ASCII codes and bitmaps of 625 bits were shown as well as an easy sorting approach 

of the obtained data sets. A decoding software to guarantee a faster and error-free 

read-out of the original information with 100% accuracy was custom made. Thus, a 

simple strategy for the molecular data storage by encoding and automated decoding 

of a QR code was described, while avoiding complicated syntheses and complex 

analytical methods.  
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6. EXPERIMENTAL SECTION 

6.1. Materials 

6.1.1. Materials used in connection with the synthesis of PEG-b-PCL BCPs in 

chapters 4.1 - 4.4. 

1,1,3,3-Tetramethyldisiloxane (TMDS, 97%, Fisher Scientific), 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD, >98.0%, TCI) (1,8-Diazabicyclo[5.4.0]undec-7-en 

(DBU, >98.0% (GC), TCI), 3,4-dihydro-2H-pyran (DHP, 99%, Acros Organics), 

acetone (99.5%, Bernd Kraft), acetonitrile (MeCN, HPLC Gradient grade, Fisher 

Chemical), acetic acid (96%, Carl Roth), ammonium chloride (technical grade, BASF), 

anhydrous N,N-Dimethylformamide (DMF, extra dry, 99.8%, stored over molecular 

sieve, AcroSeal, Fisher Scientific), benzyl bromide (98%, Sigma Aldrich), calcium 

chloride (94%, Carl Roth), Celite® 545 (particle size 0.02-0.1 mm, Merck), chloroform 

(Fisher Chemical, analytical reagent grade stabilized with amylene), chloroform-d 

(CDCl3, 99.80 atom-% D stabilized with silver foils, Eurisotop®), citric acid (99%, 

Sigma Aldrich), copper(II) sulfate (CuSO4, ≥99.8%, Sigma Aldrich), cyclohexane 

(HPLC grade, VWR), dichloromethane (DCM, ≥99.8%, HPLC grade, Fisher Chemical), 

dichloromethane (anhydrous, >99.8%, Sigma Aldrich), dicyclohexylcarbodiimide 

(DCC, 99% Sigma Aldrich), diethyl ether (technical grade, VWR), dimethyl sulfoxide-d6 

(DMSO-d6, 99.80 atom-% D, Eurisotop®), ε-caprolactone (>99%, TCI), ethanol (HPLC 

grade, VWR), ethyl acetate (EA, HPLC grade, VWR), ethyl bromoacetate (EBA, 

reagent grade, 98%, Sigma Aldrich), ethyl hydroxy acetate (98%, Sigma Aldrich), 

gallium(III)-bromide (ultra-dry, 99.998%, Fisher Scientific), hydrochloric acid (HCl, 37 

% solution in water, Acros Organics), hydrogen gas (99.999%, Alphagaz™ H2, Air 

Liquide), 1H-imidazole (≥99%, Carl Roth), Lipase B Candida antarctica (CALB, 

immobilized on Immobead 150, recombinant from Aspergillus oryzae, ≥1800U/g), 

methanol (HPLC-Gradient grade, VWR Chemicals; anhydrous 99.8% Sigma Aldrich), 

mono methoxy polyethylene glycol (mPEG750, Mn = 750, Sigma Aldrich), methyl iodide 

(contains copper as stabilizer, 99%, Sigma Aldrich), methyl tert-butyl ether (MTBE, 
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99%, ABCR), N,N-diisopropylethylamine (DIPEA, ≥99%, Sigma Aldrich), 

N,N-dimethylpyridin-4-amine (DMAP, ≥99%, Sigma Aldrich), palladium on activated 

carbon (10 wt% Pd basis, Sigma Aldrich), potassium tert-butoxide (KOtBu, 98+%, 

pure, Acros Organics), p-toluenesulfonic acid monohydrate (99% extra pure, Acros 

Organics), p-toluenesulfonyl chloride (>99%, TCI), pyridine (analytical reagent grade, 

Fisher Chemical), ruthenium(III) chloride trihydrate (reagent plus, Sigma Aldrich), silica 

gel (technical grade, pore size 60 Å, 230-400 mesh particle size, 40-63 µm particle 

size), sodium carbonate (Na2CO3, food quality, Solvay), sodium chloride (NaCl, 

>99.5%, Fisher Scientific), sodium hydride (NaH, 60% dispersion in mineral oil, Sigma 

Aldrich), sodium hydrogencarbonate (NaHCO3, laboratory reagent grade, Fisher 

Scientific), sodium hydroxid (NaOH, Bernd Kraft, for analysis), sodium iodide (NaI, 

≥99.5%, Sigma Aldrich), sodium periodate (NaIO4, ≥99%, Sigma Aldrich), sodium 

sulfate (Na2SO4, Bernd Kraft, pure), tert-butyldimethylsilyl chloride (TBDMS-Cl, 98% 

chemPUR), tetrabutylammonium fluoride (TBAF, 95%, Oxchem), tetra(ethylene glycol) 

(≥99.5%, Sigma Aldrich), tetra(ethylene glycol) monomethyl ether (≥98% (GC), TCI), 

tetrahydrofuran (THF, for HPLC, Sigma Aldrich; anhydrous ≥99.9%, inhibitor-free, 

Sigma Aldrich), thionyl chloride (≥99%, Sigma Aldrich), toluene (>99.7%, for synthesis, 

Bernd Kraft; extra dry, 99.8%, stored over molecular sieve, AcroSeal, Fisher Scientific), 

triethyl silane (TES, 99%, Fisher Scientific), triethylamine (TEA, 99.5%, Carl Roth), 

tri(ethylene glycol) (≥98%, for synthesis, Carl Roth), triphenylmethyl chloride (≥95.0% 

(HPLC), Fluka). 

-caprolactone was stirred over night over CaH2 and distilled at 105 °C at 10-2 mbar. 

Afterwards it was stored over activated molecular sieve (3 and 4 Å) and under argon 

atmosphere for not longer than two days. Mono methoxy polyethylene glycol 

(mPEG750, Mn = 750) was dissolved in toluene and stirred for one week at 120 °C in a 

Dean-Stark apparatus. Right before usage, it was dried via azeotropic distillation of 

toluene (3 ×) at 70 °C and 100 to 8 mbar. The macroinitiator was stored under argon 

atmosphere. TBD was dried at room temperature at 10-2 mbar for 24 hours and stored 

under argon atmosphere. All ring opening polymerizations were performed in flame 

dried young flasks under inert conditions. 
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6.1.2. Materials used in connection with the molecular data storage in chapter 

4.6. 

1,2-Propanediol (Acros Organics, ACS reagent), 1,10-decanediol (Acros Organics, 

99%), 1,12-dodecanediol (Sigma Aldrich, 99%), 1,4-diazabicyclo[2.2.2]octane 

(DABCO, ≥99, Sigma Aldrich), 1,4-diethoxybenzene (TCI, >98.0%), 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD, >98.0%, TCI), 1,8,9-trihydroxyanthracene (Alfa 

Aesar, 97%), 1-adamantanol (Acros Organics, 99%), 1-butanol (99.9%, Sigma 

Aldrich), 1-decanthiol (99%, Sigma Aldich), 1-hexanol (Sigma Aldrich, 98%), 

2-naphthyl isocyanide (95%, Sigma Aldrich), 2,3-butanediol (Sigma Aldrich, 98%), 

2,6-dimethoxyphenol (Sigma Aldrich, 99%), 2,6-dimethylphenyl isocyanide (≥98.0% 

(GC), Sigma Aldrich), 2,6-di-tBu-4-methylphenol (Sigma Aldrich, ≥99.0% (GC)), 

2‑ethylbutyraldehyde (>98.0% (GC), TCI), 2-naphthaleneethanol (Sigma Aldrich, 

98%), 2-phenylethanol (Sigma Aldrich, ≥99.0% (GC)), DL-2-phenylpropionaldehyde 

(98%, Fisher Scientific), 3-(methylthio)propanal (98%, Fisher Scientific), 

3,3'-iminodipropionitrile (technical grade, 90%, Sigma Aldrich), 3-hydroxypropanitrile 

(97%, Fisher Scientific), 3-mercapto-2-butanone (96%, stab. With 0.1% calcium 

carbonate, ABCR), 3,3’,5,5’-tetramethylbiphenyl (Alfa Aesar, 97+%), 

4-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctylthio)-phenol (≥97%, Sigma Aldrich ), 

4-bromoaniline (97%, Sigma Aldrich), 4-ethylphenol (Sigma Aldrich, 99%), 4-hydroxy-

3-methoxybenzencarbaldehyd (vanillin, 99%, Fisher Scientific), 

4-hydroxybenzaldehyde (98%, Fisher Scientific), 4-methoxyphenol (Sigma Aldrich, 

99%), 9-anthracenemethanol (Sigma Aldrich, 97%), acetaldehyde (ACS reagent, 

≥99.5%, Sigma Aldrich), acetone (Honeywell, ≥99.8%, for HPLC), acetonitrile (MeCN, 

Fisher Scientific, HPLC Gradient grade), benzene (Sigma Aldrich, anhydrous, 99.8%), 

benzyl aldehyde (ReagentPlus®, ≥99%, Sigma Aldrich), benzyl isocyanide (98%, 

Fisher Scientific), benzyl alcohol (Honeywell, ≥99.0%), bis(2-ethylhexyl)amine (99%, 

Fisher Scientific), chloroform (Fisher Chemical, analytical reagent grade stabilized with 

amylene), chloroform-d (CDCl3, Eurisotop®, 99.80 atom-% D, stabilized with silver 

foil), cyclohexane (VWR, HPLC grade), cyclohexanol (Sigma Aldrich, 99%), cyclohexyl 

isocyanide (99%, Fisher Scientific), cyclooctane (Fluka, ≥99.0% (GC)), diallyl amine 

(99% Sigma Aldrich), dichloromethane (DCM, Fisher Scientific, ≥99.8%, HPLC grade), 

diethyl isocyanomethylphosphonate (97%, Sigma Aldrich), diethylamine (≥99.5%, 

Sigma Aldrich), diethylene glycol (Sigma Aldrich, ≥99.0% (GC)), dimethyl carbonate 
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(DMC, Acros Organics, 99%), dimethyl sulfoxide (DMSO, Fisher Scientific, ≥99.9%), 

dioxane (Acros Organics, 99+%, extra pure, stabilized), diphenyl acetaldehyde (97%, 

Sigma Aldrich), dodecyl aldehyde (≥95%, VWR), ethyl acetate (VWR, HPLC grade), 

ethyl isocyanoacetate (95%, Sigma Aldrich), ethyl propiolate (99%, Sigma Aldrich), 

n-hexadecane (Alfa Aesar, 99%), methyl oleate (ABCR, 96%), methyl stearate (Acros 

Organics, mixtures of homologs), tert-butyl isocyanide (98%, Sigma Aldrich), 

n-tetradecane (Sigma Aldrich, ≥99.0% (GC)), tetraethylene glycol monomethyl ether 

(TCI, >98.0%), tetramethyl silane (TMS, ABCR, 99.9%, NMR grade), triethylene glycol 

(Sigma Aldrich, 99%). 

 

6.2. General Methods and Instrumentation 

6.2.1. Nuclear Magnetic Resonance (NMR) spectroscopy 

NMR spectra were recorded using following spectrometer hardware. 

Bruker AVANCE 300 

 1H NMR (300 MHz), 13C-NMR (75 MHz) 

Bruker AVANCE 400 

 1H NMR (400 MHz), 13C-NMR (101 MHz) 

Bruker AVANCE 500 

 1H NMR (500 MHz), 13C-NMR (126 MHz) 

DMSO–d6 and CDCl3 were used as solvents and their respective resonance signal 

served as reference for the chemical shift δ in parts per million: 1H: CDCl3 = 7.26 ppm, 

DMSO-d6 = 2.50 ppm; 13C: CDCl3 = 77.2 ppm, DMSO-d6 = 39.5 ppm. The spin 

multiplicity and corresponding signal patterns were abbreviated as follows: s = singlet, 

d = doublet, t = triplet, q = quartet, quint. = quintet, m = multiplet. Coupling constants J 

were noted in Hz. Furthermore, 2D NMR methods (e.g., heteronuclear single quantum 

coherence (HSQC), heteronuclear multiple bond correlation (HMBC) and correlated 

spectroscopy (COSY)) were carried out, if necessary, for signal assignment and 

structure elucidation. Diffusion-Ordered NMR Spectroscopy (DOSY) measurements 

were carried out for validation of the product purity. 
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6.2.2. Thin Layer Chromatography (TLC) 

All thin layer chromatography (TLC) experiments were performed on silica-gel-coated 

aluminum foil (silica gel 60 F254, layer thickness: 0.25 mm, Sigma-Aldrich). Compounds 

were visualized by irradiation with a UV lamp (λ = 254 and 365 nm), by staining with 

Seebach solution (mixture of 5.00 g phosphomolybdic acid hydrate, 2.00 g cerium(IV)-

sulfate, 16.0 mL concentrated sulfuric acid and 200 mL water) or vanillin staining 

solution (mixture of 8.60 g vanillin and 2.50 mL concentrated sulfuric acid and 200 mL 

ethanol), or KMnO4 staining solution (1.50 g KMnO4, 10.0 g K2CO3, 1.25 mL 10% 

NaOH and 200 mL water). 

6.2.3. Infrared (IR) spectroscopy 

IR spectra were recorded on a Bruker alpha-p instrument in a frequency range of 

3997.41 to 373.828 cm-1 applying KBr- and ATR-technology.  

6.2.4. Size Exclusion Chromatography (SEC) 

System I: The macrocyclic sulfites were characterized on a Varian 390-LC gel 

permeation chromatography (GPC) system equipped with a LC-290 pump (Varian), a 

refractive index detector (24 °C), a PL AS RT GPC-autosampler (Polymer laboratories) 

and a Varian Pro Star column oven Model 510, operating at 40 °C. For separation, two 

SDV 5 μm linear S columns (8 × 300 mm) and a guard column (8 × 50 mm) were used. 

Detection was performed using a differential refractive index (RI) detector operating in 

THF (anhydrous, contains 250 ppm butylated hydroxytoluene (BHT) as inhibitor, 

≥99.9%, Sigma Aldrich, flow rate 1.0 mL min-1). For calibration, linear poly(methyl 

methacrylate) standards (Agilent) ranging from 875 Da to 1677 kDa were used.  

System II: Ethylene glycol oligomers were characterized on a Shimadzu Size Exclusion 

Chromatography (SEC) system equipped with a Shimadzu isocratic pump model LC-

20AD, a Shimadzu refractive index detector (24 °C) model RID-20A, a Shimadzu 

autosampler model SIL-20A and a Varian column oven model 510 (50 °C). For 

separation, a three-column setup was used with one SDV 3 µm, 8 × 50 mm precolumn 

and two SDV 3 µm, 1000 Å, 3 × 300 mm columns supplied by PSS, Germany. 

Anhydrous tetrahydrofuran (THF) stabilized with 250 ppm butylated hydroxytoluene 

(BHT, ≥99.9%) supplied by Sigma Aldrich was used at a flow rate of 1.0 mL min-1. For 

calibration, linear poly(methyl methacrylate) standards (Agilent) ranging from 875 Da 
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to 1677 kDa were used. The peak around 20.15 min. is a system peak and does not 

belong to any impurities. Dispersity Đ was determined by integration of the peak in 

LabSolution software. The program calculates Mw/Mn, which are obtained via the 

calibration. 

System III: A PSS SECcurity2 SEC system based on the Agilent infinity 1260 II 

hardware was used for the measurements. The system is equipped with a refractive 

index detector SECcurity² RI, a column oven “(Bio)SECcurity² column compartment 

TCC6500”, a “standard SECcurity²” autosampler, isocratic pump “SECcurity² isocratic 

pump”, and anhydrous tetrahydrofuran (THF) stabilized with 250 ppm butylated 

hydroxytoluene (BHT, ≥99.9%) supplied by Sigma Aldrich was used at a flow rate of 

1.0 mL min-1 and at 30 °C as mobile phase. The analysis was performed on the 

following column system: Two columns PSS SDV analytical (3 μm, 300 × 8.0 mm2, 

1000 Å) with a PSS SDV analytical precolumn (3 μm, 50 × 8.0 mm2). For the 

calibration, narrow linear poly(methyl methacrylate) standards (Polymer Standards 

Service, PPS, Germany) ranging from 102 to 62200 Da were used. 

For the preparation of the samples, 1.5 mg of analyte was dissolved in 1.5 mL 

anhydrous tetrahydrofuran (THF) stabilized with 250 ppm butylated hydroxytoluene 

(BHT, ≥99.9%) supplied by Sigma Aldrich. All samples were filtered by syringe filter 

prior to use, to avoid plugging of the injection setup or the column. 

6.2.5. Orbitrap Electrospray Ionization-Mass Spectrometry (ESI-MS) 

Mass spectra were recorded on a Q Exactive (Orbitrap) mass spectrometer (Thermo 

Fisher Scientific, San José, CA, USA) equipped with an atmospheric pressure 

ionization source operating in the nebulizer assisted electrospray mode. The 

instrument was calibrated in the m/z-range 150-2000 using a standard containing 

caffeine, Met-Arg-Phe-Ala acetate (MRFA) and a mixture of fluorinated phosphazenes 

(Ultramark 1621, all from Sigma Aldrich). A constant spray voltage of 3.5 kV, a 

dimensionless sheath gas of 6, and a sweep gas flow rate of 2 were applied. The 

capillary voltage and the S-lens RF level were set to 68.0 V and 320 °C, respectively. 

For the interpretation of the spectra, molecular peaks [M]+, peaks of pseudo molecules 

[M+H]+, [M+NH4]+, [M+Na]+ and [M+K]+ characteristic fragment peaks are indicated 

with their mass to charge ratio (m/z) and their intensity in percent, relative to the most 

intense peak (100%). For the fragmentation of the compounds, the parent ion was 
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preselected in the quadrupole and fragmentated in the collision ion cell applying a 

collision energy (CE). 

6.2.6. Size Exclusion Chromatography coupled to Electrospray Ionization-Mass 

Spectrometry (SEC-ESI-MS) 

SEC-ESI-MS 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 74-1822 using premixed calibration 

solutions (Thermo Scientific). A constant spray voltage of 4.6 kV, a dimensionless 

gasflow rate of 8, and a dimensionless auxiliary gas flow rate of 2 were applied. The 

capillary temperature and the S-lens RF level were set to 320 °C and 62.0 V, 

respectively. The Q Exactive was coupled to an UltiMate 3000 UHPLC System 

(Dionex, Sunnyvale, CA, USA) consisting of a pump (LPG 3400SD), an autosampler 

(WPS 3000TSL), and a thermostatic column department (TCC 3000SD). Separation 

was performed on two mixed bed size exclusion chromatography columns (Polymer 

Laboratories, Mesopore 250 × 4.6 mm, particle diameter 3 μm) with precolumn 

(Mesopore 50 × 4.6 mm) operating at 30 °C. THF at a flow rate of 0.30 mL min-1 was 

used as eluent. The mass spectrometer was coupled to the column in parallel to a RI 

detector (RefractoMax520, ERC, Japan). 0.27 mL min-1 of the eluent were directed 

through the RI-detector and 30 μL min-1 infused into the electrospray source after 

postcolumn addition of a 100 μM solution of sodium iodide in methanol at 20 μL min-1 

by a micro-flow HPLC syringe pump (Teledyne ISCO, Model 100DM). A 20 μL aliquot 

of a polymer solution with a concentration of 1 mg mL-1 was injected onto the HPLC 

system.  

6.2.7. Gas Chromatography coupled to Mass Spectrometry (GC-MS) 

GC-MS (electron impact (EI)) measurements were performed on a Varian 431 GC 

instrument with a capillary column FactorFour VF-5 ms (30 m × 0.25 mm × 0.25 mm) 

and a Varian 210 ion trap mass detector. Scans were performed from 40 to 650 m/z at 

a rate of 1.0 scans s-1. The oven temperature program was: initial temperature 95 °C, 

hold for 1 min, ramp at 15 °C min-1 to 220 °C, hold for 4 min, ramp at 15 °C min-1 to 

300 °C, hold for 2 min. The injector transfer line temperature was set to 250 °C. 

Measurements were performed in the split-split mode (split ratio 50:1) using helium as 

carrier gas (flow rate 1.0 mL min-1). 
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6.2.8. Gas Chromatography – Flame Ionization Detector (GC-FID) 

System I: GC chromatograms were recorded on a Bruker 430 GC instrument equipped 

with capillary column FactorFourTM VF-5 ms (30.0 m × 0.25 mm × 0.25 µm), using 

flame ionization detection (FID). The oven temperature program was: initial 

temperature 95 °C, hold for 1 min, ramp at 15 °C min-1 to 200 °C, hold for 4 min, ramp 

at 15°C min-1 to 300 °C, hold for 2 min. Measurements were performed in split-split 

mode using nitrogen as the carrier gas (flow rate 30 mL min-1) and were recorded for 

20 min in total. 

System II: GC measurements were performed using an Agilent 8860 gas 

chromatograph with a HP-5 column (30 m × 0.32 mm × 0.25 µm) and a flame 

ionization detector (FID). The measurements were carried out using the following 

heating program of the oven: initial temperature 95 °C, hold for 1 min, ramp up to 

200 °C with a rate of 15 °C min-1, hold 200 °C for 4 min, ramp up to 300 °C with a rate 

of 15 °C min-1 and then holds 300 °C for 2 min. This system was used for the molecular 

data storage with zero synthetic effort described in chapter 4.6.3. 

The samples for the molecular data storage (section 4.6.3.) were prepared as followed: 

Stock solutions with a concentration of c = 50 mg mL-1 were prepared in EA. For 

1-adamantanol: c = 25 mg mL-1, 1,10-decanediol and 9-anthracenemethanol: 

c = 12.5 mg mL-1, 1,12-dodecanediol and 1,8,9-trihydroxyanthracene: 

c = 8.33 mg mL-1, due to solubility issues. The respective volumes to achieve 1.5 mg 

of substance were added to the mixture. 900 µL of the internal standard 

(c = 1.5 mg mL-1 in EA) was added. The second reference, n-tetradecane, was added 

in 1 mg increments, starting from 1 mg for the first mixture and 26 mg for mixture 

number 26. All samples were filtered by syringe filter prior to use, to avoid plugging of 

the injection setup or the column. The injection volume was set to 1 µL and the injection 

temperature to 220 °C. 

6.2.9. Differential Scanning Calorimetry (DSC) 

The DSC experiments were caried out using a Mettler Toledo DSC stare system. The DSC 

experiments are carried out under nitrogen atmosphere using 40 μl aluminium crucibles and 

a sample mass of 5.5 or 6.5 mg. The BCP were analyzed with the following heating program 

with two cycles: first heating cycle: isotherm at 25 °C for 5 min; cooling: 25 °C to -15 °C 
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in -10 K min-1, heating: -15 °C to 70 °C in 20 K min-1; cooling: 70 °C to -15 °C in -10 K min-1; 

second heating cycle: -15 °C to 70 °C in 20 K min-1, cooling: 70 °C to -15 °C in -10 K min-1. 

6.2.10. Fast atom bombardment (FAB) 

FAB mass spectra were recorded on a FINNIGAN MAT 95 instrument. The protonated 

molecule ion is expressed by the term: [M+H]+. 

6.2.11. Small-Angle X-ray Scattering (SAXS) 

For the investigation of the BCP SA, the SAXS laboratory camera Xeuss 2.0 Q-Xoom 

(Xenocs SA, Grenoble, France) was used at the Institute of Mechanical Process 

Engineering and Mechanics at the Karlsruhe Institute of Technology (KIT, Karlsruhe, 

Germany). The camera is equipped with the X-ray micro focus source Genix3D Cu 

ULC (Ultra Low divergence) of Cu-k-alpha with an energy of 8.04 keV and a 

wavelength of 1.5406 Å. Prior the measurement, the samples were self-assembled 

directly on Kapton® foil via thermal or solvent vapor annealing. The sample-to-detector 

distance was set to 1000 mm and the exposure time to 30 min without a beam stop 

using the Pilatus3 R 300K detector (Dectris Ltd., Baden, Switzerland). 

6.2.12. Liquid Dispenser 

Molecules and matrix were printed on a 25 × 75 mm glass slide using a Certus Flex 

liquid dispenser (Fritz Gyger AG, Gwatt, Switzerland) at the Institute of Biological and 

Chemical Systems (IBCS-FMS) at the Karlsruhe Institute of Technology (KIT, 

Karlsruhe, Germany). The operating pressure was set to 0.3 bar. Spots in the size of 

900 µm in distances of 225 µm were printed with analyte concentrations of 10, 50, and 

100 pmol per spot. Stock solutions of the analyte were prepared in DMSO, and the 

matrices stock solutions were prepared as follows: HCCA: 0.1 M and 0.05 M in 70% 

MeCN/H2O; DHB: 0.7 M and 1.4 M in 70% MeCN/H2O; SA: 12.5 mM and 0.25 M in 

70% MeCN/H2O; DCTP 28.5 mM and 57 mM in 80% THF/H2O. In total 18 × 64 (1152) 

spots can be printed on the respective glass slide. 

6.2.13. Matrix-assisted Laser Desorption/ Ionization – tandem Mass 

Spectrometry (MALDI-MS/MS) 

Full scan MS and MS/MS spectra were recorded on a timsTOFflex (Bruker Daltonics, 

Bremen, Germany) mass spectrometer to assist the molecular identification. Spectra 
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were acquired in qTOF mode of operation in positive ion mode within the m/z range 

80 – 1000 Da. MALDI parameters were optimized to maximize intensity and resolution. 

The laser repetition rate was 10,000 Hz and 200 laser shots were accumulated per 

spectrum form 5 different raster positions within a sample spot. 

6.2.14. Self-assembly of the uniform and non-uniform BCPs 

Thermal annealing: 2 mg of the respective BCP was placed directly on Kapton® foil 

and the sample was heated to 70 °C under vacuum, kept at that temperature for three 

hours and subsequently cooled to room temperature overnight.  

Solvent vapor annealing: 5 mg of the respective polymer was dissolved in 30 µL 

acetone, one drop was added onto the Kapton® foil and put into a chamber with 

acetone saturated atmosphere. The solvent was allowed to evaporate over four days. 

6.2.15. Sample preparation for the purity study described in chapter 

4.1.1.3 

For the preparation of the samples containing the double protected PEG8 (P10) and 

different quantities, ranging from 1 to 15wt%, of the double protected PEG7 (P9), stock 

solutions with a concentration of 40 mg ml-1 for P10 (200 mg analyte in 5 mL CDCl3) 

and 8 mg mL-1 for P9 (40 mg analyte in 5 mL CDCl3) were prepared. Samples 

containing a total of 10 mg of the analytes were prepared as follows: 

Impurity / wt% V stock solution P10 / µL V stock solution P9 / µL 

1 247.5 12.5 

2 245.0 25.0 

3 242.5 37.5 

4 240.0 50.0 

5 237.5 62.5 

7 232.5 87.5 

9 227.5 112.5 

11 222.5 137.5 

13 217.5 162.5 

15 212.5 187.5 

The volume for each sample was filled to 500 µL and 1H NMR was measured (triple 

determination). Subsequently, the solvent was removed under reduced pressure and 

3.0 mg of the residue was dissolved in 1.5 mL THF (anhydrous, contains 250 ppm 

butylated hydroxytoluene (BHT) as inhibitor, ≥99.9%, Sigma Aldrich) and SEC was 

measured (triple determination). For the mass analysis via HR-ESI-MS, the samples 

were dissolved in HPLC MeOH in a concentration ranging from 0.05 – 0.01 mg mL-1. 
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6.3. Experimental Procedures 

6.3.1. Experimental procedures of chapters 4.1.1.1 - 4.1.1.6 

Mono(tetrahydropyranyl) tri(ethylene glycol) - P1I 

 

The synthesis was performed according to a procedure of BAKER et al.[317] 3,4-Dihydro-

2H-pyran (3.10 mL, 2.86 g, 34.0 mmol, 1.00 equiv.) was added dropwise to a mixture 

of tri(ethylene glycol) (22.8 mL, 25.6 g, 170 mmol, 5.00 equiv.) and p-toluenesulfonic 

acid monohydrate (112 mg, 0.59 mmol, 0.017 equiv.) dissolved in DCM (50 mL). The 

reaction mixture was stirred for 24 hours at room temperature. Half of the solvent was 

evaporated under reduced pressure and the mixture was washed with saturated 

aqueous NaCl solution (6 × 50 mL), dried over anhydrous sodium sulfate, filtered and 

the solvent was removed under reduced pressure. Purification of the crude product via 

column chromatography (EA) yielded the mono(tetrahydropyranyl) tri(ethylene glycol) 

P1 as a colorless oil (4.85 g, 20.7 mmol, 60.9%). The product was dried under high 

vacuum before further use. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 4.62 – 4.53 (m, 2H, CH1 and OH1), 

3.80 – 3.35 (m, 14H, CH2
2), 1.84 – 1.29 (m, 6H, CH2

3). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 98.07 (CH1), 72.37 (CH2
2), 69.87 (CH2

2), 

69.78 (CH2
2), 69.75 (CH2

2), 66.08 (CH2
2), 61.26 (CH2

2), 60.23 (CH2
2), 30.23 (CH2

3), 

25.03 (CH2
3), 19.14 (CH2

3). 

 

 
I The synthesis was carried out by B. Sc. PETER GÖDTEL under the lab-supervision of PHILIPP BOHN. 



EXPERIMENTAL SECTION 

 

212 

HRMS (ESI) of C11H22O5 [M+H]+ m/z calc. 235.1541, found 235.1535; [M+NH4]+ m/z 

calc. 252.1806, found 252.1800. 

IR (ATR platinum diamond) v / cm–1 = 3445.2, 2938.4, 2868.8, 1644.6, 1454.5, 1350.2, 

1323.2, 1259.0, 1201.4, 1183.8, 1119.9, 1070.2, 1031.9, 985.6, 929.7, 906.4, 871.2, 

812.8, 522.1, 428.4. 

Rf = 0.11 (EA) 

Đ (System II) = 1.00 

 

Supplementary Figure 1: 1H NMR spectrum of P1 recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 2: 13C NMR spectrum of P1 recorded at 101 MHz in DMSO-d6. 

Mono(tetrahydropyranyl) tetra(ethylene glycol) – P2 

Procedure according to BAKER et al.[317] – P2a 

 

3,4-Dihydro-2H-pyran (1.00 mL, 930 mg, 11.1 mmol, 1.00 equiv.) was added dropwise 

to a mixture of tetra(ethylene glycol) (8.30 mL, 9.34 g, 48.1 mmol, 4.35 equiv.) and 

p-toluenesulfonic acid monohydrate (27.4 mg, 0.14 mmol, 0.013 equiv.) dissolved in 

dry DCM (17 mL). The reaction mixture was stirred for 24 hours at room temperature. 

Half of the solvent was evaporated under reduced pressure. Here the mixture was 

washed with water (1 × 18 mL) and aqueous NaCl solution (6 × 10 mL) and dried over 

anhydrous sodium sulfate. The solvent was removed under reduced pressure, yielding 

the crude product as a colorless oil (2.30 g, 74.4%) which was further dried under high 

vacuum and used without additional purification. 1H NMR analysis indicated a 



EXPERIMENTAL SECTION 

 

214 

contamination with 12% of the doubly protected product. Therefore, a complete 

analysis was not performed. A full characterization is given in the following for the pure 

product P2b. 

Procedure according to TANAKA et al.[108] – P2b 

Tetra(ethylene glycol) (1.72 mL, 1.94 g, 9.99 mmol, 5.00 equiv.) and 3,4-dihydro-2H-

pyran (176 µL, 164 mg, 2.00 mmol, 1.00 equiv.) were dissolved in dry DCM (50 mL). 

While stirring at room temperature, p-toluenesulfonic acid monohydrate (38.0 mg, 

0.20 mmol, 0.10 equiv.) was added and the reaction mixture was stirred for further 

30 minutes. Subsequently, water (50 mL) was added, and the phases were separated. 

The organic layer was washed with water (1 × 50 mL), dried over anhydrous sodium 

sulfate, filtered, and concentrated in vacuo. Purification of the crude product (362 mg, 

1.30 mmol, 65.0%) via column chromatography (cyhex:EA = 1:2 → EA:MeOH = 9:1) 

yielded the mono(tetrahydropyranyl) tetra(ethylene glycol) P2b as a colorless oil 

(283 mg, 1.02 mmol, 51.0%). The product was dried under high vacuum before further 

use. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 4.63 – 4.51 (m, 2H, CH1 and OH1), 

3.80 – 3.37 (m, 18H, CH2
2), 1.79 – 1.35 (m, 6H, CH2

3). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 98.07 (CH1), 72.37 (CH2
2), 69.85 (CH2

2), 

69.81 (CH2
2), 69.74 (CH2

2), 66.08 (CH2
2), 61.25 (CH2

2), 60.22 (CH2
2), 30.23 (CH2

3), 

25.03 (CH2
3), 19.14 (CH2

3). 

 

HRMS (ESI) of C13H26O6 [M+H]+ m/z calc. 279.1803, found 279.1798; [M+Na]+ m/z 

calc. 301.1623, found 301.1616; [M+NH4]+ m/z calc. 296.2068, found 296.2063; 

[M+K]+ m/z calc. 317.1356, found 317.1356. 

The mass of the tetra(ethylene glycol) was also found. C8H18O5 [M+H]+ m/z calc. 

195.1211, found 195.1225. 
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IR (ATR platinum diamond) v / cm–1 = 3429.8, 2868.8, 1643.6, 1454.5, 1349.0, 1323.5, 

1284.8, 1258.4, 1201.5, 1120.1, 1071.1, 1031.9, 985.7, 930.0, 906.9, 871.5, 812.7, 

521.1, 428.9. 

Rf = 0.17 (EA) 

Đ (System II) = 1.00 

 

Supplementary Figure 3: 1H NMR spectrum of P2b recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 4: 13C NMR spectrum of P2b recorded at 101 MHz in DMSO-d6. 

Monotrityl tetra(ethylene glycol) - P3 

Procedure according to JIANG et al.[318] – P3a 

 

Tetra(ethylene glycol) (5.17 mL, 5.82 g, 30.0 mmol, 3.00 equiv.), triethylamine 

(2.78 mL, 2.03 g, 20.0 mmol, 2.00 equiv.) and DMAP (122 mg, 0.10 µmol, 0.1 equiv.) 

were dissolved in DCM (67 mL). The mixture was heated to 40 °C and a solution of 

triphenylmethyl chloride (2.79 g, 10.0 mmol, 1.00 equiv.) in DCM (11 mL) was added 

dropwise. After refluxing for six hours, the reaction was quenched with brine (35 mL). 

The phases were separated, and the aqueous layer was extracted with DCM 

(2 × 35 mL). The combined organic layers were dried over anhydrous sodium sulfate, 

filtered and the solvent was evaporated under reduced pressure. Purification of the 
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crude product via column chromatography (cyhex:EA = 1:1 → 1:10) yielded the 

monotrityl-protected tetra(ethylene glycol) P3a (2.82 g, 6.46 mmol, 64.6%) as a 

colorless, viscous oil. The product was dried under high vacuum before further use. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.44-7.38 (m, 6H, HAr,ortho
1), 7.38-7.29 (m, 

6H, HAr,meta
2), 7.30 – 7.22 (m, 3H, HAr,para

3), 4.60 (t, J = 5.5 Hz, 1H, OH4), 3.63 – 3.50 

(m, 10H, CH2
5), 3.48 (t, J = 5.3 Hz, 2H, CH2

6), 3.42 (t, J = 4.9 Hz, 2H, CH2
7), 3.07 (t, 

J = 4.9 Hz, 2H, CH2
8). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 143.84 (Cq
1), 128.27 (CAr,ortho

2), 127.88 

(CAr,meta
3), 126.99 (CAr,para

4), 85.91 (Cq
5), 72.38 (CH2

6), 70.11 (CH2
7), 69.94 (CH2

7), 

69.87 (CH2
7), 69.83 (CH2

7), 69.68 (CH2
7), 63.08 (CH2

8), 60.24 (CH2
9). 

 

HRMS (ESI) of C27H32O5 [M+NH4]+ m/z calc. 454.2590, found 454.2582; [M+Na]+ m/z 

calc. 459.2144, found 459.2135; [M+K]+ m/z calc. 475.1878, found 475.1876. 

IR (ATR platinum diamond) v / cm–1 = 3452.9, 3057.2, 2869.4, 1596.5, 1489.6, 1448.0, 

1349.7, 1288.7, 1219.7, 1075.4, 1032.7, 1009.4, 934.0, 899.8, 774.1, 762.9, 747.0, 

705.3, 697.3, 649.4, 631.9, 509.0 cm-1. 

Rf = 0.17 (cyhex: EA = 2:1) 

Đ (System II) = 1.00 
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Procedure according to KINBARA et al.[319] – P3b 

Tetra(ethylene glycol) (49.8 mL, 56.0 g, 288 mmol, 6.43 equiv.) was dried via 

azeotropic evaporation under reduced pressure with toluene (3 × 50 mL). Then, 

triethylamine (8.00 mL, 5.84 g, 57.7 mmol, 1.29 equiv.) was added under argon 

atmosphere. Then, triphenylmethyl chloride (12.5 g, 44.8 mmol, 1.00 equiv.) was 

added in small portions over five minutes. After stirring for three hours at room 

temperature, the reaction mixture was diluted with EA (50 mL). The present solid was 

filtered and rinsed with EA (2 × 15 mL). The filtrate was washed with water (2 × 75 mL, 

3 × 25 mL), saturated aqueous ammonium chloride solution (2 × 25 mL), brine 

(3 × 25 mL) and 50% aqueous solution of sodium chloride (1 × 25 mL) and the solvent 

was evaporated under reduced pressure. The mixture was further dried under high 

vacuum while stirring to afford the crude product as a yellow high viscous oil (18.8 g), 

which was used without further purification in the next synthesis. SEC analysis showed 

a contamination with 8% of symmetric tetra(ethylene glycol) bis-trityl ether and 17.3 g 

(39.6 mmol, 88.4%) of pure monotrityl-protected tetra(ethylene glycol)) P3b. 

The analytical data is consistent with the one for P3a. 

Procedure according to DAVIS et al.[237] – P3c 

A round bottomed flask was charged with tetra(ethylene glycol) (17.3 mL, 19.4 g, 

100 mmol, 10.0 equiv.), pyridine (1.21 mL, 1.19 g, 15 mmol, 1.50 equiv.) and 

triphenylmethyl chloride (2.79 g, 10.0 mmol, 1.00 equiv.). The reaction mixture was 

stirred over night at 45 °C. Subsequently, water (30 mL) was added to the reaction and 

phases were separated. The aqueous layer was extracted with toluene (2 × 50 mL). 

The combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated in vacuo. Purification of the crude product via column chromatography 

(cyhex:EA = 1:1 → 1:10) yielded the monotrityl-protected tetra(ethylene glycol) P3c 

(4.07 g, 9.32 mmol, 93.2%) as a colorless, viscous oil. The product was dried under 

high vacuum before further use. 

The analytical data is consistent with the one of P3a. 
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Supplementary Figure 5: 1H NMR spectrum of P3a recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 6: 13C NMR spectrum of P3a recorded at 101 MHz in DMSO-d6. 
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Monobenzyl tri(ethylene glycol) – P4I 

 

The monobenzylated tetra(ethylene glycol) P4a was prepared according to the 

procedure of DAVIS et al.[237] Benzyl bromide (14.3 mL, 20.5 g, 0.12 mmol, 1.00 equiv.) 

was added dropwise over 40 minutes to a mixture of tri(ethylene glycol) (111 mL, 

125 g, 0.83 mmol, 6.92 equiv.) and 50% aqueous NaOH (5.3 g solid in 10.6 mL H2O, 

1.10 equiv.). The reaction mixture was allowed to cool after stirring for 20 hours at 

100 °C. Subsequently, 175 mL of water was added, and the remaining base was 

neutralized with 1 M HCl. The solution was extracted with diethyl ether (7 × 100 mL). 

The combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure. SEC analysis indicated a contamination with 

5% of symmetric tri(ethylene glycol) bis-benzyl ether. 5.00 g of the crude product 

(24.6 g) were purified via column chromatography (cyhex:EA = 1:2) yielding the 

monobenzylated tri(ethylene glycol) P4a (4.27 g, 17.8 mmol, 72.9%) as a colorless oil. 

The product was dried under high vacuum before further use. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.38 – 7.25 (m, 5H, HAr
1), 4.59 (t, J = 5.5 Hz, 

1H, OH2), 4.48 (s, 2H, CH2
3), 3.59 – 3.50 (m, 8H, CH2

4), 3.48 (t, J = 5.2 Hz, 2H, CH2
5), 

3.42 (t, J = 5.3 Hz, 2H, CH2
6). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.49 (Cq
1), 128.24 (CAr

2), 127.52 (CAr
2), 

127.39 (CAr
2), 72.39 (CH2

3), 72.04 (CH2
3), 69.89 (CH2

3), 69.81 (CH2
3), 69.79 (CH2

3), 

69.16 (CH2
3), 60.24 (CH2

3), 39.52(CH2
4). 

 

 
I The synthesis was carried out by B. Sc. PETER GÖDTEL under the lab-supervision of PHILIPP BOHN. 
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HRMS (ESI) of C13H20O4 [M+H]+ m/z calc. 241.1436, found 241.1432. 

IR (ATR platinum diamond) v / cm–1 = 3435.4, 3030.6, 2865.1, 1495.8, 1453.5, 1350.3, 

1248.5, 1091.9, 933.6, 886.0, 849.4, 737.3, 697.8, 612.1, 464.0. 

Rf = 0.24 (cyhex:EA = 1:2) 

Đ (System II)= 1.00 

 

Supplementary Figure 7: 1H NMR spectrum of P4 recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 8: 13C NMR spectrum of P4 recorded at 101 MHz in DMSO-d6. 

Monobenzyl tetra(ethylene glycol) – P5 

Procedure according to DAVIS et al.[237] – P5a 

 

Benzyl bromide (1.39 mL, 2.00 g, 11.7 mmol, 1.00 equiv.), tetra(ethylene glycol) 

(20.2 mL, 22.7 g, 117 mmol, 10.0 equiv.), 50% aqueous NaOH (516 mg solid in 

1.00 mL H2O, 1.10 equiv.) were used. SEC analysis indicated a contamination with 7% 

of symmetric tetra(ethylene glycol) bis-benzyl ether. Purification of the crude product 

via column chromatography (cyhex:EA = 1:2) yielded the monobenzylated 

tetra(ethylene glycol) P5a (2.56 g, 9.00 mmol, 76.9%) as a colorless oil. The product 

was dried under high vacuum before further use. 



EXPERIMENTAL SECTION 

 

223 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.48 – 7.16 (m, 5H, HAr
1), 4.58 (t, J = 5.4 Hz, 

1H, OH2), 4.48 (s, 2H, CH2
3), 3.59 – 3.37 (m, 12H, CH2

4), 3.48 (t, J = 5.3 Hz, 2H, CH2
5), 

3.41 (t, J = 5.4 Hz, 2H, CH2
6). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.50 (Cq
1), 128.24 (CAr

2), 127.51 (CAr
2), 

127.39 (CAr
2), 72.37 (CH2

3), 72.04 (CH2
3), 69.87 (CH2

3), 69.86 (CH2
3), 69.83 (CH2

3), 

69.80 (CH2
3), 69.79 (CH2

3), 69.15 (CH2
3), 60.23 (CH2

4). 

 

HRMS (ESI) of C15H24O5 [M+H]+ m/z calc. 285.1698, found 285.1692; [M+NH4]+ m/z 

calc. 302.1963, found 302.1957; [M+Na]+ m/z calc. 307.1517, found 307.1510; [M+K]+ 

m/z calc. 323.1251, found 323.1249. 

IR (ATR platinum diamond) v / cm–1 = 3435.0, 2865.9, 1718.7, 1641.8, 1453.5, 1350.3, 

1276.8, 1249.4, 1092.7, 940.4, 885.0, 846.5, 738.6, 698.4, 606.1, 526.9. 

Rf = 0.25 (EA) 

Đ (System II) = 1.00 
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Procedure according to BRUCE et al.[273] – P5b 

Tetra(ethylene glycol) (69.1 mL, 77.7 g, 400 mmol, 4.00 equiv.) was added to a 

suspension of sodium hydride (60% dispersion in mineral oil, 16.0 g, 400 mmol, 

4.00 equiv.) in dry THF (500 mL). The mixture was refluxed at 80 °C and a solution of 

benzyl bromide (11.9 mL, 17.1 g, 100 mmol, 1.00 equiv.) in dry THF (80 mL) was 

added dropwise. The reaction mixture was refluxed for another three hours. After 

cooling, methanol was slowly added to decompose the remaining excess of sodium 

hydride. The solvent was evaporated under reduced pressure and the obtained residue 

was redissolved in 5 wt% aqueous hydrochloric acid (200 mL). The product was 

extracted with chloroform (8 × 200 mL) and washed with water (1 × 100 mL). The 

combined organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated in vacuo. Purification of the crude product via column chromatography 

(EA) yielded the monobenzylated tetra(ethylene glycol) P5b (23.7 g, 83.4 mmol, 

83.4%) as a colorless oil. The product was dried under high vacuum before further use. 

The analytical data is consistent with the one of P5a. 

 

Supplementary Figure 9: 1H NMR spectrum of P5a recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 10: 13C NMR spectrum of P5a recorded at 101 MHz in DMSO-d6. 

Monobenzyl tri(ethylene glycol) tosylate – P6I 

 

The synthesis was performed according to a procedure of Bruce et al.[273] Monobenzyl 

tri(ethylene glycol) P4 (14.6 g, 60.8 mmol, 1.00 equiv.) was dissolved in THF (36.4 mL) 

and added dropwise to a solution of sodium hydroxide (8.47 g, 212 mmol, 3.53 equiv.) 

in water (42.5 mL) at 0 °C. Then, a solution of p-toluenesulfonyl chloride (13.8 g, 

72.4 mmol, 1.19 equiv.) dissolved in THF (41.5 mL) was added dropwise, after which 

the reaction mixture was allowed to warm to room temperature and stirred for 15 hours. 

Subsequently, 1M HCl was slowly added to neutralize the excess of NaOH while 

cooling in an ice bath. The solvent was evaporated under reduced pressure and the 

product was extracted with DCM (3 × 75 mL). The combined organic layers were 

 
I The synthesis was carried out by B. Sc. PETER GÖDTEL under the lab-supervision of PHILIPP BOHN. 
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washed with 10% aqueous Na2CO3 (2 × 60 mL) and water (4 × 60 mL), dried over 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification of the crude 

product via column chromatography (cyhex:EA = 1:1) yielded the monobenzyl 

tri(ethylene glycol) tosylate P6 (13.3 g, 33.7 mmol, 55.7%) as a colorless oil. The 

product was dried under high vacuum, stored under argon atmosphere, and shielded 

from light until further use. 

1H NMR (500 MHz, DMSO-d6): δ / ppm = 7.78 (d, J = 8.2 Hz, 2H, CHAr
1), 7.46 (d, 

J = 8.0 Hz, 2H, CHAr
2), 7.38 – 7.25 (m, 5H, HAr

3), 4.48 (s, 2H, CH2
4), 4.13 – 4.08 (m, 

2H, CH2
5), 3.60 – 3.55 (m, 2H, CH2

6), 3.53 (s, 4H, CH2
7), 3.46 (s, 4H, CH2

8), 2.40 (s, 

3H, CH3
9). 

 

13C NMR (126 MHz, DMSO-d6): δ / ppm = 144.86 (Cq
1), 138.45 (Cq

2), 132.38 (Cq
3), 

130.10 (CHAr
4), 128.19 (CHAr

5), 127.60 (CHAr
5), 127.46 (CHAr

6), 127.34 (CHAr
5), 72.00 

(CH2
7), 69.96 (CH2

8), 69.75 (CH2
9), 69.71 (CH2

9), 69.70 (CH2
9), 69.09 (CH2

9), 67.88 

(CH2
10), 21.07 (CH3

11). 

 

HRMS (ESI) of C20H26O6S [M+H]+ m/z calc. 395.1517, found 395.1518; [M+NH4]+ m/z 

calc. 412.1782, found 412.1783; [M+Na]+ m/z calc. 417.1336, found 417.1335. 

IR (ATR platinum diamond) v / cm–1 = 3435.0, 2865.9, 1718.7, 1641.8, 1453.5, 1350.3, 

1276.8, 1249.4, 1092.7, 940.4, 885.0, 846.5, 738.6, 698.4, 606.1, 526.9. 

Rf = 0.57 (cyhex:EA = 1:1). 

Đ (System II)= 1.00 
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Supplementary Figure 11: 1H NMR spectrum of P6 recorded at 500 MHz in DMSO-d6. 

 

Supplementary Figure 12: 13C NMR spectrum of P6 recorded at 126 MHz in DMSO-d6. 
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Monobenzyl tetra(ethylene glycol) tosylate P7 

 

The monobenzyl tetra(ethylene glycol) tosylate P7 was prepared according to the 

procedure of BRUCE et al.[273] Monobenzyl tetra(ethylene glycol) P5 (2.00 g, 7.03 mmol, 

1.00 equiv.), sodium hydroxide (984 mg, 24.6 mmol, 3.50 equiv.), p-toluenesulfonyl 

chloride (1.61 g, 8.44 mmol, 1.20 equiv.) were used. Purification of the crude product 

via column chromatography (cyhex:EA = 1:1) yielded the monobenzyl tetra(ethylene 

glycol) tosylate P7 (2.96 g, 6.75 mmol, 96.2%) as a colorless oil. The product was dried 

under high vacuum, stored under argon atmosphere, and shielded from light until 

further use. 

1H NMR (300 MHz, DMSO-d6): δ / ppm = 7.83 – 7.71 (m, 2H, CHAr
1), 7.53 – 7.42 (m, 

2H, CHAr
2), 7.40 – 7.23 (m, 5H, HAr

3), 4.47 (s, 2H, CH2
4), 4.16 – 4.03 (m, 2H, CH2

5), 

3.62 – 3.40 (m, 14H, CH2O6), 2.41 (s, 3H, CH3
7). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 144.84 (Cq
1), 138.42 (Cq

2), 132.33 (Cq
3), 

130.08 (CHAr
4), 128.21 (CHAr

5), 127.99 (CHAr
5), 127.58 (CHAr

6), 127.47 (CHAr
5), 71.97 

(CH2
7), 69.94 (CH2

8), 69.76 (CH2
9), 69.74 (CH2

9), 69.71 (CH2
9), 69.68 (CH2

9), 69.65 

(CH2
9), 69.61 (CH2

9), 69.08 (CH2
10), 21.05 (CH3

10). 

Please note: the product partially degraded in the time between the 1H and the 13C 

NMR measurement. The impurities are marked in the 13C NMR spectrum 

(Supplementary Figure 14) 
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HRMS (ESI) of C22H30O7S [M+H]+ m/z calc. 439.1780, found 439.1762. 

IR (ATR platinum diamond) v / cm–1 = 2865.6, 1597.8, 1495.4, 1453.2, 1353.2, 1292.0, 

1248.8, 1188.7, 1175.0, 1094.6, 1016.3, 916.8, 815.3, 774.0, 740.4, 698.6, 662.0, 

582.3, 552.9, 465.4. 

Rf = 0.45 (cyhex:EA = 1:1). 

Đ (System II) = 1.00 

 

Supplementary Figure 13: 1H NMR spectrum of P7 recorded at 300 MHz in DMSO-d6. 
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Supplementary Figure 14: 13H NMR spectrum of P7 recorded at 101 MHz in DMSO-d6. 

Bis-dibenzyl dodeca(ethylene glycol) – P8 

Procedure according to BAKER et al.[317] – P8aI 

 

Tetra(ethylene glycol) (444 µL, 500 mg, 2.57 mmol, 1.00 equiv.) dissolved in dry THF 

(1.4 mL) was added to sodium hydride (60% dispersion in mineral oil, 246.7 mg, 

6.17 mmol, 1.20 equiv.) and sodium iodide (38.5 mg, 0.26 mmol, 0.10 equiv.) in dry 

THF (10.5 mL). The reaction mixture was cooled to 0°C with an ice bath and a solution 

of monobenzyl tetra(ethylene glycol) tosylate P7 (1.24 g, 2.83 mmol, 1.10 equiv.) in 

dry THF (2.1 mL) was added dropwise over one hour. Subsequently, the reaction 

mixture was stirred for 12 hours under reflux. The solid was filtered off using celite and 

 
I The synthesis was carried out by B. Sc. MAXIMILIAN KNAB under the lab-supervision of PHILIPP BOHN. 
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the filtrate was concentrated under reduced pressure. The obtained residue was 

redissolved in dichloromethane (30 mL) and washed with aqueous NaCl/NaOH 

solution (2 × 15 mL). The organic phase was dried over anhydrous sodium sulfate, 

filtered and the solvent was removed under reduced pressure. Purification of the crude 

product via column chromatography (cyhex:EA = 1:1 → DCM:acetone = 3:2) yielded 

the bis-dibenzyl dodeca(ethylene glycol) P8a (235 mg, 0.32 mmol, 12.6%) as a 

yellowish oil. SEC analysis indicated a contamination with 2% of a side product, which 

could not be separated via column chromatography. 

1H NMR (500 MHz, DMSO-d6): δ / ppm = 7.45 – 7.22 (m, 10H, HAr
1), 4.48 (s, 4H, CH2

2), 

3.59 – 3.45 (m, 48H, CH2O3). 

 

13C NMR (126 MHz, DMSO-d6): δ / ppm = 138.48 (Cq
1), 128.20 (CHAr

2), 127.47 

(CHAr
2), 127.35 (CHAr

2), 72.01 (CH2
3), 69.84 (CH2

4), 69.79 (CH2
4), 69.77 (CH2

4), 69.13 

(CH2
4). 

 

HRMS (ESI) of C38H62O13 [M+H]+ m/z calc. 727.4250, found 427.4266; [M+NH4]+ m/z 

calc. 744.4509, found 744.4531; [M+Na]+ m/z calc. 749.4059, found 749.4086; [M+K]+ 

m/z calc. 765.3788, found 765.3762. 

IR (ATR platinum diamond) v / cm–1 = 3519.9, 2864.3, 1642.8, 1453.6, 1349.5, 1296.0, 

1249.0, 1092.0, 946.7, 848.2, 739.0, 698.9, 524.3. 

Rf = 0.06 (EA). 

Đ (System II) = 1.00 

Procedure according to BRUCE et al.[273] – P8b 

Tetra(ethylene glycol) (444 µL, 500 mg, 2.57 mmol, 1.00 equiv.) dissolved in dry THF 

(3.00 mL) was added over 30 minutes to a solution of KOtBu (808 mg, 7.20 mmol, 

2.80 equiv.) in dry THF (7.20 mL) at 0 °C. Then, monobenzyl tetra(ethylene glycol) 

tosylate P7 (2.93 g, 6.68 mmol, 2.60 equiv.) dissolved in THF (9.00 mL) was added 

over three hours at the same temperature. The reaction mixture was gradually warmed 

up to room temperature and left stirring for 20 hours. The mixture was cooled again to 
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0 °C with an ice bath and the solution was neutralized with cold 1M aqueous HCl. The 

solvent was evaporated, and water (50 mL) was added to the residue. The product 

was extracted with DCM (4 × 150 mL). The combined organic layers were washed with 

water (3 × 75 mL), dried over anhydrous sodium sulfate, filtered, and evaporated under 

reduced pressure. Purification of the crude product via column chromatography 

(cyhex:EA = 1:1 → DCM:acetone = 3:2) yielded the bis-dibenzyl dodeca(ethylene 

glycol) P8b as a colorless oil (683 mg, 0.94 mmol, 36.6%). SEC analysis indicated a 

contamination with 1% of a side product, which could not be separated via column 

chromatography. 

The analytical data is consistent with the one of P8b. 

 

Supplementary Figure 15: 1H NMR spectrum of P8a recorded at 500 MHz in DMSO-d6. 

 



EXPERIMENTAL SECTION 

 

233 

 

Supplementary Figure 16: 13C NMR spectrum of P8a recorded at 126 MHz in DMSO-d6. 

Supplementary Table 1 SEC-ESI-MS results of P8b  

Formular M calc. / Da1 M found / Da 

[Bn(EG)20Bn+Na]+ 1101.6159 1101.6155 

[Bn(EG)16Bn+Na]+ 925.5076 925.5103 

[Bn(EG)16OH+Na]+ 835.4664 835.4635 

[Bn(EG)16OH+H]+ 813.4845 813.4817 

[Bn(EG)12Bn+Na]+ 749.4086 749.4061 

[Bn(EG)12Bn+H]+ 727.4266 727.4247 

[Bn(EG)12OH+Na]+ 659.3616 659.3596 

[Bn(EG)12OH+H]+ 637.3796 637.3777 

[Bn(EG)8Bn+Na]+ 573.3037 573.3024 

[Bn(EG)8Bn+H]+ 551.3217 551.3200 

[Bn(EG)8OH+Na]+ 483.2566 483.2555 

[Bn(EG)8OH+H]+ 461.2747 461.2735 

[Bn(EG)3CHCH2+Na]+ 289.1412 289.1404 

1 mMass Version 5.5.0 was used for the mass calculations 
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α-Benzyl-ω-tetrahydropyranyl hepta(ethylene glycol) – P9 

Procedure according to BAKER et al.[317] – P9aI 

 

Mono(tetrahydropyranyl) tri(ethylene glycol) P1 (500 mg, 2.13 mmol, 1.00 equiv.) 

dissolved in dry THF (1.50 mL) was added dropwise over two hours to a mixture of 

NaH (60% dispersion in mineral oil, 170 mg, 4.26 mmol, 2.00 equiv.) and NaI (16.5 mg, 

0.11 mmol, 0.05 equiv.) in 12.4 mL of dry THF at 0 °C. Subsequently, a solution of 

monobenzyl tetra(ethylene glycol) tosylate P7 (1.13 g, 2.34 mmol, 1.10 equiv.) in 

2.78 mL of dry THF was added dropwise over one hour at the same temperature. After 

stirring under reflux for 12 hours, the reaction mixture was filtered through a pad of 

celite to remove the solids. The filtrate was concentrated under reduced pressure and 

the residue was redissolved in DCM (30 mL). The organic phase was washed with 

aqueous NaCl/NaOH solution (2 × 30 mL), dried over anhydrous sodium sulfate, 

filtered and the solvent was evaporated in vacuo. Purification of the crude product via 

column chromatography (EA) yielded the α-benzyl-ω-tetrahydropyranyl 

hepta(ethylene glycol) P9a (368 mg, 0.74 mmol, 34.5%) as a colorless oil. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.46 – 7.18 (m, 5H, HAr
1), 4.57 (t, J = 3.6 Hz, 

1H, CH2), 4.48 (s, 2H, CH2
3), 3.84 – 3.61 (m, 2H, CH2

4), 3.61 – 3.37 (m, 28H, CH2
5), 

1.79 – 1.35 (m, 6H, CH2
6). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.49 (Cq
1), 128.22 (CHAr

2), 127.49 

(CHAr
2), 127.38 (CHAr

2), 99.55 (CH3), 98.05 (CH3), 72.02 (CH2
4), 69.85 (CH2

5), 69.80 

(CH2
5), 69.73 (CH2

5), 69.14 (CH2
5), 66.07 (CH2

5,6), 61.23 (CH2
5,6), 30.23 (CH2

7), 25.03 

(CH2
7), 19.13 (CH2

7). 

 
I The synthesis was carried out by REBECCA SEIM under the lab-supervision of PHILIPP BOHN. 
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HRMS (ESI) of C26H44O9 [M+NH4]+ m/z calc. 518.3326, found 518.3327; [M+Na]+ m/z 

calc. 523.2880, found 523.2882; [M+K]+ m/z calc. 539.2614, found 539.2615. 

The mass of the α-benzyl-ω-tetrahydropyranyl octa(ethylene glycol) was also found. 

C28H48O10 [M+NH4]+ m/z calc. 562.3588, found 562.3583. 

The mass of the bis-benzyl octa(ethylene glycol) was also found. C30H46O9 [M+H]+ m/z 

calc. 573.3037, found 573.3032. 

IR (ATR platinum diamond) v / cm–1 = 2865.5, 1453.8, 1349.6, 1285.1, 1251.0, 1201.4, 

1098.8, 1075.4, 1032.7, 986.9, 871.5, 813.6, 738.7, 698.7, 537.7, 428.5. 

Rf = 0.21 (EA) 

Đ (System II) = 1.00 

Procedure according to Bruce et al.[273] – P9b 

Mono(tetrahydropyranyl) tri(ethylene glycol) P1 (206 mg, 0.88 mmol, 1.00 eq) 

dissolved in dry THF (1.50 mL) was added over 30 minutes to a solution of KOtBu 

(138 mg, 1.23 mmol, 1.40 equiv.) in dry THF (1.24 mL) at 0 °C. Then, monobenzyl 

tetra(ethylene glycol) tosylate P7 (500 mg, 1.14 mmol, 1.30 equiv.) dissolved in THF 

(1.24 mL) was added over three hours at the same temperature. The reaction mixture 

was gradually warmed up to room temperature and left stirring for 20 hours. The 

mixture was cooled again to 0 °C with an ice bath and the solution was neutralized with 

cold 1M aqueous HCl. The solvent was evaporated, and water (50 mL) was added to 

the residue. The product was extracted with DCM (4 × 150 mL). The combined organic 

layers were washed with water (3 × 75 mL), dried over anhydrous sodium sulfate, 

filtered, and evaporated under reduced pressure. Purification of the crude product via 

column chromatography (EA) yielded the the α-benzyl-ω-tetrahydropyranyl 

hepta(ethylene glycol) P9b (314 mg, 0.63 mmol, 71.3%) as a yellowish oil. 

The analytical data is consistent with the one of P9a. 
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Supplementary Figure 17: 1H NMR spectrum of P9a recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 18: 13C NMR spectrum of P9a recorded at 101 MHz in DMSO-d6. 
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The synthesis of P9b was repeated on a 20.1 g scale and the purification via column 

chromatography is reported in the following. 

Supplementary Table 2: SEC results of the first purification of P9b. 

cc 1 m / g Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 10.1 n.a. n.a. n.a. n.a. n.a. 

F2 1.96 650 650 650 1.00 >99 

F3 4.00 650 650 650 1.00 >99 

F4 1.56 650 650 650 1.00 >99 

F5 549 × 10-3 650 650 650 1.00 >99 

F6 196 × 10-3 650 650 650 1.00 >99 

eluent: DCM:Acetone = 5:1 → 4:1; yellow: product containing fractions with insufficient purity. 

 

18.9 19.2 19.5 19.8 20.1 20.4

0

1

I n
o

rm
.

retention time / min

 P9 cc1 F1

 P9 cc1 F2

 P9 cc1 F3

 P9 cc1 F4

 

Supplementary Figure 19: SEC traces of the individual fractions obtained from the purification via column 

chromatography (cc1) of P9b. 
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Supplementary Table 3: SEC results of the second purification of P9b. 

cc 2 m / mg Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 768 n.a. n.a. n.a. n.a. n.a. 

F2 1160 n.a. n.a. n.a. n.a. n.a. 

F3 956 600 650 650 1.00 5 

F4 896 650 650 650 1.00 93 

F5 981 650 650 650 1.00 >99 

F6 782 650 650 650 1.00 >99 

F7 707 650 650 650 1.00 >99 

F8 719 650 650 650 1.00 >99 

F9 558 650 650 650 1.00 >99 

F10 590 650 650 650 1.00 >99 

F11 570 650 650 650 1.00 >99 

F12 485 650 650 650 1.00 >99 

F13 366 650 650 650 1.00 >99 

F14 342 650 650 650 1.00 >99 

F15 336 650 650 650 1.00 >99 

F16 326 650 650 650 1.00 >99 

F17 291 650 650 650 1.00 >99 

F18 289 650 650 650 1.00 >99 

F19 376 650 650 650 1.00 >99 

F20 308 650 650 650 1.00 >99 

F21 312 650 650 650 1.00 >99 

F22 337 650 650 650 1.00 >99 

F23 476 650 650 650 1.00 >99 

F24 334 650 650 650 1.00 >99 

F25 348 650 650 650 1.00 >99 

F26 299 650 650 650 1.00 >99 

eluent: DCM:Acetone = 8:1 → 7:1; Red: fractions containing only impurities; yellow: product 

containing fractions with insufficient purity; green: fractions containing only product P9. 
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Supplementary Figure 20: SEC traces of the individual fractions obtained from the purification via column 

chromatography (cc2) of P9b. 

α-Benzyl-ω-tetrahydropyranyl octa(ethylene glycol) – P10 

Procedure according to BAKER et al.[317] – P10a 

 

Mono(tetrahydropyranyl) tetra(ethylene glycol) P2 (500 mg, 1.80 mmol, 1.00 equiv.), 

sodium hydride (60% dispersion in mineral oil, 144 mg, 3.60 mmol, 2.00 equiv.), 

sodium iodide (14.0 mg, 94.4 µmol, 0.05 equiv.), monobenzyl tetra(ethylene glycol) 

monotosylate P7 (868 mg, 1.98 mmol, 1.10 equiv.) were used. Purification of the crude 

product via column chromatography (DCM:MeOH = 40:1) afforded the α-benzyl-ω-

tetrahydropyranyl octa(ethylene glycol) P10a as a colorless oil (671 mg, 1.23 mmol, 

68.4%). The product was dried under high vacuum until further use. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.43 – 7.21 (m, 5H, HAr
1), 4.57 (d, J = 3.7 Hz, 

1H, CH2), 4.49 (d, J = 2.3 Hz, 2H, CH2
3), 3.79 – 3.64 (m, 2H, CH2

4), 3.63 – 3.35 (m, 

32H, CH2O5), 1.78 – 1.35 (m, 6H, CH2
6). 
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13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.49 (Cq
1), 128.21 (CHAr

2), 127.48 

(CHAr
2), 127.36 (CHAr

2), 98.04 (CH3), 72.02 (CH2
4), 69.85 (CH2

5), 69.81 (CH2
5), 69.79 

(CH2
5), 69.73 (CH2

5), 69.14 (CH2
5), 66.07 (CH2

5,6), 61.23 (CH2
5,6), 30.22 (CH2

7), 25.03 

(CH2
7), 19.12 (CH2

7). 

 

HRMS (ESI) of C28H48O10 [M+Na]+ m/z calc. 567.3142, found 567.3126; [M+K]+ m/z 

calc. 583.2876, found 583.2864. 

The mass of the α-benzyl-ω-tetrahydropyranyl hepta(ethylene glycol) P9 was also 

found. [M+Na]+ m/z calc. 523.2880, found 523.2866; [M+K]+ m/z calc. 539.2614, found 

539.2606. 

IR (ATR platinum diamond) v / cm–1 = 2865.7, 1453.9, 1349.5, 1287.0, 1250.0, 1201.5, 

1098.1, 1032.7, 987.0, 871.5, 813.8, 739.0, 698.9, 536.8, 428.9. 

Rf = 0.18 (EA) 

Đ (System II) = 1.00 

Procedure according to Bruce et al.[273] – P10b 

Mono(tetrahydropyranyl) tetra(ethylene glycol) P2 (261 mg, 0.94 mmol, 1.00 equiv.), 

KOtBu (145 mg, 1.29 mmol, 1.37 equiv.), monobenzyl tetra(ethylene glycol) 

monotosylate P7 (530 mg, 1.21 mmol, 1.29 equiv.) were used. Here, water instead of 

1M aqueous HCl was added to quench the reaction. Purification of the crude product 

via column chromatography (EA:methanol = 1:0 → 9:1) yielded the α-benzyl-ω-

tetrahydropyranyl octa(ethylene glycol) P10b (243 mg, 0.45 mmol, 47.6%) as a 

yellowish oil. The product was dried under high vacuum before further use. 

The analytical data is consistent with the one of P10a. 
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Supplementary Figure 21: 1H NMR spectrum of P10a recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 22: 13C NMR spectrum of P10a recorded at 101 MHz in DMSO-d6. 
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Supplementary Table 4: SEC-ESI-MS results of P10b 

Formular M calc. / Da1 M found / Da 

[Bn(EG)16OH+H]+ 813.4845 813.4807 

[THP(EG)16OH+H]+ 807.4951 807.4912 

[Bn(EG)12Bn+Na]+ 749.4086 749.4064 

[THP(EG)12Bn+Na]+ 743.4191 743.4171 

[THP(EG)12THP+Na]+ 737.4297 737.4277 

[Bn(EG)12OH+H]+ 637.3796 637.3781 

[THP(EG)12OH+H]+ 631.3902 631.3831 

[THP(EG)8Bn+Na]+ 567.3142 567.3127 

[Bn(EG)8OH+H]+ 461.2747 461.2737 

[Bn(EG)4Ts+Na]+ 461.1599 461.1594 

[Bn(EG)4Ts+H]+ 439.1780 439.1775 

1 mMass Version 5.5.0 was used for the mass calculations 
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The synthesis of P10b was repeated on a 58.7 g scale and the purification via column 

chromatography is reported in the following. 

Supplementary Table 5: SEC results of the first purification of P10b. 

cc  m / g Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 14.6 650 650 650 1.00 98 

F2 6.67 700 700 700 1.00 97 

F3 5.11 700 700 700 1.00 97 

F4 4.36 700 700 700 1.00 98 

F5 3.63 700 700 700 1.00 98 

F6 2.84 700 700 700 1.00 98 

F7 2.10 700 700 700 1.00 >99 

F8 1.68 700 700 700 1.00 >99 

F9 1.05 700 700 700 1.00 >99 

F10 0.89 700 700 700 1.00 >99 

F11 0.57 700 700 700 1.00 >99 

F12 0.85 700 700 700 1.00 >99 

F13 0.55 700 700 700 1.00 >99 

F14 0.58 700 700 700 1.00 >99 

F15 0.49 700 700 700 1.00 >99 

eluent: DCM:Acetone = 4:1 → EA:MeOH = 9:1; Yellow: product containing fractions with 

insufficient purity; green: fractions containing only product P10. 
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Supplementary Figure 23: SEC traces of the individual fractions obtained from the purification via column 

chromatography (cc1) of P10b. 
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The fractions P10 cc1 F1-F6 were purified further via column chromatography.  

Supplementary Table 6: SEC results of the second purification of P10b 

cc 2 m / g Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 5.62 650 650 672 1.00 >99a 

F2 5.43 650 650 671 1.00 >99a 

F3 1.23 700 700 679 1.00 95 

F4 1.40 700 700 679 1.00 99 

F5 0.95 700 700 679 1.00 98 

F6 0.68 700 700 678 1.00 98 

F7 0.73 700 700 678 1.00 98 

F8 0.69 700 700 678 1.00 98 

F9 0.77 700 700 677 1.00 96 

F10 0.69 700 700 678 1.00 96 

F11 0.56 700 700 678 1.00 95 

F12 0.51 700 700 678 1.00 97 

F13 0.49 650 700 676 1.00 97 

F14 0.40 700 700 677 1.00 94 

F15 0.51 700 700 677 1.00 96 

F16 0.49 700 700 678 1.00 96 

F17 0.31 700 700 676 1.00 94 

F18 0.27 650 700 676 1.00 95 

F19 0.27 650 650 675 1.00 94 

F20 0.47 650 650 675 1.00 93 

F21 0.48 650 650 675 1.00 94 

eluent: DCM:Acetone = 4:1 → EA:MeOH = 9:1; Red: fractions containing only impurities; 

yellow: product containing fractions with insufficient purity; green: fractions containing only 

product P10. 

aThe purity is erroneously >99% because only the broad peak was considered for the 

evaluation. 
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Supplementary Figure 24: SEC traces of the individual fractions obtained from the purification via column 

chromatography (cc2) of P10b. 
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Supplementary Figure 25: SEC traces of the individual fractions obtained from the purification of P10 cc2 F4 via 

column chromatography (cc3) of P10b. 
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Supplementary Figure 26: ESI-MS spectrum of P10. 
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Supplementary Figure 27: Increase of the signal intensity of the sodium adduct of the doubly protected heptamer 

P9 ([M+Na]+: m/z = 523.2882) relative to the sodium adduct of the doubly protected octamer P10 ([M+Na]+: 

m/z = 567.3141 depending on the quantity in wt% of the heptamer in the sample. 
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α-Benzyl-ω-trityl octa(ethylene glycol) – P11I 

 

The α-benzyl-ω-trityl octa(ethylene glycol) P11 was prepared according to the 

procedure of BRUCE et al.[273] Monotrityl tetra(ethylene glycol) P3 (400 mg, 0.93 mmol, 

1.00 equiv.), KOtBu (145 mg, 1.29 mmol, 1.39 equiv.), monobenzyl tetra(ethylene 

glycol) monotosylate P7 (526 mg, 1.20 mmol, 1.29 equiv.) were used. Here, water 

instead of 1M aqueous HCl was added to quench the reaction. Purification of the crude 

product via column chromatography (cyhex:EA = 1:2) yielded the α-benzyl-ω-trityl 

octa(ethylene glycol) P11 (325 mg, 463 µmol, 49.6%) as a yellowish oil. 

1H NMR (500 MHz, DMSO-d6): δ / ppm = 7.46 – 7.21 (m, 20H, HAr
1), 4.48 (s, 2H, 

CH2
2), 3.58 (dd, J = 5.6, 4.3 Hz, 2H, CH2

3), 3.56 – 3.45 (m, 28H, CH2
4), 3.06 (dd, 

J = 5.8, 4.1 Hz, 2H, CH2
5). 

 

13C NMR (126 MHz, DMSO-d6): δ / ppm = 143.82 (Cq
1), 138.47 (Cq

2), 128.24 (CHAr
3), 

128.20 (CHAr
3), 127.87 (CHAr

3), 127.47 (CHAr
3), 127.35 (CHAr

3), 126.98 (CHAr
3), 85.88 

(Cq
4), 72.01 (CH2

5), 70.07 (CH2
6), 69.88 (CH2

6), 69.84 (CH2
6), 69.82 (CH2

6), 69.79 

(CH2
6), 69.77 (CH2

6), 69.64 (CH2
6), 69.12 (CH2

6), 63.06 (CH2
7). 

 

 
I The synthesis was carried out by B. Sc. MAXIMILIAN KNAB under the lab-supervision of PHILIPP BOHN. 
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HRMS (ESI) of C42H54O9 [M+NH4]+ m/z calc. 720.4109, found 720.4081; [M+Na]+ m/z 

calc. 725.3663, found 725.3625. 

IR (ATR platinum diamond) v / cm–1 = 3058.4, 2865.4, 1596.9, 1490.0, 1448.8, 1349.6, 

1294.8, 1247.6, 1091.7, 1032.0, 1010.1, 951.2, 848.0, 762.5, 746.3, 697.3, 649.8, 

632.4, 506.2. 

Rf = 0.28 (DCM:acetone = 18:1). 

Đ (System II) = 1.00 

 

Supplementary Figure 28: 1H NMR spectrum of P11 recorded at 500 MHz in DMSO-d6. 
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Supplementary Figure 29: 13C NMR spectrum of P11 recorded at 126 MHz in DMSO-d6. 

Monotrityl tetra(ethylene glycol) tosylate – P12 

Procedure according to KINBARA et al.[319] – P12a 

 

Monotrityl tetra(ethylene glycol) P3 (18.8 g, contaminated with 8% of symmetric 

tetra(ethylene glycol) bis trityl ether, 17.3 g, 39.6 mmol of pure Trt(EG)4OH, since P3 

was not further purified) was dissolved in 62 mL dry THF and cooled to 0 °C with an 

ice bath. Then, an aqueous solution of sodium hydroxide (6.43 g, 161 mmol, 

4.07 equiv. in 20.6 mL H2O) was added in one portion. Subsequently, a solution of 

p-toluenesulfonyl chloride (9.06 g, 47.5 mmol, 1.20 equiv.) in 20.6 mL dry THF was 

added dropwise over 15 min. The reaction mixture was stirred for five hours at 0 °C 

and was monitored via TLC. After full consumption of Trt(EG)4OH P3, the ice bath was 
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removed and the reaction was stirred at room temperature for additional 16 hours. 

Water (30 mL) and methyl t-butyl ether (100 mL) were added. The phases were 

separated, and the organic layer was washed with water (50 mL) and brine 

(2 × 50 mL), dried over anhydrous sodium sulfate, filtered and the solvent was 

removed under reduced pressure. The product was further dried under high vacuum 

while stirring, affording P12a as a yellowish highly viscous oil (26.6 g, quant. yield), 

which was used without further purification in the next synthesis. SEC analysis showed 

a contamination with 8% of symmetric tetra(ethylene glycol) bis-trityl ether. A full 

characterization is given in the following for the pure monotrityl tetra(ethylene glycol) 

tosylate P12b.The product was stored under argon atmosphere and shielded from light 

before further use. 

Procedure according to BRUCE et al.[273] – P12b 

Monotrityl tetra(ethylene glycol) P3 (500 mg, 1.15 mmol, 1.00 equiv.), sodium 

hydroxide (161 mg, 4.03 mmol, 3.50 equiv.), p-toluenesulfonyl chloride (263 mg, 

1.38 mmol, 1.20 equiv.) were used. Purification of the crude product via column 

chromatography (cyhex:EA = 7:3) yielded the monotrityl tetra(ethylene glycol) tosylate 

P12b (567 mg, 0.96 mmol, 83.5%) as a yellowish oil. The product was dried under high 

vacuum, stored under argon atmosphere, and shielded from light before further use. 

1H NMR (500 MHz, DMSO-d6): δ / ppm = 7.77 (d, J = 8.3 Hz, 2H, CHAr
1), 7.45 (d, 

J = 8.1 Hz, 2H, CHAr
2), 7.42 – 7.39 (m, 6H, HAr,Trt,ortho

3), 7.35 – 7.29 (m, 6H, HAr,Trt,meta
4), 

7.28 – 7.22 (m, 3H, HAr,Trt,para
5), 4.10 – 4.07 (m, 2H, CH2

6), 3.60 – 3.41 (m, 12H, 

CH2O7), 3.06 (t, J = 5.0 Hz, 2H, CH2O8), 2.39 (s, 3H, CH3
9). 

 

13C NMR (126 MHz, DMSO-d6): δ / ppm = 144.84 (Cq
1), 143.82 (Cq

2), 132.39 (Cq
3), 

130.10 (CHAr
4), 128.24 (CHAr

4), 127.85 (CHAr
4), 127.61 (CHAr

4), 126.97 (CHAr
4), 85.89 

(Cq
5), 70.06 (CH2

6), 69.95 (CH2
6), 69.84 (CH2

6), 69.77 (CH2
6), 69.75 (CH2

6), 69.66 

(CH2
6), 67.89 (CH2

6), 63.06 (CH2
7), 21.08 (CH2

8). 
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HRMS (ESI) of C34H38O7S [M+NH4]+ m/z calc. 608.2673, found 608.2667; [M+Na]+ m/z 

calc. 613.2227, found 613.2218; [M+K]+ m/z calc. 629.1905, found 629.1955. 

IR (ATR platinum diamond) v / cm–1 = 3057.6, 2870.1, 1597.3, 1490.4, 1447.9, 1354.6, 

1292.0, 1247.2, 1213.3, 1188.6, 1175.2, 1094.4, 1010.8, 916.5, 815.1, 761.8, 748.2, 

698.8, 662.2, 632.6, 582.5, 553.1. 

Rf = 0.34 (cyhex:EA). 

Đ (System II) = 1.00 

 

Supplementary Figure 30: 1H NMR spectrum of P12b recorded at 500 MHz in DMSO-d6. 
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Supplementary Figure 31: 13C NMR spectrum of P12b recorded at 126 MHz in DMSO-d6. 

Monotrityl octa(ethylene glycol) – P13I 

 

The synthesis was performed according to a procedure of KINBARA et al.[319] A three-

necked flask was charged with sodium hydride (60% dispersion in mineral oil, 2.40 g, 

60.0 mmol, 1.52 equiv.) and dry THF (50 mL) under argon atmosphere und cooled to 

0 °C with an ice bath. Tetra(ethylene glycol) (50.0 mL, 56.3 g, 290 mmol, 7.32 equiv.) 

in dry THF (20 mL) was dried via azeotropic distillation with toluene and added 

dropwise to the suspension. Subsequently, the monotrityl tetra(ethylene glycol) 

tosylate P12 (26.6 g, containing 39.6 mmol of pure 9b, 1.00 equiv.), dissolved in dry 

THF (20 mL), was added to the reaction mixture over five minutes. The ice bath was 

 
I The synthesis was carried out by B. Sc. MAXIMILIAN KNAB under the lab-supervision of PHILIPP BOHN. 



EXPERIMENTAL SECTION 

 

254 

removed, and the reaction mixture was refluxed for six hours. TLC indicated the 

completeness of the reaction, and the solution was cooled down to room temperature. 

The organic phase was washed with a brine-water mixture (1:1, 3 × 100 mL) and brine 

(1 × 50 mL). The phases were separated, and the organic layer was dried over 

anhydrous sodium sulfate, filtered, and the solvent was evaporated under reduced 

pressure. The crude product was dried under high vacuum, while stirring, affording 

P13 (24.7 g, containing 36.3 mmol of pure P13, 99.2%) as a yellowish, highly viscous 

oil. SEC analysis showed a contamination with 8% of symmetric tetra(ethylene glycol) 

bis-trityl ether and 2% of dodeca(ethylene glycol) bis-trityl ether. 2.84 g of the crude 

product were purified by column chromatography (EA) yielding monotrityl 

octa(ethylene glycol) P13 as a yellowish oil (1.36 g, 2.22 mmol, 48.2%). 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.44-7.37 (m, 6H, HAr,ortho
1), 7.38 – 7.29 (m, 

6H, HAr,meta
2), 7.29 – 7.22 (m, 3H, HAr,para

3), 4.59 (t, J = 5.5 Hz, 1H, OH4), 3.63 – 3.37 

(m, 30H, CH2
5), 3.06 (t, J = 4.9 Hz, 2H, CH2OTrt) 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 143.84 (Cq
1), 128.26 (CHAr

2), 127.89 

(CHAr
2), 127.00 (CHAr

2), 85.89 (Cq
3), 72.36 (CH2

4), 70.09 (CH2
4), 69.90 (CH2

4), 69.86 

(CH2
4), 69.83 (CH2

4), 69.78 (CH2
4), 69.66 (CH2

4), 63.07 (CH2
5), 60.21 (CH2

4), 54.95 

(CH2
4). 

 

HRMS (ESI) of C35H48O9 [M+NH4]+ m/z calc. 630.3639, found 630.3613; [M+Na]+ m/z 

calc. 635.3193, found 635.3157, [M+K]+ m/z calc. 651.2870, found 651.2918. 

IR (ATR platinum diamond) v / cm–1 = 3480.4, 3057.8, 2867.8, 1596.8, 1489.5, 1448.5, 

1349.1, 1295.0, 1247.4, 1090.5, 1033.1, 1010.0, 950.6, 845.9, 762.7, 747.8, 706.2, 

649.6, 632.3, 509.7. 
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Rf = 0.04 (EA). 

Đ (System II) = 1.00 

 

Supplementary Figure 32: 1H NMR spectrum of P13 recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 33 13C NMR spectrum of P13 recorded at 101 MHz in DMSO-d6. 

Monotrityl octa(ethylene glycol) tosylate – P14 

 

The synthesis was performed according to a procedure of KINBARA et al.[319] Monotrityl 

octa(ethylene glycol) P13 (21.6 g, containing 31.7 mmol of pure P13, 1.00 equiv.) was 

dissolved in THF (70 mL) and cooled to 0°C on an ice bath. A solution of sodium 

hydroxide (6.34 g, 158 mmol, 4.98 equiv.) in water (20 mL) was added and the mixture 

was stirred for 30 minutes at 0 °C. Subsequently, p-toluenesulfonyl chloride (8.72 g, 

45.8 mmol, 1.44 mmol) dissolved in THF (20 mL) was added dropwise over 

15 minutes. After stirring the reaction mixture for five hours at 0 °C and additional 

16 hours at room temperature, water (30 mL) and methyl t-butyl ether (100 mL) was 

added. The phases were separated, the organic layer was washed with water (50 mL) 
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and brine (2 × 50 mL), dried over anhydrous sodium sulfate and the solvent was 

removed under reduced pressure. The crude product was dried under high vacuum 

while stirring, affording P14 as a yellowish highly viscous oil (25.9 g, containing 

30.4 mmol of pure P14, 95.9%), stored under argon atmosphere, shielded from light, 

and was used without further purification in the next synthesis. SEC analysis showed 

a contamination with 8% of symmetric tetra(ethylene glycol) bis-trityl ether and 2% of 

dodeca(ethylene glycol) bis trityl ether. 1.88 g of the crude product was purified via 

column chromatography (cyhex:EA = 3:7) yielding the monotrityl octa(ethylene glycol) 

tosylate P14 as a yellowish highly viscous oil (837 mg, 1.09 mmol, 49.5%). 

1H NMR (300 MHz, DMSO-d6): δ / ppm = 7.78 (d, J = 8.3 Hz, 2H, CHAr
1), 7.47 (d, 

J = 8.1 Hz, 2H, CHAr
2), 7.44 – 7.38 (m, 6H, HAr,Trt,ortho

3), 7.37 – 7.29 (m, 6H, HAr,Trt,meta
4), 

7.29 – 7.21 (m, 3H, HAr,Trt,para
5), 4.15 – 4.07 (m, 2H, CH2

6), 3.66 – 3.39 (m, 28H, CH2
7), 

3.06 (t, J = 4.9 Hz, 2H, CH2
8), 2.39 (s, 3H, CH3

9). 

 

13C NMR (126 MHz, DMSO-d6): δ / ppm = 144.83 (Cq
1), 143.81 (Cq

2), 130.09 (Cq
3), 

128.23 (CHAr
4), 127.83 (CHAr

4), 127.73 (CHAr
4), 127.60 (CHAr

4), 126.95 (CHAr
4), 85.87 

(CHq
5), 70.08 (CH2

6), 69.95 (CH2
6), 69.89 (CH2

6), 69.85 (CH2
6), 69.82 (CH2

6), 69.77 

(CH2
6), 69.75 (CH2

6), 69.70 (CH2
6), 69.65 (CH2

6), 67.87 (CH2
6), 63.05 (CH2

7), 21.06 

(CH2
7). 

 

HRMS (ESI) of C42H54O11S [M+NH4]+ m/z calc. 784.3671, found 784.3708; [M+Na]+ 

m/z calc. 789.3225, found 789.3260, [M+K]+ m/z calc. 805.2962, found 805.2997. 

IR (ATR platinum diamond) v / cm–1 = 2920.7, 2854.3, 1738.5, 1597.4, 1490.1, 1449.2, 

1355.6, 1292.6, 245.2, 1188.7, 1176.1, 1094.1, 1033.2, 1010.6, 917.1, 816.0, 762.7, 

748.1, 706.6, 662.8, 632.4, 581.6, 553.6. 
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Rf = 0.53 (EA). 

Đ (System II) = 1.00 

 

Supplementary Figure 34: 1H NMR spectrum of P14 recorded at 300 MHz in DMSO-d6. 
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Supplementary Figure 35: 13C NMR spectrum of P14 recorded at 126 MHz in DMSO-d6. 

Octa(ethylene glycol) tosylate – P15 

 

The synthesis was performed according to a procedure of KINBARA et al.[319] Monotrityl 

octa(ethylene glycol) tosylate P14 (24.0 g, containing 28.2 mmol, 1.00 equiv.) was 

dissolved in methanol (75 mL). Then, p-toluenesulfonic acid monohydrate (200 mg, 

1.16 mmol, 0.04 equiv.) was added and the reaction mixture was stirred for three hours 

at room temperature. Crushed ice was added (15 g) until a white solid precipitated and 

water (75 mL) was slowly added over five minutes. The mixture was cooled below 

10 °C on an ice bath, filtered, and the white solid was rinsed with water (3 × 15 mL). 

Methanol was evaporated under reduced pressure and brine (50 mL) was added to 

the residue. The aqueous layer was extracted with EA (5 × 75 mL). The combined 

organic phases were washed with a brine-water mixture (1:1 v/v, 2 × 50 mL), saturated 

aqueous solution of sodium hydrogen carbonate (25 mL), brine (2 × 50 mL), dried over 
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anhydrous sodium sulfate, filtered, and the solvent was removed under reduce 

pressure. The crude product was dried under high vacuum, while stirring, affording 

P15 as a colorless oil (13.3 g, containing 22.3 mmol of pure 10d, 78.8%), stored under 

argon atmosphere and shielded from light. SEC analysis showed impurities of 12%. 

Purification via column chromatography (EA:MeOH = 9:1) afforded octa(ethylene 

glycol) tosylate P15 as a colorless oil (11.2 g, 21.4 mmol, 75.9%). 

1H NMR (400 MHz, DMSO-d6): δ (ppm) = 7.79 (d, J = 8.3 Hz, 2H, CHAr
1), 7.48 (d, 

J = 8.1 Hz, 2H, CHAr
2), 4.56 (t, J = 5.4 Hz, 1H, OH3), 4.15 – 4.06 (m, 2H, CH2

4), 

3.62 – 3.53 (m, 2H, CH2
5) 3.51 – 3.37 (m, 28H, CH2

6), 2.42 (s, 3H, CH3). 
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13C NMR (126 MHz, DMSO-d6): δ / ppm = 144.88 (Cq
1), 132.39 (Cq

2), 130.13 (CHAr
3), 

127.62 (CHAr
4), 72.34 (CH2

5), 69.99 (CH2
5), 69.77 (CH2

5), 69.69 (CH2
5), 69.64 (CH2

5), 

67.87 (CH2
5), 60.20 (CH2

5), 21.09 (CH2
6). 

 

HRMS (ESI) of C23H40O11S [M+H]+ m/z calc. 525.2367, found 525.2358; [M+NH4]+ m/z 

calc. 542.2632, found 542.2623; [M+Na]+ m/z calc. 547.2186, found 547.2175, [M+K]+ 

m/z calc. 563.1865, found 563.1912. 

IR (ATR platinum diamond) v / cm–1 = 3465.6, 2867.5, 1735.5, 1597.7, 1452.9, 1351.9, 

1292.6, 1246.4, 1188.7, 1175.6, 1094.6, 1016.7, 918.1, 816.6, 774.5, 705.9, 662.8, 

582.4, 553.4. 

Rf = 0.32 (EA:MeOH = 9:1). 

Đ (System II) = 1.00 

 

Supplementary Figure 36: 1H NMR spectrum of P15 recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 37: 13C NMR spectrum of P15 recorded at 126 MHz in DMSO-d6. 

Monobenzyl octa(ethylene glycol) – P16 

 

The synthesis was performed according to a procedure of BAKER et al.[317] α-Benzyl-

ω-tetrahydropyranyl octa(ethylene glycol) P10 (4.00 g, 7.34 mmol, 1.00 eq) was added 

to a solution of p-toluenesulfonic acid monohydrate (12.6 mg, 73.2 µmol, 0.01 equiv.) 

in anhydrous methanol (7 mL). After stirring the reaction mixture for 36 hours at room 

temperature, the solvent was evaporated under reduced pressure. The residue was 

dissolved in DCM (50 mL) and washed with aqueous NaCl/HCl solution (50 mL). The 

phases were separated, and the organic layer was dried over anhydrous sodium 

sulfate, filtered and concentrated in vacuo to afford the monobenzyl octa(ethylene 

glycol) P16 as a colorless oil (3.30 g, 7.17 mmol, 97.7%). 
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1H NMR (300 MHz, DMSO-d6): δ / ppm = 7.46 – 7.19 (m, 5H, HAr
1), 4.58 (t, J = 5.4 Hz, 

1H, OH2), 4.49 (s, 2H, CH2
3), 3.69 – 3.36 (m, 32H, CH2

4). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.49 (Cq
1), 128.23 (CHAr

2), 127.50 

(CHAr
2), 127.39 (CHAr

2), 72.36 (CH2
3), 72.03 (CH2

4), 69.85 (CH2
3), 69.80 (CH2

3), 69.14 

(CH2
3), 60.22 (CH2

3). 

 

HRMS (ESI) of C23H40O9 [M+H]+ m/z calc. 461.2747, found 461.2746; [M+NH4]+ m/z 

calc. 478.3012, found 478.3013; [M+Na]+ m/z calc. 483.2566, found 438.2565; [M+K]+ 

m/z calc. 499.2301, found 499.2303. 

The mass of the α-benzyl-ω-tetrahydropyranyl octa(ethylene glycol) P10 was also 

found. C28H48O10 [M+NH4]+ m/z calc. 562.3588, found 562.3583; [M+Na]+ m/z calc. 

567.3142, found 567.3139. 

The mass of the bis-benzyl octa(ethylene glycol) was also found. C30H46O9 [M+H]+ m/z 

calc. 573.3037, found 573.3032. 

 

The mass of the octa(ethylene glycol) was also found. C16H34O9 [M+H]+ m/z calc. 

371.2277, found 371.2275. 

 

IR (ATR platinum diamond) v / cm–1 = 3475.1, 2865.4, 1719.4, 1453.6, 1349.6, 1276.0, 

1250.5, 1094.0, 944.6, 848.3, 740.0, 716.8, 699.3, 527.3. 

Rf = 0.11 (EA). 
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Đ (System II) = 1.00 

 

Supplementary Figure 38 1H NMR spectrum of P16 recorded at 300 MHz in DMSO-d6. 
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Supplementary Figure 39 13C NMR spectrum of P16 recorded at 101 MHz in DMSO-d6. 

Mono(tetrahydropyranyl) octa(ethylene glycol) – P17 

 

Palladium on carbon (400 mg, 10 wt%) was added to a solution of α-benzyl-ω-

tetrahydropyranyl octa(ethylene glycol) P10 (4.00 g, 7.34 mmol, 1.00 eq) dissolved in 

EA (35 mL). The reaction mixture was stirred overnight at reflux under hydrogen 

atmosphere (balloon). After cooling to room temperature, the mixture was filtered 

through a pad of celite to remove the Pd/C. The organic phase was dried over 

anhydrous sodium sulfate and the solvent was removed under reduced pressure 

affording the product P17 as a colorless oil (3.30 g, 7.26 mmol, 98.9%). 

1H NMR (300 MHz, DMSO-d6): δ / ppm = 4.64 – 4.51 (m, 2H, OH1 and CH1), 

3.86 – 3.64 (m, 2H, CH2
2), 3.64 – 3.35 (m, 32H, CH2

3), 1.83 – 1.34 (m, 6H, CH2
4). 
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13C NMR (101 MHz, DMSO-d6): δ / ppm = 98.06 (CH1), 72.36 (CH2
2), 69.83 (CH2

2), 

69.80 (CH2
2), 69.74 (CH2

2), 66.08 (CH2
2), 61.25 (CH2

2), 60.22 (CH2
2), 30.23 (CH2

3), 

25.04 (CH2
3), 19.14 (CH2

3). 

 

HRMS (ESI) of C21H42O10 [M+H]+ m/z calc. 455.2852, found 455.2851; [M+NH4]+ m/z 

calc. 472.3117, found 472.3119; [M+Na]+ m/z calc. 477.2671, found 477.2670; [M+K]+ 

m/z calc. 493.2406, found 493.2408. 

The mass of the octa(ethylene glycol) was also found. C16H34O9 [M+H]+ m/z calc. 

371.2277, found 371.2275; [M+Na]+ m/z calc. 393.2096, found 393.2092. 

 

The mass of the bis-tetrahydropyranyl octa(ethylene glycol) was also found. C26H50O11 

[M+Na]+ m/z calc. 561.3247, found 561.3243. 

 

IR (ATR platinum diamond) v / cm–1 = 3439.5, 2868.5, 1731.0, 1454.3, 1349.5, 1248.5, 

1201.4, 1096.9, 1033.0, 988.2, 942.2, 871.3, 524.2. 

Rf = 0.03 (EA) 

Đ (System II) = 1.00 
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Supplementary Figure 40: 1H NMR spectrum of P17 recorded at 300 MHz in DMSO-d6. 

 

Supplementary Figure 41: 13C NMR spectrum of P17 recorded at 101 MHz in DMSO-d6. 
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Macrocyclic sulfate – P18I 

 

The synthesis was performed according to a procedure of JIANG et al.[318] Thionyl 

chloride (375 mL, 306 mg, 5.15 mmol, 1.98 eq) was dissolved in DCM (25 mL) and 

added over one hour at 0 °C to a solution of tetra(ethylene glycol) (448 µL, 504 mg, 

2.59 mmol, 1.00 equiv.), DIPEA (2.16 mL, 1.56 g, 12.4 mmol, 4.77 equiv.) and DMAP 

(15.6 mg, 125 µmol, 0.05 equiv.) in DCM (100 mL) under argon atmosphere. After 

stirring for an additional hour at the same temperature, cold brine (100 mL) was added 

to quench the reaction, after full conversion, as indicated by GC-MS analysis 

(Supplementary Figure 43). The organic layer was dried over anhydrous sodium 

sulfate, filtered, the solvent was removed under reduced pressure and the macrocyclic 

sulfite P18-1 was obtained in 1.03 g. SEC-ESI-MS analysis indicated the formation of 

macrocyclic oligomers up to the cyclic pentamer (Supplementary Table 7). Macrocyclic 

sulfite P18-1 (191 mg, 0.80 mmol, 1.00 equiv.) was dissolved in a mixture of 

acetonitrile (8.00 mL), dichloromethane (8.00 mL) and water (12.0 mL) at 0°C. 

Subsequently, sodium periodate (200 mg, 0.94 mmol, 1.18 equiv.) and ruthenium 

trichloride (RuCl3*xH2O) (1.09 mg, 0.005 mmol, 0.006 equiv.) were added and the 

reaction mixture was stirred for one hour at 0 °C. The phases were separated, and the 

aqueous layer was extracted with dichloromethane (2 × 20 mL) after full conversion, 

indicated by GC-MS analysis (Supplementary Figure 43). The combined organic layers 

were dried over anhydrous sodium sulfate, filtered through a pad of celite and the 

solvent was removed under reduced pressure. Purification of the crude product via 

column chromatography (cyhex:EA = 1:1) yielded the macrocyclic sulfate P18 

(196 mg, 0.76 mmol, 95.6%) as a brownish solid. 

1H NMR (300 MHz, CDCl3): δ / ppm = 4.45 (t, J = 5.0 Hz, 4H, CH2OS), 3.82 (t, 

J = 5.0 Hz, 4H, CH2CH2OS), 3.70 – 3.60 (m, 8H, CH2O). 

 
I This molecule was synthesized by PHILIPP BOHN during the Master thesis.[618]. 
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13C NMR (126 MHz, CDCl3): δ / ppm = 72.27, 70.79, 70.73, 69.51. 

HRMS (ESI) of C8H16O7S [M+Na]+ m/z calc. 279.0501, found 279.0511.  

The masses up to the cyclic pentamer were also observed with SEC-ESI-MS analysis 

(Supplementary Table 7 and Supplementary Table 8). 

IR (ATR platinum diamond) v / cm–1 = 2867.0, 1451.7, 1388.2, 1294.1, 1249.2, 1190.1, 

1113.8, 1009.2, 975.2, 917.0, 873.5, 841.2, 812.1, 735.0, 601.9, 539.5, 468.1. 

Rf = 0.22 (cyhex:EA = 1:1). 

Đ (System II) = 1.00 

 

Supplementary Figure 42: Stacked 1H NMR spectra of P18-1 and P18 recorded at 300 MHz in CDCl3. 
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Supplementary Figure 43: GC-MS monitoring of the macrocyclization of TEG and the oxidation of P18-1 affording 

the macrocyclic sulfate P18. 
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Supplementary Table 7: SEC-ESI-MS results of the macrocyclic sulfite P18-1 

Formular M calc. / Da1 M found / Da 

[C40H80O30S5+Na]+ 1223.3154 1223.3242 

[C32H64O24S4+Na]+ 983.2495 983.2565 

[C24H48O18S3+Na]+ 743.1828 743.1892 

[C16H32O12S2+Na]+ 503.1161 503.1232 

[C8H16O6S+Na]+ 263.0552 263.0562 

1 mMass Version 5.5.0 was used for the mass calculations 

 

Supplementary Table 8: SEC-ESI-MS results of the MCS P18 

Formular M calc. / Da1 M found / Da 

[C40H80O35S5+Na]+ 1303.2900 1303.3005 

[C32H64O28S4+Na]+ 1047.2326 1047.2367 

[C24H48O21S3+Na]+ 791.1676 791.1750 

[C16H32O14S2+Na]+ 535.1060 535.1133 

[C8H16O7S+Na]+ 279.0501 279.0511 

1 mMass Version 5.5.0 was used for the mass calculations 

 

Supplementary Table 9: ESI-MS results of the nucleophilic ring opening of MCS P18 with 

P5 

Formular M calc. / Da1 M found / Da 

[Bn(EG)8OH+K]+ 499.2300 499.2289 

[Bn(EG)8OH+Na]+ 483.2566 483.2550 

[Bn(EG)8OH+NH4]+ 478.3012 478.3000 

[Bn(EG)8OH+H]+ 461.2747 461.2733 

1 mMass Version 5.5.0 was used for the mass calculations 
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6.3.2. Experimental procedures of chapter 4.1.1.7 

α-Benzyl-ω-tosyl octa(ethylene glycol) – P19 

 

The monobenzyl octa(ethylene glycol) tosylate P19 was prepared according to the 

procedure of BRUCE et al.[273] Monobenzyl octa(ethylene glycol) (2.75 g, 5.97 mmol, 

1.00 equiv.), sodium hydroxide (836 mg, 20.9 mmol, 3.50 equiv.), p-toluenesulfonyl 

chloride (1.37 g, 7.16 mmol, 1.20 equiv.) were used. Purification of the crude product 

via column chromatography (EA) yielded the monobenzyl octa(ethylene glycol) 

tosylate P19 (1.87 g, 3.04 mmol, 50.9%) as a colorless, oil. The product was dried 

under high vacuum, stored under argon atmosphere, and shielded from light until 

further use. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.78 (d, J = 8.3 Hz, 2H, CHAr
1), 7.48 (d, 

J = 8.1 Hz, 1H, CHAr
2), 7.38 – 7.24 (m, 5H, CHAr

3), 4.48 (s, 2H, CH2
4), 4.13 – 4.06 (m, 

2H, CH2
5), 3.59 – 3.42 (m, 30H, CH2

6), 2.42 (s, 3H, CH3
7). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 144.87 (Cq
1), 138.48 (Cq

2), 132.41 (Cq
3), 

130.12 (CH4), 128.19 (CH5), 127.61 (CH5), 127.46 (CH5), 127.34 (CH5), 72.01 (CH2
6), 

69.97 (CH2
7), 69.83 (CH2

8), 69.76 (CH2
8), 69.69 (CH2

8), 69.64 (CH2
8), 69.12 (CH2

8), 

67.87 (CH2
8), 21.07 (CH3

9). 

 

HRMS (FAB) of C30H47O11S1 [M+H]+ calcd. 615.2839, found 615.2841. 
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IR (ATR platinum diamond) v / cm–1 = 2864.8, 1597.3, 1452.6, 1352.3, 1292.0, 1248.4, 

1175.9, 1095.9, 1017.7, 920.2, 816.8, 747.5, 699.4, 663.4, 554.7. 

Rf = 0.31 (EA). 

 

Supplementary Figure 44: 1H NMR spectrum of P19 recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 45 13C NMR spectrum of P19 recorded at 101 MHz in DMSO-d6. 

α-Benzyl-ω-tetrahydropyranyl hexadeca(ethylene glycol) – P20 

 

The doubly protected hexadeca(ethylene glycol) P20 was prepared using the 

procedure described above for the synthesis of the doubly protected octa(ethylene 

glycol) P10.[273] The reaction was performed in a 15.6 mmol scale using the 

monobenzyl octa(ethylene glycol) tosylate P7 and the mono(tetrahydropyranyl) 

octa(ethylene glycol) P17. Purification of the crude product via column chromatography 

(DCM:acetone = 6:1 → 1:1) yielded the product P20 as a yellowish solid (6.01 g, 

6.70 mmol, 43.0%). 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.39 – 7.22 (m, 5H, CHAr
1), 4.57 (t, 

J = 3.8 Hz, 1H, CH2), 4.49 (s, 2H, CH2
3), 3.79 – 3.66 (m, 2H, CH2

4), 3.60 – 3.38 (m, 

64H, CH2
5), 1.77 – 1.39 (m, 6H, CH2

6). 



EXPERIMENTAL SECTION 

 

275 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.48 (Cq
1), 128.19 (CHAr

2), 127.45 

(CHAr
2), 127.34 (CHAr

3), 98.03 (CH4), 72.00 (CH2
5), 69.83 (CH2

6), 69.77 (CH2
6), 69.71 

(CH2
6), 69.12 (CH2

6), 66.05 (CH2
7), 61.21 (CH2

7), 30.20 (CH2
8), 25.00 (CH2

8), 19.09 

(CH2
8). 

 

HRMS (ESI) of C44H80O18 [M+NH4]+ m/z calc. 914.5683, found 914.5454; [M+Na]+ m/z 

calc. 919.5208, found 919.5237; [M+K]+ m/z calc. 935.4976, found 935.4952. 

The mass of the α-benzyl-ω-hydroxy hexadeca(ethylene glycol) was found as most 

intensive signal. C39H72O17 [M+H]+ m/z calc. 813.4842, found 913.4815. 

 

IR (ATR platinum diamond) v / cm–1 = 2864.7, 1720.4, 1454.0, 1349.0, 1293.7, 1250.0, 

1201.4, 1095.5, 1032.9, 987.8, 945.8, 870.5, 814.0, 741.2, 699.7, 520.0. 

Rf = 0.29 (EA:MeOH = 9:1). 

Đ (System II) = 1.00 
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Supplementary Figure 46: 1H NMR spectrum of P20 recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 47: 13C NMR spectrum of P20 recorded at 101 MHz in DMSO-d6. 
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The synthesis of P20 was repeated on a 14 g scale and the purification via column 

chromatography is provided in the following. 
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Supplementary Figure 48: a SEC of individual fractions obtained from the purification process of P20 via column 

chromatography; b comparison of the SEC traces of P20 before (green trace) and after purification (blue trace) and 

the starting materials P17 (red trace) and P19 (yellow trace). 

 
 

Supplementary Table 10 SEC data of P20 

cc 1 m / mg Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 652 n.a. n.a. n.a. n.a. n.a. 

F2 64.0 n.a. n.a. n.a. n.a. n.a. 

F3 90.5 n.a. n.a. n.a. n.a. n.a. 

F4 111 n.a. n.a. n.a. n.a. n.a. 

F5 189 n.a. n.a. n.a. n.a. n.a. 

F6 87.0 n.a. n.a. n.a. n.a. n.a. 

F7 70.9 n.a. n.a. n.a. n.a. n.a. 

F8 64.4 n.a. n.a. n.a. n.a. n.a. 

F9 58.6 n.a. n.a. n.a. n.a. n.a. 

F10 80.0 n.a. n.a. n.a. n.a. n.a. 

F11 57.6 n.a. n.a. n.a. n.a. n.a. 

F12 41.2 n.a. n.a. n.a. n.a. n.a. 

F13 36.8 n.a. n.a. n.a. n.a. n.a. 

F14 80.3 n.a. n.a. n.a. n.a. n.a. 

F15 39.6 n.a. n.a. n.a. n.a. n.a. 

F16 48.1 1200 1200 1200 1.01 5.4 
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Supplementary Table 11 SEC data of P20 

cc 1 m / mg Mn / Da Mw / Da Mz / Da Đ purity / % 

F17 150 1100 1100 1100 1.01 56.2 

F18 231 1100 1100 1100 1.01 71.8 

F19 433 1100 1100 1100 1.01 83.3 

F20 1581 1100 1100 1150 1.01 87.6 

F21 1613 1150 1150 1150 1.00 >99 

F22 1272 1150 1150 1150 1.00 >99 

F23 1445 1150 1150 1150 1.00 >99 

F24 978 1150 1150 1150 1.00 >99 

F25 704 1150 1150 1150 1.00 >99 

F26 459 1150 1150 1150 1.00 91.3 

F27 590 1150 1150 1150 1.00 75.4 

F28 232 1150 1150 1150 1.01 53.7 

F29 160 1150 1150 1150 1.01 48.4 

F30 133 1150 1150 1150 1.01 47.2 

F31 317 1150 1150 1150 1.01 36.5 

Chromatograms were recorded on SEC system II. Red: fractions containing only impurities; yellow: 

product containing fractions with insufficient purity; green: fractions containing only product P20. 
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Monobenzyl hexadeca(ethylene glycol) – P21 

 

The monobenzyl protected hexadeca(ethylene glycol) P21 was prepared using the 

procedure described above for the synthesis of the monobenzyl protected 

octa(ethylene glycol) P16. 

 

P20 

TsOH 

MeOH 

Yield 

Rf 

Đ (system II) 

4.00 g, 4.46 mmol, 1.00 equiv. 

8.48 mg, 44.6 µmol, 0.01 equiv. 

5.00 mL 

3.61 g, 4.44 mmol, 99.7%, yellowish solid 

0.26 (EA/MeOH = 4:1). 

1.00 

 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.43 – 7.18 (m, 5H, CHAr
1), 4.56 (t, 

J = 5.5 Hz, 1H, OH2), 4.49 (s, 2H, CH2
3), 3.63 – 3.38 (m, 64H, CH2

4). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.48 (Cq
1), 128.19 (CHAr

2), 127.45 

(CHAr
2), 127.34 (CHAr

3), 72.33 (CH2
4), 72.00 (CH2

5), 69.83 (CH2
4), 69.77 (CH2

4), 69.12 

(CH2
4), 60.20 (CH2

4). 
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HRMS (ESI) of C39H72O17 [M+NH4]+ m/z calc. 830.5108, found 830.5112; [M+Na]+ m/z 

calc. 835.4662, found 835.4664; [M+K]+ m/z calc. 851.4401, found 851.4398. 

IR (ATR platinum diamond) v / cm–1 = 3474.3, 2863.9, 1719.7, 1638.1, 1453.2, 1348.7, 

1294.3, 1246.2, 1095.7, 946.6, 847.0, 741.8, 699.9, 535.9. 

 

Supplementary Figure 49: 1H NMR spectrum of P21 recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 50: 13C NMR spectrum of P21 recorded at 101 MHz in DMSO-d6. 

α-Benzyl-ω-methyl hexadeca(ethylene glycol) – P22 

 

NaH (177 mg, 4.43 mmol, 1.20 equiv., dispersed in 60% mineral oil) was added to 

monobenzyl hexadeca(ethylene glycol) P21 (2.30 mL, 3.00 g, 3.69 mmol, 1.00 equiv.) 

dissolved in anhydrous THF (38 mL) at 0 °C under argon-atmosphere. Methyl iodide 

(5.24 g, 36.9 mmol, 10.0 equiv.) was added dropwise and the reaction mixture was 

stirred over night at room temperature. The solution was cooled to 0 °C and water 

(38 mL) was added to quench the excess of NaH. Subsequently, the mixture was 

extracted with EA, and the aqueous phase was further extracted with DCM 

(3 × 20 mL). The combined organic layers were dried over anhydrous sodium sulfate, 

filtered, and concentrated under reduced pressure. Purification of the crude product 

via column chromatography (EA:MeOH = 9:1) yielded the α-benzyl-ω-methyl 

hexadeca(ethylene glycol) P22 as a yellowish solid in 29.7% (908 mg, 1.10 mmol). 
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1H NMR (400 MHz, CDCl3): δ / ppm = 17.36 – 7.27 (m, 5H, CHAr
1), 4.57 (s, 2H, CH2

2), 

3.78 – 3.58 (m, 62H, CH2
3), 3.57 – 3.53 (m, 2H, CH2

4), 3.38 (s, 3H, CH3
5). 

 

13C NMR (101 MHz, CDCl3): δ / ppm = 128.50 (CHAr
2), 127.89 (CHAr

2), 127.73 (CHAr
3), 

73.39 (CH2
4), 72.09 (CH2

5), 70.76 (CH2
6), 70.72 (CH2

6), 69.59 (CH2
6), 59.18 (CH3

7). 

 

Note that Cq
1 is not visible in the 13C spectra due to low sample concentration. 

HRMS (ESI) of C40H74O17 [M+H]+ m/z calc. 827.4999, found 827.4978; [M+NH4]+ m/z 

calc. 844.5264, found 844.5231; [M+K]+ m/z calc. 865.4558, found 865.4519. 

Rf = 0.16 (EA:MeOH = 9:1). 

 

Supplementary Figure 51: 1H NMR spectrum of P22 recorded at 400 MHz in CDCl3. 
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Supplementary Figure 52: 13C NMR spectrum of P22 recorded at 101 MHz in CDCl3. 
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Supplementary Figure 53: SEC traces of P22 after column chromatography. F2 showed the narrowest peak and 

was used for further synthesis. Compared to F1, F2 shows a broadening towards higher and lower retention times 

and a second peak around 20 min. The chromatogram for F3 exhibits an impurity signal towards lower and a tailing 

towards higher retention times. A broad impurity signal is observed in F4. Furthermore, the signal shows a higher 

distribution and is shifted towards higher retention times. 
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Monomethyl hexadeca(ethylene glycol) – P23 

 

α-Benzyl-ω-methyl hexadeca(ethylene glycol) P22 (908 mg, 1.10 mmol, 1.00 equiv.) 

was dissolved in ethanol (20 mL) and palladium on carbon (90.8 mg, 10 wt%) was 

added. The reaction mixture was flushed with hydrogen (balloon) and stirred under 

hydrogen-atmosphere over night at room temperature. Afterwards, the mixture was 

filtered through a pad of Celite® to remove the heterogeneous catalyst and the filter 

cake was washed with methanol. The solvent was evaporated under reduced pressure 

yielding the monomethyl hexadeca(ethylene glycol) P23 as a yellowish solid (789 mg, 

954 µmol, 97.6%). 

1H NMR (400 MHz, CDCl3): δ / ppm = 3.73 – 3.69 (m, 2H, CH2
1), 3.67 – 3.61 (m, 58H, 

CH2
2), 3.61 – 3.58 (m, 2H, CH2

3), 3.55 – 3.51 (m, 2H, CH2
4), 3.36 (s, 3H, CH3

5). 

 

13C NMR (101 MHz, CDCl3): δ / ppm = 72.65 (CH2
1), 72.06 (CH2

2), 70.73 (CH2
3), 70.69 

(CH2
3), 70.67 (CH2

3), 70.64 (CH2
3), 70.44 (CH2

4), 61.82 (CH2
5), 59.15 (CH3

6). 

 

HRMS (ESI) of C33H68O17 [M+Na]+ m/z calc. 759.4349, found 759.4337; [M+K]+ m/z 

calc. 775.4088, found 775.4073. 
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Supplementary Figure 54: 1H NMR spectrum of P23 recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 55: 13C NMR spectrum of P23 recorded at 101 MHz in CDCl3. 
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Supplementary Figure 56: Comparison of the calculated and measured isotopic pattern of the sodium adduct of 

P23 ([M+Na]+ m/z calc. 759.4349, found 759.4337). 
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Supplementary Figure 57: SEC overview of the synthesized PEGs. The SEC traces range from the starting material 

tetra(ethylene glycol) at a retention time of 21.0 min in light green to the doubly protected hexadeca(ethylene glycol) 

P20 at 18.3 min in dark green. 
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6.3.3. Experimental procedures of chapter 4.1.2 

Ethyl 2-(benzyloxy)acetate – P24I 

 

Ethyl hydroxyacetate (ethyl glycolate) (454 µL, 500 mg, 4.80 mmol, 1.00 equiv.) was 

added dropwise to a suspension of NaH (60% dispersion in mineral oil, 211 mg, 

5.28 mmol, 1.10 equiv.) in THF (6.00 mL) and the mixture was refluxed for half an hour. 

Afterwards, a solution of benzyl bromide (628 µL, 904 mg, 5.28 mmol, 1.10 equiv.) in 

THF (4.50 mL) was added dropwise to the mixture and the reaction was stirred for 

another three hours. After cooling, ethanol was added to decompose the excess of 

sodium hydride. The solvent was evaporated, and the obtained residue was poured 

into 5wt% aqueous hydrochloric acid. The product was extracted with chloroform 

(3 × 10 mL) and the combined organic layers were washed with water (2 × 10 mL). 

The organic phase was dried over anhydrous sodium sulfate, filtered, and the solvent 

was removed under reduced pressure. Purification of the crude product via column 

chromatography (EA:cyhex = 1:2) yielded the product P24 as a yellowish oil (876 mg, 

4.51 mmol, 94%). 

1H NMR (400 MHz, CDCl3): δ / ppm = 7.43 – 7.27 (m, 5H, CHAr
1), 4.64 (s, 2H, CH2

2), 

4.23 (q, J = 7.1 Hz, 2H, CH2
3), 4.09 (s, 2H, CH2

4), 1.29 (t, J = 7.1 Hz, 3H, CH3
5). 

 

13C NMR (101 MHz, CDCl3): δ / ppm = 170.45 (Cq
1), 137.24 (Cq

2), 128.59 (CHAr
3), 

128.18 (CHAr
3), 128.11 (CHAr

4), 73.44 (CH2
5), 67.35 (CH2

6), 60.97 (CH2
7), 14.31 

(CH3
8). 

 

 
I The synthesis was carried out by B. Sc. QIANYU CAI under the lab-supervision of PHILIPP BOHN. 
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HRMS (ESI) of C11H14O3 [M+H]+ m/z calc. 195.1016, found 195.1016. 

IR (ATR platinum diamond) v / cm–1 = 3031, 2953, 1753, 1497, 1454, 1437, 1393, 

1281, 1205, 1116, 1028, 1001, 950, 907, 845, 737, 697, 605, 547, 464. 

Rf = 0.20 (cyhex:EA = 2:1). 

 

Supplementary Figure 58: 1H NMR spectrum of P24, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 59: 13C NMR spectrum of P24, recorded at 101 MHz in CDCl3. 

2,5,8,11-Tetraoxatridecan-13-yl 2-(benzyloxy)acetate – P25I 

 

The synthesis of product P25 was performed according to the procedure of PUSKAS 

et al.[631] Tetra(ethylene glycol) monomethyl ether (6.25 g, 30.0 mmol, 1.00 equiv.) was 

reacted with ethyl 2-(benzyloxy)acetate P24 (5.83 g, 30.0 mmol, 1.00 equiv.) in the 

presence of CALB (494 mg resin at 20 wt% enzyme) in bulk at 65 C under vacuum 

(8 mbar) for 3 h. Purification of the crude product via column chromatography 

(cyhex:EA = 1:1 → 1:3) yielded the desired product P25 as a colorless oil (8.47 g, 

23.8 mmol, 79%). The product was dried via azeotropic distillation with toluene 

(3 × 50 mL), dried under high vacuum and stored under argon atmosphere prior to 

further usage. 

 
I The synthesis was carried out by B. Sc. QIANYU CAI under the lab-supervision of PHILIPP BOHN. 
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1H NMR (400 MHz, CDCl3): δ / ppm = 7.40 – 7.28 (m, 5H, CHAr
1), 4.64 (s, 2H, CH2

2), 

4.37 – 4.29 (m, 2H, CH2
3), 4.13 (s, 2H, CH2

4), 3.75 – 3.69 (m, 2H, CH2
5), 3.67 – 3.61 

(m, 10H, CH2
6), 3.56 – 3.51 (m, 2H, CH2

7), 3.37 (s, 3H, CH3
8). 

 

13C NMR (101 MHz, CDCl3): δ / ppm = 170.49 (Cq
1), 137.25 (Cq

2), 128.63 (CHAr
3), 

128.24 (CHAr
3), 128.15 (CHAr

4 and CHAr
5), 73.48 (CH2

6), 72.08 (CH2
7), 70.76 (CH2

8), 

70.72 (CH2
8), 70.67 (CH2

8), 69.11 (CH2
9), 67.23 (CH2

10), 64.00 (CH2
11), 59.17 (CH3

12). 

 

HRMS (ESI) of C18H28O7 [M+H]+ m/z calc. 357.1908, found 357.1900; [M+Na]+ m/z 

calc. 379.1727, found 379.1721. 

IR (ATR platinum diamond) v / cm–1 = 2871, 1752, 1736, 1454, 1395, 1351, 1281, 

1249, 1197, 1103, 1041, 1028, 991, 948, 913, 852, 740, 699, 607, 578. 

Rf = 0.30 (cyhex:EA = 2:1). 
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Supplementary Figure 60: 1H NMR spectrum of P25, recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 61: 13C NMR spectrum of P25, recorded at 101 MHz in CDCl3. 
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α-Benzyl-ω-methyl penta(ethylene glycol) – P26I 

 

The different approaches for the reduction of ester P25 as well as the corresponding 

quantities of used reagents are summarized in Supplementary Table 12. 

The ester P25 (1.00 g, 2.81 mmol, 1.00 equiv.) was dissolved in dry DCM (600 µL) in 

a flame dried Schlenk flask. After 10 min of stirring, a solution of GaBr3 (1 - 5mol%) in 

dry DCM (2.20 mL) was added. The respective quantity of reducing agent was added 

over three hours via a syringe pump. The reaction was stirred under Ar-atmosphere at 

room temperature and the reduction of the carbonyl function was monitored with 

1H NMR and IR spectroscopy. After full conversion, the approaches using 5 mol% 

GaBr3 and 4.40 or 6.60 equiv. TES, respectively (Supplementary Table 12), were 

combined and water was added to the reaction mixture to quench the reaction process. 

The aqueous phase was extracted with DCM (5 × 10 mL). The combined organic 

phases were dried over anhydrous sodium sulfate, filtered, and the solvent was 

removed under reduce pressure. The residue was redissolved in MeOH (20 mL) and 

water (1 mL) and washed with petroleum ether (5 × 10 mL). The combined organic 

phases were dried over anhydrous sodium sulfate, filtered, and the solvent was 

removed under reduced pressure. Purification of the crude product via column 

chromatography (cyhex:EA = 1:3 → 0:1) resulted the product P26 as a colorless oil in 

a yield of 39% (756 mg, 2.21 mmol). 

Note: The purification protocol was not optimized. Further, since several samples were 

taken out of the reaction mixture for the monitoring via 1H NMR and IR spectroscopy, 

the yield is significantly decreased and is lower than the observed conversion. 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 7.43 – 7.21 (m, 5H, CHAr
1), 4.49 (s, 2H, 

CH2
2), 3.56 (s, 4H, CH2

3), 3.54 – 3.47 (m, 14H, CH2
4), 3.42 (dd, J = 5.8, 3.4 Hz, 2H, 

CH2
5), 3.23 (s, 3H, CH3

6). 

 
I All reduction steps were performed by B. Sc. PETER CONEN under the lab-supervision of PHILIPP BOHN. 
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13C NMR (101 MHz, DMSO-d6): δ / ppm = 138.49 (Cq,Ar
1), 128.19 (CHAr

2), 127.46 

(CHAr
3), 127.35 (CHAr

4), 72.01 (CH2
5), 71.26 (CH2

6), 69.83 (CH2
7), 69.79 (CH2

7), 69.57 

(CH2
7), 69.12 (CH2

8), 58.03 (CH3
9). 

 

HRMS (ESI) of C18H30O6 [M+H]+ m/z calc. 343.2115, found 343.2110; [M+Na]+ m/z 

calc. 365.1935, found 365.1930; [M+K]+ m/z calc. 381.1674, found 381.1668.  

The mass of the α-benzyl-ω-methyl tetra(ethylene glycol) was also found. [M+H]+ m/z 

calc. 299.1853, found 299.1849. 

 

The mass of the monomethyl penta(ethylene glycol) was also found. [M+H]+ m/z calc. 

253.1646, found 253.1642. 

 

The mass of the monomethyl tetra(ethylene glycol) was also found. [M+H]+ m/z calc. 

209.1384, found 209.1381. 

 

IR (ATR platinum diamond) v / cm–1 = 2871, 1454, 1351, 1281, 1249, 1197, 1103, 

1041, 1028, 991, 948, 913, 852, 740, 699, 607, 578. 

Rf = 0.18 (cyhex:EA = 1:3). 
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Supplementary Figure 62: 1H NMR spectrum of P26, recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 63: 13C NMR spectrum of P26, recorded at 101 MHz in DMSO-d6. 
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Supplementary Figure 64: Investigation of the side product formation via 1H NMR spectroscopy by a comparison of 

the reducing agents TES (green spectrum, top) and TMDS (blue spectrum, bottom) in the reduction reaction (P26). 

Impurity signals, highlighted in red, could not be characterized so far. 
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Supplementary Figure 65: IR spectroscopy monitoring of the reduction reaction of P25. 



EXPERIMENTAL SECTION 

 

300 

4000 3500 3000 2500 2000 1500 1000 500

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

n
o
rm

a
liz

e
d
 t
ra

n
s
m

it
ta

n
c
e

wavenumber / cm-1

 P25

 P26 - 3h

 P26 - 21h

 P26 - 68h

 P26 - 93h

 P26 - h

4000 3500 3000 2500 2000 1500 1000 500

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

n
o
rm

a
liz

e
d
 t
ra

n
s
m

it
ta

n
c
e

wavenumber / cm-1

 P25

 P26 - 3h

 P26 - 21h

 P26 - 68h

 P26 - 92h

 P26 - 144h

7 8

9 10

11 12

3.00 mol% GaBr3

1.10 equiv. TMDS

5.00 mol% GaBr3

2.20 equiv. TES

4000 3500 3000 2500 2000 1500 1000 500

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

n
o
rm

a
liz

e
d
 t
ra

n
s
m

it
ta

n
c
e

wavenumber / cm-1

 P25

 P26 - 3h

 P26 - 21h

 P26 - 68h

 P26 - 93h

 P26 - 144h

4000 3500 3000 2500 2000 1500 1000 500

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

n
o
rm

a
liz

e
d
 t
ra

n
s
m

it
ta

n
c
e

wavenumber / cm-1

 P25

 P26 - 18h

 P26 - 73h

4000 3500 3000 2500 2000 1500 1000 500

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

n
o
rm

a
liz

e
d
 t
ra

n
s
m

it
ta

n
c
e

wavenumber / cm-1

 P25

 P26 - 18h

 P26 - 73h

4000 3500 3000 2500 2000 1500 1000 500

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

n
o
rm

a
liz

e
d
 t
ra

n
s
m

it
ta

n
c
e

wavenumber / cm-1

 P25

 P26 - 3h

 P26 - 19h

 P26 - 44h

 P26 - 67h

2.00 mol% GaBr3

2.20 equiv. TES

2.00 mol% GaBr3

4.40 equiv. TES

2.00 mol% GaBr3

6.60 equiv. TES

3.00 mol% GaBr3

2.20 equiv. TES

 

Supplementary Figure 66: IR spectroscopy monitoring of the reduction reaction of P25. 
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Supplementary Figure 67: IR spectroscopy monitoring of the reduction reaction of P25. 

Monomethyl penta(ethylene glycol) – P27 

 

Monomethyl penta(ethylene glycol) P27 was prepared using the procedure described 

above for the synthesis of the reductive hydrogenation of P22. 

P26 

Pd/C 

EtOH 

yield 

733 mg, 2.14 mmol, 1.00 equiv. 

73.3 mg, 10 wt% 

30 mL 

539 g, 2.14 mmol, quant. yield, colorless oil 

 

1H NMR (400 MHz, DMSO-d6): δ / ppm = 4.58 (t, J = 5.5 Hz, 1H, OH1), 3.50 (s, 14H, 

CH2
2), 3.49 - 3.46 (m, 2H, CH2

3), 3.44 – 3.39 (m, 4H, CH2
4), 3.24 (s, 3H, CH3

5). 

 

13C NMR (101 MHz, DMSO-d6): δ / ppm = 72.36 (CH2
1), 71.29 (CH2

2), 69.83 (CH2
3), 

69.81 (CH2
3), 69.79 (CH2

3), 69.59 (CH2
4), 60.22 (CH2

5), 58.06 (CH3
6). 
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HRMS (ESI) of C11H24O6 [M+H]+ m/z calc. 253.1646, found 253.1644; [M+NH4]+ m/z 

calc. 270.1911, found 270.1910; [M+Na]+ m/z calc. 275.1465, found 275.1461; [M+K]+ 

m/z calc. 291.1204, found 291.1200. 

 

Supplementary Figure 68: 1H NMR spectrum of P27, recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 69: 13C NMR spectrum of P27, recorded at 101 MHz in DMSO-d6. 
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Ethyl 1-phenyl-2,5,8,11,14-pentaoxahexadecan-16-oate – P28I 

 

Tetra(ethylene glycol) monobenzyl ether P5 (12.0 mL, 12.5 g, 44.0 mmol, 1.00 equiv.) 

was dissolved in dry DMF (105 mL) and stirred under argon atmosphere. NaH (60% 

dispersion in mineral oil, 1.76 g, 44.0 mmol, 1.00 equiv.) was added and the reaction 

mixture was stirred for 6 h at 0 °C. The mixture was warmed to room temperature and 

ethyl bromoacetate (8.32 mL, 12.5 g, 74.7 mmol, 1.70 mmol) was added and the 

mixture was stirred for another 15 h. Ethanol (20 mL) was added to decompose the 

excess of NaH and the solvent was removed under reduced pressure. The crude 

product was purified via column chromatography (cyhex:EA = 1:6) and the desired 

product P28 was obtained as a colorless oil in a yield of 77.8% (12.7 g, 34.2 mmol). 

1H NMR (400 MHz, CDCl3): δ / ppm = 7.36 – 7.27 (m, 5H, CHAr
1), 4.56 (s, 2H, CH2

2), 

4.21 (q, J = 7.1 Hz, 2H, CH2
3), 4.14 (s, 2H, CH2

4), 3.77 – 3.58 (m, 16H, CH2
5), 1.28 (t, 

J = 7.1 Hz, 3H, CH3
6). 

 

13C NMR (101 MHz, CDCl3): δ / ppm = 170.48 (Cq
1), 138.31 (Cq,Ar

2), 128.36 

(CHAr,meta
3), 127.75 (CHAr,ortho

4), 127.59 (CHAr,para
5), 73.25 (CH2

6), 70.91 (CH2
7), 70.67 

(CH2
8), 70.65 (CH2

8), 70.64 (CH2
8), 70.60 (CH2

8), 69.46 (CH2
9), 68.75 (CH2

10), 60.80 

(CH2
11), 14.22 (CH3

12). 

 

HRMS (ESI) of C19H30O7 [M+H]+ m/z calc. 371.2064, found 371.2061; [M+NH4]+ m/z 

calc. 388.2330, found 388.2327; [M+Na]+ m/z calc. 393.1884, found 393.1879; [M+K]+ 

m/z calc. 409.1623, found 409.1620. 

 
I The synthesis was carried out by B. Sc. MAYA EYLEEN LUDWIG under the lab-supervision of PHILIPP 

BOHN. 
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Rf = 0.50 (cyhex:EA = 1:9). 

 

Supplementary Figure 70: 1H NMR spectrum of P28, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 71: 13C NMR spectrum of P29, recorded at 101 MHz in CDCl3. 

2,5,8,11-Tetraoxatridecan-13-yl 1-phenyl-2,5,8,11,14-pentaoxahexadecan-16-

oate – P29I 

 

The synthesis of product P29 was performed according to the procedure of PUSKAS 

et al.[631] See P25. 

mTEG  

P28 

CALB 

reaction conditions 

yield 

1.41 g, 6.77 mmol, 1.00 equiv. 

2.50 mg, 6.77 mmol, 1.00 equiv. 

111 mg resin at 20 wt% enzyme 

7 h, 65 °C, 8 mbar 

2.33 g, 4.37 mmol, 64.5%, yellowish oil 

 
I The synthesis was carried out by KIARA MAURER under the lab-supervision of PHILIPP BOHN. 
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1H NMR (400 MHz CDCl3): δ / ppm = 7.37 – 7.27 (m, 5H, CHAr
1), 4.56 (d, J = 1.6 Hz, 

2H, CH2
2), 4.34 – 4.26 (m, 2H, CH2

3), 4.17 (d, J = 1.6 Hz, 2H, CH2
4), 3.76 – 3.60 (m, 

28H, CH2
5), 3.58 – 3.51 (m, 2H, CH2

6), 3.37 (d, J = 1.7 Hz, 3H, CH3
7). 

 

13C NMR (101 MHz CDCl3): δ / ppm = 170.57 (Cq
1), 138.41 (Cq,Ar

2), 128.47 (CHAr
3), 

127.86 (CHAr
3), 127.70 (CHAr

4), 73.36 (CH2
5), 72.06 (CH2

6), 71.03 (CH2
7), 70.77 

(CH2
7), 70.73 (CH2

7), 70.70 (CH2
7), 70.68 (CH2

7), 70.65 (CH2
7), 69.56 (CH2

7), 69.09 

(CH2
7), 68.65 (CH2

8), 63.89 (CH2
9), 59.15 (CH3

10). 

 

HRMS (ESI) of C26H44O11 [M+H]+ m/z calc. 533.2956, found 533.2957; [M+NH4]+ m/z 

calc. 550.3222, found 550.3222; [M+Na]+ m/z calc. 555.2776, found 555.2774; [M+K]+ 

m/z calc. 571.2515, found 571.2512. 

IR (ATR platinum diamond) v / cm–1 = 2867, 1752, 1454, 1351, 1325, 1281, 1249, 

1199, 1096, 1039, 1028, 946, 850, 740, 718, 699. 

Rf = 0.44 (EA:MeOH = 19:1). 
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Supplementary Figure 72: 1H NMR spectrum of P29, recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 73: 13C NMR spectrum of P29, recorded at 101 MHz in CDCl3. 
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6.3.4. Experimental procedures of chapter 4.2 

6-Hydroxyhexanoic acid – C1I 

 

NaOH (21.0 g, 525 mmol, 2.00 equiv.) and ε-caprolactone (27.8 mL, 30.0 g, 

263 mmol, 1.00 equiv.) were added in a round bottom flask, charged with 800 mL 

water. The mixture was stirred overnight at room temperature. Subsequently, the pH 

was adjusted to 2 using 3 M hydrochloride solution and the reaction mixture was 

extracted with 1500 mL diethyl ether by applying a liquid/liquid continuous extractor. 

The organic layers were dried over anhydrous sodium sulfate, filtered, and 

concentrated under reduced pressure to give product C1 (32.8 g, 248 mmol, 94.3%) 

as a white solid. 

1H NMR (DMSO-d6, 400 MHz): δ / ppm = 11.96 (s, 1 H, CO2H1), 4.34 (t, J = 5.0 Hz, 

1 H, OH2), 3.26–3.43 (m, 2 H, CH2
3), 2.18 (t, J = 7.3 Hz, 2 H, CH2

4), 1.49 (dt, J = 14.8, 

7.3 Hz, 2 H, CH2
5), 1.39 (dd, J = 13.3, 6.5 Hz, 2 H, CH2

6), 1.20–1.34 (m, 2 H, CH2
7). 

 

13C NMR (DMSO-d6, 101 MHz): δ / ppm = 174.46 (Cq
1), 60.54 (CH2

2), 24.38 (CH2
3), 

33.66 (CH2
4), 32.16 (CH2

5), 25.07 (CH2
6). 

 

FAB of C6H12O3 (M+H+ = 133.1); HRMS (FAB) of C6H12O3 [M+H]+ calcd. 133.0865, 

found 133.0865. 

IR (ATR platinum diamond) v / cm–1 = 3246.1, 2938.0, 2859.2, 2525.8, 1911.3, 1681.8, 

1464.4, 1412.6, 1292.5, 1266.1, 1235.3, 1159.9, 1111.6, 1081.1, 1045.4, 984.1, 899.5, 

841.9, 730.7, 675.6, 488.6. 

 
I The analytical data were adapted from the Master thesis of the author.[618] 
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Rf = 0.10 (cyhex/EA = 1:1). 

 

Supplementary Figure 74: 1H NMR spectrum of C1, recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 75: 13C NMR spectrum of C1, recorded at 101 MHz in DMSO-d6. 

6-(tert-Butyldimethyl)siloxyhexanoic acid – C2I 

 

6-Hydroxyhexanoic acid C1 (16.5 g, 125 mmol, 1.00 equiv.) and imidazole (20.4 g, 

300 mmol, 2.40 equiv.) were dissolved in 108 mL dry DMF. After stirring for 10 minutes 

at room temperature, tert-butyldimethylsilylchloride (24.5 g, 162 mmol, 1.30 equiv.) 

was added and the reaction mixture was stirred overnight at 50 °C under argon 

atmosphere. Subsequently, the solution was poured into a separation funnel, 

containing 250 mL of brine. The organic layer was separated, and the aqueous phase 

was extracted with diethyl ether (4 × 250 mL). The combined organic layers were dried 

over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. 

 
I The analytical data were adapted from the Master thesis of the author.[618] 



EXPERIMENTAL SECTION 

 

312 

Purification of the crude product by column chromatography (cyhex/EA 1:1 → 1:3) 

yielded the product C2 (26.2 g, 106 mmol, 85.3%) as a yellowish oil. 

1H NMR (DMSO-d6, 400 MHz): δ / ppm = 11.96 (s, 1 H, CO2H1), 3.56 (t, J = 6.3, 2 H, 

CH2
2), 2.18 (t, J = 7.3 Hz, 2 H, CH2

3), 1.38-1.56 (m, 4 H, CH2
4), 1.25–1.35 (m, 2 H, 

CH2
5), 0.85 (s, 9 H, CH3

6), 0.01 (s, 6 H, CH3
7). 

 

13C NMR (DMSO-d6, 101 MHz): δ / ppm = 174.39 (Cq
1), 62.37 (CH2

2), 33.72 (CH2
3), 

32.06 (CH2
4), 25.82 (CH3

5), 24.97 (CH2
6), 24.33 (CH2

7), 17.95 (Cq
8), 5.35 (CH3

9). 

 

FAB of C12H26O3Si (M+H+ = 247.2); HRMS (FAB) of C12H26O3Si [M+H]+ calcd. 

247.1729, found 247.1731. 

IR (ATR platinum diamond) v / cm–1 = 2929.2, 2857.2, 1708.3, 1462.4, 1411.6, 1388.5, 

1360.9, 1282.3, 1251.7, 1096.8, 1005.4, 982.6, 937.4, 832.3, 773.3, 661.0, 469.6, 

403.0. 

Rf = 0.52 (cyclohexane/EA = 5:1). 
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Supplementary Figure 76: 1H NMR spectrum of C2, recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 77: 13C NMR spectrum of C2, recorded at 101 MHz in DMSO-d6. 
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Benzyl 6-hydroxyhexanoate – C3I 

 

6-Hydroxyhexanoic acid C1 (16.8 g, 127 mmol, 1.00 equiv.) and DBU (19.3 g, 

127 mmol, 1.00 equiv.) were dissolved in dichloromethane (76 mL). Benzyl bromide 

(18.1 mL, 26.1 g, 152 mmol, 1.20 equiv.) in dichloromethane (51 mL) was added 

dropwise to the solution. The reaction mixture was stirred overnight at room 

temperature. Subsequently, the mixture was washed with water (100 mL) and 

extracted with dichloromethane (2 × 100 mL). The combined organic layers were dried 

over anhydrous sodium sulfate, filtered, and the solvent was removed under reduced 

pressure. Purification of the crude product via column chromatography (cyhex/EA 5:1 

→ 1:3) yielded the benzyl-6-hydroxyhexanoate C3 (24.8 g, 112 mmol, 87.9%) as a 

yellowish oil. 

1H NMR (DMSO-d6, 400 MHz): δ / ppm = 7.29-7.42 (m, 5H, CHAr
1), 5.08 (s, 2H, CH2

2), 

4.35 (t, J =5.2 Hz, 1H, OH3), 3.31-3.41 (m, 2H, CH2
4), 2.34 (t, J = 7.4 Hz, 2H, CH2

5), 

1.48-1.60 (m, 2H, CH2
6), 1.34-1.46 (m, 2H, CH2

7), 1.24-1.34 (m, 2H, CH2
8). 

 

13C NMR (DMSO-d6, 101 MHz): δ / ppm = 172.79 (Cq
1), 136.33 (Cq,Ar

2), 128.42 

(CHAr,ortho
3), 127.69 (CHAr,para

4), 127.92 (CHAr,meta
5), 65.31 (CH2

6), 60.59 (CH2
7), 33.57 

(CH2
8), 32.18 (CH2

9), 25.08 (CH2
10), 24.43 (CH2

11). 

 

 
I The analytical data were adapted from the Master thesis of the author.[618] 
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FAB of C13H18O3 (M+H+ = 222.2); HRMS (FAB) of C13H18O3 [M+H]+ calcd. 222.1256, 

found 222.1255. 

IR (ATR platinum diamond) v / cm–1 = 3400.0, 3033.3, 2934.5, 2862.0, 1730.6, 1497.2, 

1455.0, 1382.2, 1351.1, 1150.0, 1073.5, 1051.9, 1026.4, 736.3, 696.9, 578.2, 502.4. 

Rf = 0.62 (cyhex/EA = 1:1). 

 

Supplementary Figure 78: 1H NMR spectrum of C3, recorded at 400 MHz in DMSO-d6. 



EXPERIMENTAL SECTION 

 

316 

 

Supplementary Figure 79: 13C NMR spectrum of C3, recorded at 101 MHz in DMSO-d6. 

Doubly protected dimer – C4I 

 

6-(tert-Butyldimethyl)siloxyhexanoic acid C2 (11.1 g, 45.1 mmol, 1.00 equiv.), benzyl-

6-hydroxyhexanoate C3 (10.0 g, 45.1 mmol, 1.00 equiv.), 

1,3-dicyclohexylcarbodiimide (DCC) (11.2 g, 54.1 mmol, 1.10 equiv.) and 

4-(dimethylamino)pyridine (DMAP) (6.60 g, 54.1 mmol, 1.10 equiv.) were dissolved in 

108 mL dichloromethane. The solution was stirred overnight at room temperature until 

complete conversion of the starting materials was indicated by GC analysis. 

Subsequently, the reaction mixture was washed with 100 mL saturated 

CuSO4-solution and twice with 100 mL of water. The organic layer was separated, 

dried over anhydrous sodium sulfate, filtered, and concentrated under reduced 

 
I The analytical data were adapted from the Master thesis of the author.[618] 
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pressure. Purification of the crude product via column chromatography (cyhex/EA 20:1 

→ 8:1) yielded the doubly protected dimer C4 (17.9 g, 39.8 mmol, 88.3%) as a 

colorless oil. 

1H NMR (CDCl3, 400 MHz): δ / ppm = 7.35 (s, 5H, CHAr
11), 5.12 (s, 2H, CH2

10), 4.04 (t, 

J = 6.6 Hz, 2H, CH2
9), 3.60 (t, J = 6.4 Hz, 2H, CH2

8), 2.36 (t, J = 7.5 Hz, 2H, CH2
7), 

2.28 (t, J = 7.6 Hz, 2H, CH2
6), 1.58-1.71 (m, 6H, CH2

5), 1.47-1.56 (m, 2H, CH2
4), 

1.28-1.45 (m, 4H CH2
3), 0.89 (s, 9H, CH3

2), 0.04 (s, 6H, CH3
1). 

 

13C NMR (CDCl3, 101 MHz): δ / ppm = 173.80 (Cq
1), 173.33 (Cq

1), 136.12 (Cq,Ar
2), 

128.61 (CHAr
3), 128.24 (CHAr

3), 66.19 (CH2
4), 64.07 (CH2

5), 63.01 (CH2
6), 34.38 

(CH2
7), 34.18 (CH2

7), 32.53 (CH2
8), 28.40 (CH2

9), 26.03 (CH3
10), 25.58 (CH2

11), 25.51 

(CH2
11), 24.87 (CH2

11), 24.62 (CH2
11), 18.40 (Cq

12), -5.22 (CH3
13). 

 

FAB of C25H42O5Si (M+H+ = 451.3); HRMS (FAB) of C25H42O5Si [M+H]+ calcd. 

451.2880, found 451.279. 

IR (ATR platinum diamond) v / cm–1 = 2930.2, 2857.2, 1733.5, 1461.5, 1386.4, 1359.6, 

1253.1, 1155.7, 1094.7, 1005.0, 833.5, 774.4, 735.2, 696.8, 661.3, 577.3, 497.1, 

400.2. 

Rf = 0.50 (cyhex/EA = 5:1). 
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Supplementary Figure 80: 1H NMR spectrum of C4, recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 81: 13C NMR spectrum of C4, recorded at 101 MHz in CDCl3. 
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Carboxyl–terminated Dimer – C5I 

 

Doubly protected dimer C4 (5.00 g, 11.1 mmol, 1.00 equiv.) was dissolved in 60 mL 

EA under argon atmosphere. Subsequently, palladium on activated carbon (10 wt%, 

500 mg) was added to the solution and the reaction mixture was stirred for 45 min 

under hydrogen atmosphere using a balloon. After TLC indicated complete 

deprotection of the starting material, the mixture was filtered through a pad of celite. 

The residue was washed with EA (3 × 30 mL) and the combined filtrate was 

concentrated under reduced pressure yielding the carboxyl terminated dimer C5 

(3.96 g, 11.0 mmol, 99.0%) as a clear colorless oil. 

1H NMR (DMSO-d6, 300 MHz): δ / ppm = 12.00 (s, 1H, CO2H1), 3.98 (t, J = 6.6 Hz, 2H, 

CH2
2), 3.55 (t, J = 6.2 Hz, 2H, CH2

3), 2.27 (t, J = 7.3 Hz, 2H, CH2
4), 2.19 (t, J = 7.3 Hz, 

2H, CH2
5), 1.37–1.62 (m, 8H, CH2

6), 1.21–1.37 (m, 4H CH2
7), 0.85 (s, 9H, CH3

8), 0.01 

(s, 6H, CH3
9). 

 

13C NMR (DMSO-d6, 101 MHz): δ / ppm = 174.36 (Cq
1), 172.78 (Cq

2), 63.50 (CH2
3), 

62.33 (CH2
4), 33.58 (CH2

5), 31.95 (CH2
6), 27.94 (CH2

7), 25.78 (CH3
8), 25.03 (CH2

9), 

24.90 (CH2
9), 24.33 (CH2

9), 24.16 (CH2
9), 17.92 (Cq

10), -5.39 (CH3
11). 

 

FAB of C18H36O5Si (M+H+ = 361.3); HRMS (FAB) of C18H36O5Si [M+H]+ calcd. 

361.2410, found 361.2409. 

 
I The analytical data were adapted from the Master thesis of the author.[618] 



EXPERIMENTAL SECTION 

 

320 

IR (ATR platinum diamond) v / cm–1 = 2935.7, 2862.7, 1707.4, 1460.0, 1393.0, 1163.4, 

1050.0, 835.4, 775.7, 732.2, 585.0. 

Rf = 0.36 (cyhex/EA = 4:1). 

 

Supplementary Figure 82: 1H NMR spectrum of C5, recorded at 300 MHz in DMSO-d6. 
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Supplementary Figure 83: 1H NMR spectrum of C5, recorded at 101 MHz in DMSO-d6. 

Hydroxyl–terminated dimer – C6I 

 

Tetrabutylammonium fluoride (TBAF) (17.5 g, 55.5 mmol, 2.00 equiv.) and glacial 

acetic acid (3.18 mL, 3.33 mg, 55.5 mmol, 2.00 equiv.) were dissolved in 56 mL THF 

and added to a solution of doubly protected dimer C4 (12.5 g, 27.7 mmol, 1.00 equiv.) 

in THF (57 mL). The reaction mixture was stirred overnight at 50 °C and monitored via 

TLC until complete conversion of the starting material. Subsequently, the mixture was 

poured into a separation funnel containing dichloromethane (300 mL) and water 

(300 mL). The organic phase was separated and washed with saturated NaHCO3 

(2 × 200 mL), 5 wt% citric acid (2 × 200 mL) and water (1 × 200 mL). The combined 

organic layers were dried over anhydrous sodium sulfate, filtered, and concentrated 

 
I The analytical data were adapted from the Master thesis of the author.[618] 
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under reduced pressure. Purification of the crude product via column chromatography 

(cyhex/EA = 1:1) yielded the hydroxyl-terminated dimer C6 (9.23 g, 27.4 mmol, 98.9%) 

as a colorless oil. 

1H NMR (DMSO-d6, 300 MHz): δ / ppm = 7.27–7.39 (m, 5H, CHAr
1), 5.09 (s, 2H, CH2

2), 

4.37 (t, J =5.1 Hz, 1H, OH3), 3.98 (t, J = 6.6, 2H, CH2
4), 3.38 (t, J = 6.4 Hz, 2H, CH2

5), 

2.35 (t, J = 7.4, 2H, CH2
6), 2.25 (t, J = 7.4, 2H, CH2

7), 1.46-1.62 (m, 6H, CH2
8), 

1.35-1.46 (m, 2H, CH2
9), 1.22-1.35 (m, 4H, CH2

10). 

 

13C NMR (DMSO-d6, 101 MHz): δ / ppm = 172.89 (Cq
1), 172.66 (Cq

1), 136.30 (Cq,Ar
2), 

128.40 (CHAr,meta
3), 127.96 (CHAr,para

4), 127.91 (CHAr,ortho
5), 65.33 (CH2

6), 63.48 (CH2
7), 

60.58 (CH2
8), 33.36 (CH2

9), 33.34 (CH2
9), 32.19 (CH2

10), 27.83 (CH2
11), 25.08 (CH2

12), 

24.91 (CH2
12), 24.45 (CH2

13), 24.10 (CH2
13). 

 

FAB of C19H28O5 (M+H+ = 337.2); HRMS (FAB) of C19H28O5 [M+H]+ calcd. 337.2015, 

found 337.2014. 

IR (ATR platinum diamond) v / cm–1 = 3431.4, 2936.2, 2863.1, 1729.3, 1497.7, 1455.5, 

1385.1, 1353.3, 1154.6, 1080.1, 736.3, 697.5, 579.8, 498.1.  

Rf = 0.63 (cyhex/EA = 1:1). 
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Supplementary Figure 84: 1H NMR spectrum of C6, recorded at 300 MHz in DMSO-d6. 

 

Supplementary Figure 85: 1H NMR spectrum of C6, recorded at 101 MHz in DMSO-d6. 
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Doubly protected tetramer – C7I 

 

The doubly protected tetramer C7 was prepared using the procedure described above 

for the synthesis of the doubly protected dimer C4. The reaction was performed in two 

batches, which were combined and purified in one batch via column chromatography. 

Quantities of the starting materials and the yield are the sum of both reactions. 

C5 

C6 

DCC 

DMAP 

DCM 

eluent 

yield 

Rf 

Đ (system II) 

31.0 g, 86.3 mmol, 1.00 equiv. 

29.0 g, 86.3 mmol, 1.00 equiv. 

19.6 g, 94.9 mmol, 1.10 equiv. 

11.6 g, 94.9 mmol, 1.10 equiv. 

208 mL 

cyhex/EA = 5:1 

51.5 g, 75.9 mmol, 87.9%, colorless oil 

0.32 (cyhex/EA = 6:1). 

1.00 

 

1H NMR (CDCl3, 300 MHz): δ / ppm = 7.34 (s, 5H, CHAr
1), 5.10 (s, 2H, CH2

2), 4.04 (t, 

J = 6.6 Hz, 6H, CH2
3), 3.59 (t, J = 6.4 Hz, 2H, CH2

4), 2.35 (t, J = 7.5 Hz, 2H, CH2
5), 

2.28 (t, J = 7.6 Hz, 6H, CH2
6), 1.55-1.73 (m, 14H, CH2

7), 1.45-1.55 (m, 2H, CH2
8), 

1.28-1.43 (m, 8H CH2
9), 0.87 (s, 9H, CH3

10), 0.03 (s, 6H, CH3
11). 

 

 
I The analytical data were adapted from the Master thesis of the author.[618] 
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13C NMR (CDCl3, 101 MHz): δ / ppm = 173.92 (Cq
1), 173.66 (Cq

1), 173.43 (Cq
1), 136.14 

(Cq,Ar
2), 128.68 (CHAr,meta

3), 128.34 (CHAr,para
4), 128.31 (CHAr,ortho

5), 66.28 (CH2
6), 64.24 

(CH2
7), 64.17 (CH2

7), 63.09 (CH2
8), 34.45 (CH2

9), 34.24 (CH2
10), 32.59 (CH2

11), 28.46 

(CH2
12), 28.44 (CH2

12), 26.08 (CH3
13), 25.65 (CH2

14), 25.57 (CH2
14), 24.93 (CH2

15), 

24.70 (CH2
15), 24.67 (CH2

15), 18.46 (Cq
16), -5.16 (CH3

17). 

 

FAB of C37H62O9Si (M+H+ = 679.4); HRMS (FAB) of C37H62O9Si [M+H]+ calcd. 

679.4241, found 679.4242. 

IR (ATR platinum diamond) v / cm–1 = 2932.4, 2858.3, 1732.6, 1459.2, 1387.4, 1358.8, 

1232.4, 1157.2, 1094.2, 833.8, 774.9, 736.3, 697.0, 500.8, 445.0. 

Rf = 0.32 (cyhex/EA = 6:1). 

 

Supplementary Figure 86: 1H NMR spectrum of C7, recorded at 300 MHz in CDCl3. 
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Supplementary Figure 87: 13C NMR spectrum of C7, recorded at 101 MHz in CDCl3. 

Carboxyl–terminated tetramer – C8I 

 

The carboxyl-terminated tetramer C8 was prepared using the procedure described 

above for the synthesis of the carboxyl-terminated dimer C5. 

C7 

Pd/C 

EA 

yield 

Đ (system II) 

10.0 g, 14.7 mmol, 1.00 equiv. 

1.00 g, 10 wt% 

120 mL 

8.59 g, 14.6 mmol, 99.1%, colorless oil 

1.00 

 
I The analytical data were adapted from the Master thesis of the author.[618] 
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1H NMR (DMSO-d6, 400 MHz): δ / ppm = 12.00 (s, 1H, CO2H1), 3.98 (t, J = 6.5 Hz, 6H, 

CH2
2), 3.55 (t, J = 6.2 Hz, 2H, CH2

3), 2.27 (td, J = 7.3, 3.8 Hz, 6H, CH2
4), 2.19 (t, 

J = 7.3 Hz, 2H, CH2
5), 1.46-1.62 (m, 14H, CH2

6), 1.38–1.46 (m, 2H, CH2
7), 1.22–1.36 

(m, 8H CH2
8), 0.85 (s, 9H, CH3

9), 0.01 (s, 6H, CH3
10). 

 

13C NMR (DMSO-d6, 101 MHz): δ / ppm = 174.35 (Cq
1), 172.83 (Cq

2), 172.77 (Cq
2), 

172.76 (Cq
2), 63.50 (CH2

3), 62.30 (CH2
4), 33.57 (CH2

5), 33.52 (CH2
5), 33.37 (CH2

5), 

31.90 (CH2
6), 27.88 (CH2

7), 27.81 (CH2
7), 25.80 (CH3

8), 24.98 (CH2
9), 24.90 (CH2

9), 

24.86 (CH2
9), 24.30 (CH2

10), 24.09 (CH2
10), 17.92 (Cq

11), -5.35 (CH3
12). 

 

FAB of C30H56O9Si (M+H+ = 589.4); HRMS (FAB) of C30H56O9Si [M+H]+ calcd. 

589.3772, found 589.3773. 

IR (ATR platinum diamond) v / cm–1 = 2931.5, 2858.3, 1732.2, 1708.8, 1461.8, 1389.6, 

1359.8, 1232.9, 1159.0, 1094.1, 1006.0, 833.9, 774.9, 661.5, 398.2.  

Rf = 0.26 (cyhex/EA = 2:1). 
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Supplementary Figure 88: 1H NMR spectrum of C8, recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 89: 13C NMR spectrum of C8, recorded at 101 MHz in DMSO-d6. 
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Hydroxyl–terminated tetramer – C9I 

 

The hydroxyl-terminated tetramer C9 was prepared according to the procedure 

described above for the synthesis of the hydroxyl-terminated dimer C6.  

C7 

TBAF 

glacial acetic acid 

total THF 

eluent 

yield 

Rf 

Đ (system II) 

6.00 g, 8.84 mmol, 1.00 equiv. 

16.0 g, 17.7 mmol, 2.00 equiv. 

1.01 mL, 1.06 g, 17.7 mmol, 2.00 equiv. 

35.0 mL 

cyclohexane/EA = 1:1 

4.98 g, 8.82 mmol, 99.8%, colorless oil 

0.42 (cyhex/EA = 1:1). 

1.00 

 

1H NMR (DMSO-d6, 300 MHz): δ / ppm = 7.26–7.42 (m, 5H, CHAr
1), 5.08 (s, 2H, CH2

2), 

4.37 (s, 1H, OH3), 3.98 (t, J = 6.5, 6H, CH2
4), 3.35 (t, J = 6.4 Hz, 2H, CH2

5), 2.36 (t, 

J = 7.3 Hz, 2H, CH2
6), 2.26 (m, 6H, CH2

7), 1.46-1.62 (m, 14H, CH2
8), 1.36-1.45 (m, 2H, 

CH2
9), 1.20-1.36 (m, 8H, CH2

10). 

 

 
I The analytical data were adapted from the Master thesis of the author.[618] 
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13C NMR (DMSO-d6, 101 MHz): δ / ppm = 172.90 (Cq
1), 172.80 (Cq

1), 172.67 (Cq
1), 

136.28 (Cq,Ar
2), 128.41 (CHAr,meta

3), 127.97 (CHAr,para
4), 127.91 (CHAr,ortho

5), 65.31 

(CH2
6), 63.50 (CH2

7), 63.46 (CH2
7), 60.53 (CH2

8), 33.58 (CH2
9), 33.37 (CH2

9), 33.32 

(CH2
9), 32.16 (CH2

10), 27.80 (CH2
11), 25.05 (CH2

12), 24.89 (CH2
12), 24.42 (CH2

13), 

24.09 (CH2
13), 24.07 (CH2

13). 

 

FAB of C31H48O9 (M+H+ = 565.3); HRMS (FAB) of C31H48O9 [M+H]+ calcd. 565.3377, 

found 565.3375. 

IR (ATR platinum diamond) v / cm–1 = 3528.8, 2936.8, 2863.0, 1730.0, 1455.7, 1388.0, 

1354.3, 1158.8, 1090.7, 738.0, 698.3, 580.7, 387.8.  

 

Supplementary Figure 90: 1H NMR spectrum of C9, recorded at 300 MHz in DMSO-d6. 
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Supplementary Figure 91: 13C NMR spectrum of C9, recorded at 101 MHz in DMSO-d6. 
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Doubly protected octamer – C10 

 

The doubly protected octamer C10 was prepared using the procedure described above 

for the synthesis of the doubly protected dimer C4. 0.20 equiv. DPTS was used instead 

of 1.10 equiv. DMAP. 

C8 

C9 

DCC 

DPTS 

DCM 

eluent 

yield 

Rf 

Đ (system II) 

24.5 g, 41.5 mmol, 1.00 equiv. 

23.5 g, 41.5 mmol, 1.00 equiv. 

9.43 g, 45.7 mmol, 1.10 equiv. 

2.45 g, 8.31 mmol, 0.20 equiv. 

100 mL 

cyhex/EA = 3:1 

44.5 g, 39.2 mmol, 94.4%, white solid 

0.50 (cyhex/EA = 2:1). 

1.00 

 

1H NMR (DMSO-d6, 400 MHz): δ / ppm = 7.41 – 7.30 (m, 5H, CHAr
1), 5.08 (s, 2H, 

CH2
2), 3.98 (t, J = 6.4 Hz, 14H, CH2

3), 3.55 (t, J = 6.2 Hz, 2H, CH2
4), 2.35 (t, J = 7.3 Hz, 

2H, CH2
5), 2.26 (t, J = 7.4 Hz, 14H, CH2

6), 1.64 – 1.45 (m, 30H, CH2
7), 1.41 (t, 

J = 6.9 Hz, 2H, CH2
8), 1.36 – 1.22 (m, 16H, CH2

9), 0.85 (s, 9H, CH3
10), 0.01 (s, 6H, 

CH3
11). 
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13C NMR (DMSO-d6, 101 MHz): δ / ppm = 172.79(Cq
1), 172.73 (Cq

1), 172.62 (Cq
1), 

136.26 (Cq,Ar
2), 128.38 (CHAr,meta

3), 127.94 (CHAr,para
4), 127.87 (CHAr,ortho

5), 65.28 

(CH2
6), 63.47 (CH2

7), 63.43 (CH2
7), 62.28 (CH2

8), 33.54 (CH2
9), 33.35 (CH2

9), 33.30 

(CH2
9), 31.87 (CH2

10), 27.78 (CH2
11), 25.77 (CH3

12), 24.87 (CH2
13), 24.83 (CH2

13), 

24.27 (CH2
14), 24.07 (CH2

14), 24.05 (CH2
14), 17.89 (Cq

15), -5.38 (CH3
16). 

 

HRMS (ESI) of C61H102O17Si [M+H]+ calcd. 1135.6959, found 1135.6947; [M+Na]+ 

calcd. 1157.6778, found 1157.6758; [M+K]+ calcd. 1173.6518, found 1173.6498. 

IR (ATR platinum diamond) v / cm–1 = 2934.0, 2859.1, 1730.5, 1458.3, 1358.0, 1157.6, 

1094.6, 835.2, 776.0, 737.0, 698.3. 

 

Supplementary Figure 92: 1H NMR spectrum of C10, recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 93: 13C NMR spectrum of C10, recorded at 101 MHz in DMSO-d6. 

Carboxyl–terminated octamer – C11 

 

The carboxyl-terminated octamer C11 was prepared using the procedure described 

above for the synthesis of the carboxyl-terminated dimer C5. 

C10 

Pd/C 

EA 

yield 

Đ (system II) 

3.00 g, 2.64 mmol, 1.00 equiv. 

300 mg, 10 wt% 

42 mL 

2.76 g, 2.64 mmol, quant. yield, white solid 

1.00 
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1H NMR (DMSO-d6, 400 MHz): δ / ppm = 12.05 (br, 1H, CO2H1), 3.98 (t, J = 6.7 Hz, 

14H, CH2
2), 3.55 (t, J = 6.3 Hz, 2H, CH2

3), 2.32 – 2.23 (m, 14H, CH2
4), 2.19 (t, 

J = 7.3 Hz, 2H, CH2
5), 1.60 – 1.46 (m, 30H, CH2

6), 1.46 – 1.39 (m, 2H, CH2
7), 

1.35 – 1.24 (m, 16H, CH2
8), 0.84 (s, 9H, CH3

9), 0.01 (s, 6H, CH3
10). 

 

13C NMR (CDCl3, 101 MHz): δ / ppm = 174.35 (Cq
1), 172.77 (Cq

2), 172.74 (Cq
2), 172.71 

(Cq
2), 63.50 (CH2

3), 63.45 (CH2
3), 63.41 (CH2

3), 62.25 (CH2
4), 33.50 (CH2

5), 33.31 

(CH2
5), 31.85 (CH2

6), 27.84 (CH2
7), 27.76 (CH2

7), 25.74 (CH3
8), 24.94 (CH2

9), 24.85 

(CH2
9), 24.81 (CH2

9), 24.25 (CH2
10), 24.08 (CH2

10), 24.05 (CH2
10), 17.87 (Cq

11), -5.42 

(CH3
12). 

 

HRMS (ESI) of C54H96O17Si [M+H]+ calcd. 1045.6490, found 1045.6477; [M+NH4]+ 

calcd. 1062.6755, found 1062.6742. 

IR (ATR platinum diamond) v / cm–1 = 2935.2, 2860.3, 1730.3, 1461.4, 1390.2, 1359.3, 

1157.9, 1094.1, 834.9, 776.0, 736.9.  
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Supplementary Figure 94: 1H NMR spectrum of C11, recorded at 400 MHz in DMSO-d6. 

 

Supplementary Figure 95: 13C NMR spectrum of C11, recorded at 101 MHz in DMSO-d6. 
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Hydroxyl–terminated octamer – C12 

 

The hydroxyl-terminated tetramer C12 was prepared according to the procedure 

described above for the synthesis of the hydroxyl-terminated dimer C6.  

C10 

TBAF 

glacial acetic acid 

total THF 

eluent 

yield 

Rf 

Đ (system II) 

3.00 g, 2.64 mmol, 1.00 equiv. 

1.67 g, 6.39 mmol, 2.42 equiv. 

305 µL, 320 mg, 5.33 mmol, 2.02 equiv. 

10.6 mL 

cyhex/EA = 1:1 

2.62 g, 2.57 mmol, 97.3%, white solid 

0.53 (cyhex/EA = 1:1). 

1.00 

 

1H NMR (DMSO-d6, 400 MHz): δ / ppm = 7.40 – 7.28 (m, 5H, CHAr
1), 5.07 (s, 2H, 

CH2
2), 4.36 (t, J = 5.1 Hz, 1H, OH3), 3.97 (t, J = 6.5 Hz, 14H, CH2

4), 3.36 (t, J = 6.5 Hz, 

2H, CH2
5), 2.35 (t, J = 7.4 Hz, 2H, CH2

6), 2.30 – 2.21 (m, 14H, CH2
7), 1.61-1.46 (m, 

30H, CH2
8), 1.44 – 1.35 (m, 2H, CH2

9), 1.35 – 1.22 (m, 16H, CH2
10). 
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13C NMR (DMSO-d6, 101 MHz): δ / ppm = 172.92 (Cq
1), 172.81 (Cq

1), 172.69 (Cq
1), 

136.29 (Cq,Ar
2), 128.43 (CHAr,meta

3), 128.00 (CHAr,para
4), 127.94 (CHAr,ortho

5), 65.33 

(CH2
6), 63.52 (CH2

7), 60.55 (CH2
8), 33.59 (CH2

9), 33.38 (CH2
9), 32.19 (CH2

10), 27.83 

(CH2
11), 25.08 (CH2

12), 24.92 (CH2
12), 24.45 (CH2

13), 24.12 (CH2
13). 

 

HRMS (ESI) of C55H88O17 [M+H]+ calcd. 1021.6094, found 1021.6075; [M+NH4]+ calcd. 

1038.6360, found 1038.6328. 

IR (ATR platinum diamond) v / cm–1 = 2943.5, 2864.6, 1719.0, 1470.7, 1417.8, 1397.3, 

1364.8, 1292.2, 1238.0, 1177.1, 1107.4, 1043.4, 959.5, 933.5, 840.1, 730.6, 697.4, 

580.8, 453.0.  

 

Supplementary Figure 96: 1H NMR spectrum of C12, recorded at 400 MHz in DMSO-d6. 
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Supplementary Figure 97: 13C NMR spectrum of C12, recorded at 101 MHz in DMSO-d6. 
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Doubly protected hexadecamer – C13 

 

The doubly protected hexadecamer C13 was prepared using the procedure described 

above for the synthesis of the doubly protected dimer C4. The reaction was performed 

in two batches, which were combined and purified via column chromatography. 

Quantities of the starting materials and the yield are the sum of both reactions. 

0.20 equiv. DPTS was used instead of 1.10 equiv. DMAP. 

C11 

C12 

DCC 

DPTS 

DCM 

eluent 

yield 

Rf 

Đ (system II) 

2.00 g, 1.92 mmol, 1.00 equiv. 

1.95 g, 1.92 mmol, 1.00 equiv. 

434 mg, 2.10 mmol, 1.10 equiv. 

112 mg, 380 µmol, 0.20 equiv. 

10.0 mL 

cyhex/EA = 2:1 

3.82 g, 1.86 mmol, 97.1%, white solid 

0.49 (cyhex/EA = 3:1). 

1.00 

 

1H NMR (CDCl3, 400 MHz): δ / ppm = 7.41 – 7.30 (m, 5H, CHAr
1), 5.11 (s, 2H, CH2

2), 

4.05 (t, J = 6.7 Hz, 30H, CH2
3), 3.59 (t, J = 6.4 Hz, 2H, CH2

4), 2.49 – 2.21 (m, 32H, 

CH2
5, CH2

6), 1.77 – 1.25 (m, 96H, CH2
7, CH2

8 and CH2
9), 0.88 (s, 9H, CH3

10), 0.03 (s, 

6H, CH3
11). 
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13C NMR (CDCl3, 101 MHz): δ / ppm = 173.94 (Cq
1), 173.68 (Cq

1), 173.44 (Cq
1), 136.13 

(Cq,Ar
2), 128.68 (CHAr,meta

3), 128.34 (CHAr,para
4), 128.31 (CHAr,ortho

5), 66.28 (CH2
6), 64.26 

(CH2
7), 63.09 (CH2

8), 34.45 (CH2
9), 34.23 (CH2

9), 32.59 (CH2
10), 28.46 (CH2

11), 26.08 

(CH3
12), 25.65 (CH2

13), 24.93 (CH2
14), 24.69 (CH2

14), 18.47 (Cq
15), -5.16 (CH3

16). 

 

HRMS (ESI) of C109H182O33Si [M+H]+ calcd. 2048.2405, found 2048.2424. 

IR (ATR platinum diamond) v / cm–1 = 3323.7, 2928.7, 2851.3, 1721.6, 1624.8, 1569.1, 

1470.8, 1419.3, 1364.6, 1293.4, 1239.9, 1160.5, 1087.7, 1044.2, 960.4, 891.7, 836.3, 

775.9, 731.5, 614.6, 453.2, 416.9. 

 

Supplementary Figure 98: 1H NMR spectrum of C13, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 99: 13C NMR spectrum of C13, recorded at 101 MHz in CDCl3. 

In a second approach, the reaction was performed in a 15.5 mmol scale. The crude 

product (38.8 g) was purified via column chromatography for four times. In total 46 

fractions were collected. The respective amounts, the analysis via GPC (system II) and 

the chromatograms are given in the following. The ones highlighted in green were used 

for further synthesis. The ones in yellow were purified via another column 

chromatography and the ones marked in red were discarded. 

Supplementary Table 13: SEC results of the first purification of C13. 

cc 1 m / g Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 29.8 3800 3850 3850 1.00 98.5 

F2 1.54 3800 3800 3850 1.00 >99 

F3 0.32 3850 3900 3900 1.00 98.4 

eluent: cyhex:EA = 2:1 → 1:1; in total 31.7 g of product with a purity of 98.6%. 
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Supplementary Figure 100: SEC traces of the individual fractions obtained from the first purification via column 

chromatography of C13. 
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The fractions C13 cc1 F1-2 were further purified via column chromatography. 
 

Supplementary Table 14: SEC results of the second purification of C13. 

cc 2 m / g Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 0.61 3900 3900 3950 1.00 81.0 

F2 0.12 3900 3900 3900 1.00 82.2 

F3 0.49 3900 3900 3900 1.00 91.6 

F4 0.84 3900 3900 3950 1.00 97.2 

F5 7.64 3900 3900 3900 1.00 98.8 

F6 5.83 3900 3900 3950 1.00 99.4 

F7 6.02 3900 3900 3950 1.00 >99 

F8 3.87 3900 3900 3950 1.00 >99 

F9 2.48 3850 3900 3900 1.00 >99 

F10 1.09 3900 3900 3900 1.00 >99 

F11 1.81 3900 3900 3900 1.00 >99 

F12 1.15 3900 3900 3900 1.00 >99 

F13 0.80 3900 3900 3900 1.00 >99 

F14 0.48 3900 3900 3900 1.00 >99 

F15 0.09 3900 3900 3950 1.00 92.5 

F16 0.03 4000 4050 4050 1.01 53.2 

eluent: cyhex:EA = 3:1 → 2:1 → 1:1 → 0:1 
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Supplementary Figure 101: SEC traces of the individual fractions obtained from the second purification via column 

chromatography of C13. 

The fractions C13 cc2 F2-6 were further purified via column chromatography. 
 

Supplementary Table 15: SEC results of the third purification of C13. 

cc 3 m / mg Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 246 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F2 512 3850 3900 3900 1.00 50.2 

F3 353 3900 3900 3900 1.00 92.8 

F4 5590 3900 3900 3900 1.00 >99 

F5 2400 3900 3900 3900 1.00 99.5 

F6 3330 3900 3900 3900 1.00 >99 

F7 1710 3900 3900 3900 1.00 >99 

F8 762 3900 3900 3900 1.00 >99 

F9 273 3900 3900 3900 1.00 >99 

F10 87.1 3850 3850 3900 1.00 99.4 

F11 39.4 3850 3900 3900 1.00 99.4 

F12 44.0 3900 3900 3900 1.00 99.4 

F13 18.0 3900 3900 3950 1.00 97.1 

eluent: cyhex:EA = 3:1 → 2:1 → 1:1 → 0:1; 1This fraction did not contain any product. 
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Supplementary Figure 102: SEC traces of the individual fractions obtained from the third purification via column 

chromatography of C13. 

Supplementary Table 16: SEC results of the fourth purification of C13. 

cc 4 m / mg Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 7.3 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F2 7.8 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F3 42.3 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F4 99.5 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F5 89.7 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F6 55.6 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F7 15.4 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F8 248 3800 3800 3850 1.00 93.4 

F9 1190 3850 3900 3900 1.00 >99 

F10 1150 3850 3850 3900 1.00 >99 

F11 711 3850 3900 3900 1.00 >99 

F12 389 3900 3900 3900 1.00 99.4 

F13 321 3900 3900 3950 1.00 97.1 

F14 87.0 3850 3900 3900 1.00 96.8 

eluent: cyhex:EA = 3:1 → 2:1 → 1:1 → 0:1; 1This fraction did not contain any product. 
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Supplementary Figure 103: SEC traces of the individual fractions obtained from the fourth purification via column 

chromatography of C13. 
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Supplementary Figure 104: SEC traces of product C13 before and after four column chromatographic purification 

steps. 
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Carboxyl–terminated hexadecamer – C14 

 

The carboxyl-terminated hexadecamer C14 was prepared using the procedure 

described above for the synthesis of the carboxyl-terminated dimer C5. 

C13 

Pd/C 

EA 

yield 

Đ (system II) 

14.9 g, 7.29 mmol, 1.00 equiv. 

1.49 g, 10 wt% 

180 mL 

14.3 g, 7.29 mmol, quant. yield, white solid 

1.00 

 

1H NMR (CDCl3, 400 MHz): δ / ppm = 4.05 (t, J = 6.7 Hz, 30H, CH2
1), 3.59 (t, 

J = 6.5 Hz, 2H, CH2
2), 2.50 – 2.19 (m, 32H. CH2

3, CH2
4), 1.84 – 1.27 (m, 96H, CH2

5, 

CH2
6 and CH2

7), 0.87 (s, 9H, CH3
8), 0.03 (s, 6H, CH3

9). 

 

13C NMR (CDCl3, 101 MHz): δ / ppm = 173.96 (Cq
1), 173.84 (Cq

2), 173.70 (Cq
2), 64.32 

(CH2
3), 64.28 (CH2

3), 64.21 (CH2
3), 64.19 (CH2

3), 63.10 (CH2
4), 34.45 (CH2

5), 34.29 

(CH2
5), 34.24 (CH2

5), 33.65 (CH2
6), 32.58 (CH2

7), 28.46 (CH2
8), 28.43 (CH2

8), 26.08 

(CH3
9), 25.64 (CH2

10), 25.56 (CH2
10), 24.93 (CH2

11), 24.69 (CH2
11), 24.46 (CH2

11), 

18.47 (Cq
12), -5.16 (CH3

13). 
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HRMS (ESI) of C102H176O33Si [M+H]+ calcd. 1958.1936, found 1958.1937; [M+NH4]+ 

calcd. 1975.2201, found 1975.2194. 

IR (ATR platinum diamond) v / cm–1 = 2944.0, 2864.0, 1720.5, 1470.8, 1418.6, 1396.9, 

1365.0, 1292.8, 1238.6, 1176.0, 1106.2, 1065.2, 1044.0, 960.1, 933.5, 836.4, 775.5, 

730.9, 584.5, 453.0.  

 

Supplementary Figure 105: 1H NMR spectrum of C14, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 106: 13C NMR spectrum of C14, recorded at 101 MHz in CDCl3. 
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Hydroxyl–terminated hexadecamer – C15 

 

The hydroxyl-terminated tetramer C15 was prepared according to the procedure 

described above for the synthesis of the hydroxyl-terminated dimer C6. 

C13 

TBAF 

glacial acetic acid 

total THF 

eluent 

yield 

Rf 

Đ (system II) 

15.0 g, 7.32 mmol, 1.00 equiv. 

4.62 g, 14.6 mmol, 2.00 equiv. 

838 µL, 879 mg, 14.6 mmol, 2.00 equiv. 

35.0 mL 

cyhex/EA = 1:2 

13.9 g, 7.16 mmol, 98.1%, white solid 

0.42 (cyhex/EA = 1:1). 

1.00 

 

1H NMR (CDCl3, 400 MHz): δ / ppm = 7.39 – 7.29 (m, 5H, CHAr
1), 5.10 (s, 2H, CH2

2), 

4.05 (t, J = 6.7 Hz, 30H, CH2
3), 3.63 (q, J = 6.0 Hz, 2H, CH2

4), 2.36 (t, J = 7.5 Hz, 32H, 

CH2
5, CH2

6), 1.72 – 1.30 (m, 96H, CH2
7, CH2

8 and CH2
9). 
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13C NMR (CDCl3, 101 MHz): δ / ppm = 173.86 (Cq
1), 173.73 (Cq

1), 173.67 (Cq
1), 173.43 

(Cq
1), 136.13 (Cq,Ar

2), 128.68 (CHAr,meta
3), 128.34 (CHAr,para

4), 128.31 (CHAr,ortho
5), 66.28 

(CH2
6), 64.26 (CH2

7), 64.23 (CH2
7), 62.73 (CH2

8), 34.34 (CH2
9), 34.23 (CH2

9), 32.45 

(CH2
10), 28.46 (CH2

11), 25.64 (CH2
12), 25.41 (CH2

12), 24.80 (CH2
13), 24.69 (CH2

13). 

 

HRMS (ESI) of C103H168O33 [M+H]+ calcd. 1934.1541, found 1934.43; [M+NH4]+ calcd. 

1951.1806, found 1951.1812; [M+2H]2+ calcd. 967.5807, found 967.5786; [M+3H]3+ 

calcd. 645.3895, found 645.3878. 

IR (ATR platinum diamond) v / cm–1 = 2943.6, 2864.8, 1720.2, 1470.6, 1364.9, 1292.6, 

1238.0, 1171.9, 1107.2, 1043.6, 959.8, 731.1, 452.9.  

 

Supplementary Figure 107: 1H NMR spectrum of C15, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 108: 13C NMR spectrum of C15, recorded at 101 MHz in CDCl3. 
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Doubly protected 32-mer – C16 

 

The doubly protected 32-mer C16 was prepared using the procedure described above 

for the synthesis of the doubly protected dimer C4. 0.20 equiv. DPTS was used instead 

of 1.10 equiv. DMAP. 

C14 

C15 

DCC 

DPTS 

DCM 

eluent 

 

yield 

Rf 

Đ (system II) 

10.5 g, 5.37 mmol, 1.00 equiv. 

10.4 g, 5.37 mmol, 1.00 equiv. 

1.22 g, 5.91 mmol, 1.10 equiv. 

316 mg, 1.07 mmol, 0.20 equiv. 

100 mL 

1st cc: cyhex/EA = 3:2 → 1:1, 

2nd cc: cyhex/EA = 3:2 → 5:4 

17.2 g, 4.44 mmol, 82.8%, white solid 

0.88 (cyhex/EA = 1:2). 

1.00 

 

1H NMR (400 MHz, CDCl3) δ / ppm = 7.38 – 7.30 (m, 5H, CHAr
1), 5.10 (s, 2H, CH2

2), 

4.04 (t, J = 6.7 Hz, 62H, CH2
3), 3.58 (t, J = 6.5 Hz, 2H, CH2

4), 2.36 (t, J = 7.5 Hz, 2H, 

CH2
5), 2.29 (t, J = 7.5 Hz, 62H, CH2

6), 1.69 – 1.58 (m, 126H, CH2
7), 1.55 – 1.47 (m, 

2H, CH2
8), 1.42 – 1.33 (m, 64H, CH2

9), 0.87 (s, 9H, CH3
10), 0.02 (s, 6H, CH3

11). 
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13C NMR (CDCl3, 101 MHz): δ / ppm = 173.91 (Cq
1), 173.65 (Cq

1), 173.41 (Cq
1), 136.13 

(Cq,Ar,2), 128.67 (CHAr,meta
3), 128.33 (CHAr,para

4), 128.30 (CHAr,ortho
5), 66.27 (CH2

6), 

64.25 (CH2
7), 63.08 (CH2

8), 34.44 (CH2
9), 34.22 (CH2

9), 32.57 (CH2
10), 28.46 (CH2

11), 

26.07 (CH3
12), 25.64 (CH2

13), 24.92 (CH2
14), 24.68 (CH2

14), 18.45 (Cq
15), -5.17 (CH3

16). 

 

HRMS (ESI) of C205H342O65Si [M+H]+ calcd. 3873.3298, found 3873.3579; [M+2H]2+ 

calcd. 1937.1685, found 1937.16687. 

IR (ATR platinum diamond) v / cm–1 = 2943.7, 2864.3, 1720.9, 1470.6, 1364.4, 1292.6, 

1237.9, 1161.6, 1106.0, 1043.0, 959.8, 837.6, 731.2, 452.9. 

 

Supplementary Figure 109: 1H NMR spectrum of C16, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 110: 13C NMR spectrum of C16, recorded at 101 MHz in CDCl3. 

The crude product of C16 was purified via column chromatography for two times. In 

total 39 fractions were collected. The respective amounts, the analysis via GPC 

(system II) and the chromatograms are given in the following. The ones highlighted in 

green were used for further synthesis. The ones in yellow were purified once again via 

column chromatography and the fractions marked in red were discarded. 
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Supplementary Table 17 SEC results of the first purification of C16. 

cc 1 m / g Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 117E-3 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F2 56.1E-3 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F3 74.2E-3 8200 8250 8300 1.01 10.6 

F4 2.20 8100 8100 8150 1.00 92.1 

F5 2.68 8100 8100 8150 1.00 98.8 

F6 2.09 8050 8100 8100 1.00 >99 

F7 1.78 8100 8100 8150 1.00 >99 

F8 1.62 8100 8150 8150 1.00 >99 

F9 2.09 8050 8100 8100 1.00 >99 

F10 2.81 8050 8100 8100 1.00 >99 

F11 4.16 8050 8100 8100 1.00 >99 

F12 1.48 8050 8100 8100 1.00 98.5 

F13 271E-3 8050 8100 8100 1.00 981 

eluent: cyhex:EA = 3:2 → 1:1. 1This fraction did not contain any product. 
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Supplementary Figure 111: SEC traces of the individual fractions obtained from the first purification via column 

chromatography of C16. 
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The fractions C16 cc1 F4+5, 12+13 were further purified via column chromatography. 

Supplementary Table 18: SEC results of the second purification of C16. 

cc 2 m / mg Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 26.4 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F2 33.6 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F3 26.1 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F4 33.7 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F5 55.5 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F6 62.1 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F7 47.4 n.a.1 n.a.1 n.a.1 n.a.1 n.a.1 

F8 31.1 8200 8300 8300 1.00 11.9 

F9 96.1 7950 8000 8050 1.01 89.7 

F10 272 8050 8050 8100 1.00 98.2 

F11 426 8050 8100 8100 1.00 99.3 

F12 566 8050 8100 8100 1.00 >99 

F13 655 8100 8100 8150 1.00 >99 

F14 659 8100 8150 8150 1.00 >99 

F15 579 8050 8100 8100 1.00 >99 

F16 812 8050 8050 8100 1.00 >99 

F17 939 8050 8100 8100 1.00 99.6 

F18 550 8050 8050 8100 1.00 99.1 

F19 326 8050 8100 8100 1.00 98.6 

F20 194 8100 8100 8150 1.00 98.3 

F21 104 8100 8100 8150 1.00 98.2 

F22 93.2 8100 8150 8150 1.00 98.3 

F23  8050 8100 8100 1.00 76.6 

eluent: cyhex:EA = 3:2 → 5:4. 1This fraction did not contain any product. 
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Supplementary Figure 112: SEC traces of the individual fractions obtained from the second purification via column 

chromatography of C16. 
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Supplementary Figure 113: SEC traces of product C16 before and after two column chromatographic purification 

steps. 
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Carboxyl–terminated 32-mer – C17 

 

The carboxyl-terminated 32-mer C17 was prepared using the procedure described 

above for the synthesis of the carboxyl-terminated dimer C5. 

C16 

Pd/C 

EA 

Yield 

Rf 

Đ (system II) 

7.00 g, 1.81 mmol, 1.00 equiv. 

700 mg, 10 wt% 

45.0 mL 

6.39 g, 1.69 mmol, 93.4%, white solid 

0.47 (cyhex/EA = 1:2). 

1.00 

 

1H NMR (CDCl3, 400 MHz): δ / ppm = 4.05 (t, J = 6.7 Hz, 62H, CH2
1), 3.59 (t, 

J = 6.5 Hz, 2H, CH2
2), 2.35 (t, J = 7.3 Hz, 2H, CH2

3), 2.29 (t, J = 7.5 Hz, 64H, CH2
4), 

1.71 – 1.57 (m, 126H, CH2
5), 1.55 – 1.47 (m, 2H, CH2

6), 1.42 – 1.32 (m, 64H, CH2
7), 

0.87 (s, 9H, CH3
8), 0.03 (s, 6H, CH3

9). 
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13C NMR (CDCl3, 101 MHz): δ / ppm = 173.92 (Cq
1), 173.82 (Cq

2), 173.65 (Cq
2), 64.31 

(CH2
3), 64.26 (CH2

3), 64.17 (CH2
3), 63.09 (CH2

4), 34.45 (CH2
5), 34.29 (CH2

5), 34.23 

(CH2
5), 33.58 (CH2

6), 32.58 (CH2
7), 28.46 (CH2

8), 28.42 (CH2
8), 26.08 (CH3

9), 25.64 

(CH2
10), 25.61 (CH2

10), 25.56 (CH2
10), 24.92 (CH2

11), 24.69 (CH2
11), 24.49 (CH2

11), 

18.45 (Cq
12), -5.17 (CH3

13). 

 

Note: The molecule was not detectable by ESI-MS analysis. 

IR (ATR platinum diamond) v / cm–1 = 2943.7, 2864.3, 1720.6, 1470.5, 1418.8, 1396.9, 

1364.5, 1292.6, 1238.0, 1163.6, 1106.3, 1065.0, 1043.3, 959.8, 933.9, 837.9, 776.1, 

731.1, 585.2, 524.1, 453.1.  

 

Supplementary Figure 114: 1H NMR spectrum of C17, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 115: 13C NMR spectrum of C17, recorded at 101 MHz in CDCl3. 
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Hydroxyl–terminated 32-mer – C18 

 

The hydroxyl-terminated tetramer C18 was prepared according to the procedure 

described above for the synthesis of the hydroxyl-terminated dimer C6.  

C16 

TBAF 

glacial acetic acid 

total THF 

eluent 

yield 

Rf 

Đ (system II) 

7.00 g, 1.81 mmol, 1.00 equiv. 

1.14 g, 3.61 mmol, 2.00 equiv. 

207 µL, 217 mg, 3.61 mmol, 2.00 equiv. 

7.20 mL 

cyhex/EA = 1:1 → 1:2 

6.55 g, 1.74 mmol, 96.5%, white solid 

0.63 (cyhex/EA = 1:2). 

1.00 

 

1H NMR (CDCl3, 400 MHz): δ / ppm = 7.39 – 7.29 (m, 5H, CHAr
1), 5.10 (s, 2H, CH2

2), 

4.05 (t, J = 6.7 Hz, 62H, CH2
3), 3.64 (t, J = 6.5 Hz, 2H, CH2

4), 2.36 (t, J = 7.5 Hz, 2H, 

CH2
5), 2.30 (t, J = 7.5 Hz, 62H, CH2

6), 1.72 – 1.55 (m, 128H, CH2
7 and CH2

8), 

1.43 – 1.31 (m, 64H, CH2
9). 
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13C NMR (CDCl3, 101 MHz): δ / ppm = 173.85 (Cq
1), 173.66 (Cq

1), 173.42 (Cq
1), 128.69 

(CHAr,meta
3), 128.34 (CHAr,para

4), 128.31 (CHAr,ortho
5), 66.28 (CH2

6), 64.27 (CH2
7), 62.75 

(CH2
8), 34.36 (CH2

9), 34.25 (CH2
9), 32.47 (CH2

10), 28.48 (CH2
11), 25.66 (CH2

12), 25.43 

(CH2
12), 24.81 (CH2

13), 24.71 (CH2
13). 

 

Note: Cq,Ar
2 at around 136 ppm was not visible in the 13C spectrum. 

Note: The molecule was not detectable by ESI-MS analysis. 

IR (ATR platinum diamond) v / cm–1 = 2943.8, 2865.2, 1720.7, 1470.7, 1418.2, 1396.9, 

1364.6, 1292.6, 1237.9, 1164.1, 1106.9, 1043.6, 959.7, 840.3, 731.5, 584.0, 452.6.  

 

Supplementary Figure 116: 1H NMR spectrum of C18, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 117: 13C NMR spectrum of C18, recorded at 101 MHz in CDCl3. 
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Doubly protected 64-mer – C19 

 

The doubly protected 64-mer C19 was prepared using the procedure described above 

for the synthesis of the doubly protected dimer C4. 0.20 equiv. DPTS was used instead 

of 1.10 equiv. DMAP. 

C17 

C18 

DCC 

DPTS 

DCM 

eluent 

yield 

Rf 

Đ (system II) 

4.36 g, 1.16 mmol, 1.00 equiv. 

4.39 g, 1.16 mmol, 1.00 equiv. 

263 mg, 1.28 mmol, 1.10 equiv. 

68.3 mg, 232 µmol, 0.20 equiv. 

30 mL 

cyhex/EA = 1:1 

7.34 g, 975 µmol, 84.1%, white solid 

0.14 (cyhex/EA = 1:1). 

1.00 

 

1H NMR (400 MHz, CDCl3) δ / ppm = 7.39 – 7.30 (m, 5H, CHAr
1), 5.11 (s, 2H, CH2

2), 

4.06 (t, J = 6.7 Hz, 126H, CH2
3), 3.60 (t, J = 6.5 Hz, 2H, CH2

4), 2.37 (t, J = 7.5 Hz, 2H, 

CH2
5), 2.30 (t, J = 7.5 Hz, 126H, CH2

6), 1.64 (m, 254H, CH2
7), 1.54 – 1.49 (m, 2H, 

CH2
8), 1.43 – 1.33 (m, 128H, CH2

9), 0.88 (s, 9H, CH3
10), 0.04 (s, 6H, CH3

11). 
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13C NMR (CDCl3, 101 MHz): δ / ppm = 173.68 (Cq
1), 128.71 (CHAr

3), 128.33 (CHAr
3), 

66.31 (CH2
4), 64.29 (CH2

5), 63.12 (CH2
6), 34.49 (CH2

7), 34.27 (CH2
7), 32.61 (CH2

8), 

28.50 (CH2
9), 26.11 (CH2

10), 25.68 (CH2
11), 24.73 (CH2

12), -5.12 (CH3
14). 

Note: C2 and C13 are not visible in the 13C NMR spectrum. 

 

Note: The molecule was not detectable by ESI-MS analysis. 

 

Supplementary Figure 118: 1H NMR spectrum of C19, recorded at 400 MHz in CDCl3. 
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Supplementary Figure 119: 13C NMR spectrum of C19, recorded at 101 MHz in CDCl3. 

 

Supplementary Table 19: SEC results of the purification of C19. 

cc 1 m / g Mn / Da Mw / Da Mz / Da Đ purity / % 

F1 3.28 16050 16150 16350 1.01 90.0 

F2 2.44 16050 16100 16150 1.00 >99 

F3 609 × 10-3 15950 16050 16100 1.00 >99 

F4 213 × 10-3 16000 16100 16200 1.01 >99 

F5 1.86 16150 16250 16350 1.01 61.7 

F6 137 × 10-3 15900 16000 16100 1.01 23.1 
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Supplementary Figure 120: SEC traces of the individual fractions obtained from the purification via column 

chromatography of C19. 
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Carboxyl–terminated 64-mer – C20 

 

The carboxyl-terminated 64-mer C20 was prepared according to the procedure 

described above for the synthesis of the carboxyl-terminated dimer C5.  

C19 

Pd/C 

EA 

yield 

Đ (system II) 

3.00 g, 403 µmol, 1.00 equiv. 

300 mg, 10 wt% 

35 mL 

2.85 g, 383 µmol, 95.0% 

1.00 

 

1H NMR (CDCl3, 500 MHz): δ / ppm = 4.06 (t, J = 6.7 Hz, 126H, CH2
1), 3.60 (t, 

J = 6.5 Hz, 2H, CH2
2), 2.30 (t, J = 7.5 Hz, 128H, CH2

3 and CH2
4), 1.63 (m, 254H, CH2

5), 

1.55 – 1.46 (m, 2H, CH2
6), 1.42 (m, 128H, CH2

7), 0.88 (s, 9H, CH3
8), 0.04 (s, 6H, CH3

9). 
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13C NMR (CDCl3, 126 MHz): δ / ppm = 173.63 (Cq
2), 64.38 (CH2

3), 64.28 (CH2
3), 64.23 

(CH2
3), 64.14 (CH2

3), 63.06 (CH2
4), 34.42 (CH2

5), 34.32 (CH2
5), 34.26 (CH2

5), 34.20 

(CH2
5), 34.07 (CH2

5), 33.96 (CH2
5), 32.55 (CH2

7), 28.57 (CH2
8), 28.43 (CH2

8), 28.29 

(CH2
8), 28.27 (CH2

8), 26.05 (CH3
9), 25.74 (CH2

10), 25.61 (CH2
10), 25.57 (CH2

10), 25.53 

(CH2
10), 25.49 (CH2

10), 25.39 (CH2
10), 25.00 (CH2

11), 24.89 (CH2
11), 24.77 (CH2

11), 

24.66 (CH2
11), 24.51 (CH2

11), 18.43 (Cq
12), -5.20 (CH3

13). 

Note: Cq
1 and CH2

6 are not visible in the 13C spectrum 

 

Note: The molecule was not detectable by ESI-MS analysis. 

IR (ATR platinum diamond) v / cm–1 = 2943, 2896, 2865, 1722, 1471, 1419, 1397, 

1366, 1294, 1238, 1170, 1107, 1065, 1045, 991, 961, 934, 839, 775, 732, 710, 584, 

453. 

 

Supplementary Figure 121: 1H NMR spectrum of C19, recorded at 500 MHz in CDCl3. 
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Supplementary Figure 122: 13C NMR spectrum of C19, recorded at 126 MHz in CDCl3. 

 

Supplementary Figure 123: SEC overview of the synthesized PCLs. The SEC traces range from the monomer, 

6-hydroxyhexanoic acid C1 at a retention time of 21.0 min in light green to the doubly protected PCL64 C19 at 

13.8 min in dark green. 
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6.3.5. Experimental procedures of chapter 4.3 

mPEG16-b-PCL16-TBDMS (uBCP-1) 

 

The block copolymer uBCP-1 was prepared according to the procedure described 

above for the synthesis of the doubly protected dimer C4.  

C14 

P23 

DCC 

DPTS 

DCM 

Eluent 
 
 

yield 

Rf 

Đ (system III) 

319 mg, 163 µmol, 1.00 equiv. 

120 mg, 163 µmol, 1.00 equiv. 

202 mg, 977 µmol, 6.00 equiv. 

48.0 mg, 163 µmol, 1.00 equiv. 

4.00 mL 

1st column chromatography (cc): EA → 
EA:MeOH = 99:1 → 9:1 → acetone;  
2nd cc: EA → acetone 

161 mg, 60.1 µmol, 36.9%, white solid 

0.21 (EA:MeOH = 9:1) 

1.01 
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1H NMR (500 MHz, CDCl3): δ / ppm = 4.24 – 4.20 (m, 2H, CH2
1), 4.05 (t, J = 6.7 Hz, 

30H, CH2
2), 3.70 – 3.68 (m, 2H, CH2

3), 3.66 – 3.63 (m, 58H, CH2
4), 3.61 – 3.58 (m, 2H, 

CH2
5), 3.56 – 3.53 (m, 2H, CH2

6), 3.37 (s, 3H, CH3
7), 2.34 (t, J = 7.6 Hz, 2H, CH2

8), 

2.30 (t, J = 7.5 Hz, 30H, CH2
9), 1.69 – 1.60 (m, 62H, CH2

10), 1.54 – 1.49 (m, 2H, CH2
11), 

1.42 – 1.33 (m, 32H, CH2
12), 0.88 (s, 9H, CH3

13), 0.03 (s, 6H, CH3
14). 

 

13C NMR (126 MHz, CDCl3): δ / ppm = 173.94 (Cq
1), 173.67 (Cq

1), 173.59 (Cq
1), 72.07 

(CH2
2), 70.74 (CH2

3), 70.70 (CH2
3), 69.31 (CH2

4), 64.27 (CH2
5), 64.19 (CH2

5), 63.58 

(CH2
6), 63.10 (CH2

7), 59.18 (CH3
8), 34.47 (CH2

9), 34.25 (CH2
9), 34.11 (CH2

9), 32.60 

(CH2
10), 28.48 (CH2

11), 26.10 (CH3
12), 25.66 (CH2

13), 25.58 (CH2
13), 24.94 (CH2

14), 

24.71 (CH2
14), 24.63 (CH2

14), 18.48 (Cq
15), -5.15 (CH3

16). 

 

HRMS (ESI) of C135H242O49Si [M+NH4]+ m/z calc. 2693.6552, found 2693.6589; 

[M+Na]+ m/z calc. 2698.6106, found 2698.6143; [M+K]+ m/z calc. 2714.5846, found 

2714.5945. [M+2Na]2+ m/z calc. 1360.7999, found 1360.7990; [M+Na+K]2+ m/z calc. 

1368.7869, found 1368.7859. 

IR (ATR platinum diamond) v / cm–1 = 2943, 2894, 2865, 1722, 1471, 1419, 1397, 

1366, 1294, 1242, 1189, 1105, 1065, 1045, 961, 934, 837, 815, 775, 732, 710, 453. 

Rf = 0.21 (EA:methanol = 9:1). 
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Supplementary Figure 124: 1H NMR spectrum of uBCP-1 recorded at 500 MHz in CDCl3. 

 

Supplementary Figure 125: 13C NMR spectrum of uBCP-1 recorded at 126 MHz in CDCl3. 
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Supplementary Figure 126: DOSY NMR spectrum of uBCP-1 recorded at 500 MHz in CDCl3. 
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Supplementary Figure 127: ESI-MS spectrum of uBCP-1. 
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Supplementary Figure 128: Comparison of the calculated and experimental isotopic pattern (ESI-MS) of the sodium 

adduct of uBCP-1. 
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Supplementary Figure 129: COSY NMR spectrum of uBCP-1. 

 

Supplementary Figure 130: HMBC NMR spectrum of uBCP-1. 
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Supplementary Figure 131: Reaction monitoring for the synthesis of uBCP-1 via SEC and comparison to the starting 

materials C14 and P23. 
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Supplementary Figure 132 SEC results of the first purification step of uBCP-1 via column chromatography 

compared to the starting materials C14 and P23. 
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Supplementary Figure 133: SEC results of the second purification step of uBCP-1 via column chromatography 

compared to the starting materials C14 and P23. 
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mPEG16-b-PCL32TBDMS (uBCP-2) 

 

The block copolymer uBCP-2 was prepared according to the procedure described 

above for the synthesis of the doubly protected dimer C4.  

C17 

P23 

DCC 

DPTS 

DCM 

eluent 

 

 

yield 

Rf 

Đ (system III) 

257 mg, 67.9 µmol, 1.00 equiv. 

50.0 mg, 67.9 µmol, 1.00 equiv. 

84.0 mg, 407 µmol, 6.00 equiv. 

20.0 mg, 67.9 µmol, 1.00 equiv. 

6.00 mL 

1st cc: cyhex:EA = 1:2 → EA → EA:MeOH = 19:1 
→ 9:1 → acetone; 2nd cc: EA → EA:MeOH = 99:1 
→ 9:1 → acetone; 3rd cc: EA → EA:MeOH = 99:1 
→ 9:1 → acetone; 4th cc: EA → acetone 

132 mg, 29.3 µmol, 43.2%, white solid 

0.18 (EA:MeOH = 9:1) 

1.01 

 

1H NMR (500 MHz, CDCl3): δ / ppm = 4.24 – 4.20 (m, 2H, CH2
1), 4.05 (t, J = 6.7 Hz, 

62H, CH2
2), 3.71 – 3.67 (m, 2H, CH2

3), 3.66 – 3.63 (m, 58H, CH2
4), 3.61 – 3.58 (m, 2H, 

CH2
5), 3.56 – 3.53 (m, 2H, CH2

6), 3.37 (s, 3H, CH3
7), 2.35 (t, J = 7.5 Hz, 2H, CH2

8), 

2.30 (t, J = 7.5 Hz, 62H, CH2
9), 1.71 – 1.60 (m, 126H, CH2

10), 1.55 – 1.49 (m, 2H, 

CH2
11), 1.43 – 1.32 (m, 64H, CH2

12), 0.88 (s, 9H, CH3
13), 0.03 (s, 6H, CH3

14). 
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13C NMR (126 MHz, CDCl3): δ / ppm = 173.94 (Cq
1), 173.67 (Cq

1), 173.60 (Cq
1), 72.07 

(CH2
2), 70.70 (CH2

3), 69.31 (CH2
4), 64.28 (CH2

5), 64.19 (CH2
5), 63.58 (CH2

6), 63.11 

(CH2
7), 59.18 (CH3

8), 34.47 (CH2
9), 34.25 (CH2

9), 34.11 (CH2
9), 32.60 (CH2

10), 28.48 

(CH2
11), 26.10 (CH3

12), 25.66 (CH2
13), 24.95 (CH2

14), 24.71 (CH2
14), 18.48 (Cq

15), -5.15 

(CH3
16). 

 

HRMS (ESI) of C231H402O81Si [M+Na]1+ m/z calc. 4523.6999, found 4523.6934; 

[M+2Na]2+ m/z calc. 2273.3446, found 2273.3415; [M+Na+K]2+ m/z calc. 2281.3315, 

found 2281.3361; [M+2K]2+ m/z calc. 2289.3185, found 2289.3427; [M+3Na]3+ m/z 

calc. 1523.2261, found 1523.2236; [M+2Na+K]3+ m/z calc. 1528.5508, found 

1528.5493; [M+Na+2K]3+ m/z calc. 1533.8754, found 1533.8869; [M+4Na]4+ m/z calc. 

1148.1669, found 1148.1660. 

The mass of mPEG16-b-PCL31-TBDMS was found as well. HRMS (ESI) of 

C225H392O79Si [M+2Na]2+ m/z calc. 2216.3105, found 2216.2996; [M+Na+K]2+ m/z calc. 

2224.2975, found 2224.2905; [M+2K]2+ m/z calc. 2232.2845, found 2232.3013; 

[M+3Na]3+ m/z calc. 1485.2034, found 1485.2162; [M+2Na+K]3+ m/z calc. 1490.5281, 

found 1490.5225; [M+Na+2K]3+ m/z calc. 1495.8527, found 1495.8470. 

IR (ATR platinum diamond) v / cm–1 = 2943, 2894, 2865, 1722, 1471, 1438, 1419, 

1397, 1366, 1323, 1294, 1238, 1174, 1105, 1065, 1043, 961, 934, 839, 775, 732, 710, 

584, 537, 522, 502, 492, 483, 453, 424, 411. 



EXPERIMENTAL SECTION 

 

385 

 

Supplementary Figure 134: 1H NMR spectrum of uBCP-2 recorded at 500 MHz in CDCl3. 

 

Supplementary Figure 135: 13C NMR spectrum of uBCP-2 recorded at 126 MHz in CDCl3. 



EXPERIMENTAL SECTION 

 

386 

12 13 14 15 16

0

1

I n
o

rm
.

retention time / min

 uBCP-2 F1

 uBCP-2 F2

 uBCP-2 F3

 uBCP-2 F4

 

Supplementary Figure 136: SEC results of the purification step of uBCP-2 via column chromatography. 

 

Supplementary Figure 137: DOSY NMR spectrum of uBCP-2 recorded at 500 MHz in CDCl3. 
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Supplementary Figure 138: ESI-MS spectrum of uBCP-2. 
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Supplementary Figure 139: Comparison of the calculated and experimental isotopic pattern (ESI-MS) of the sodium 

adduct of uBCP-2. 
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mPEG16-b-PCL64TBDMS (uBCP-3) 

 

C20 

P23 

DCC 

DPTS 

DCM 

eluent 

 
 

 
 

yield 

Rf 

Đ (system III) 

505 mg, 67.9 µmol, 1.00 equiv. 

50.0 mg, 67.9 µmol, 1.00 equiv. 

84.0 mg, 407 µmol, 6.00 equiv. 

20.0 mg, 67.9 µmol, 1.00 equiv. 

6.00 mL 

1st cc: cyhex:EA = 1:2 → EA → EA:MeOH = 99:1 
→ 4:1 → acetone 

2nd cc: EA → EA:MeOH = 99:1 → 9:1 → acetone; 
acetone;  

3rd cc: EA → acetone 

102 mg, 12.5 µmol, 18.4%, white solid 

0.68 (EA:MeOH = 4:1) 

1.01 

 

1H NMR (500 MHz, CDCl3): δ / ppm = 4.24 – 4.20 (m, 2H, CH2
1), 4.05 (t, J = 6.7 Hz, 

126H, CH2
2), 3.70 – 3.67 (m, 2H, CH2

3), 3.66 – 3.62 (m, 58H, CH2
4), 3.59 (t, J = 6.5 Hz, 

2H, CH2
5), 3.56 – 3.53 (m, 2H, CH3

6), 3.37 (s, 3H, CH2
7), 2.35 (t, J = 7.4 Hz, 2H, CH2

8), 

2.30 (t, J = 7.5 Hz, 126H, CH2
9), 1.69 – 1.60 (m, 254H, CH2

10), 1.55 – 1.48 (m, 2H, 

CH2
11), 1.42 – 1.34 (m, 128H, CH2

12), 0.88 (s, 9H, CH3
13), 0.03 (s, 6H, CH3

14). 
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13C NMR (126 MHz, CDCl3): δ / ppm = 173.68 (Cq
1), 72.07 (CH2

2), 70.70 (CH2
3), 69.31 

(CH2
4), 64.28 (CH2

5), 63.58 (CH2
6), 63.11 (CH2

7), 59.18 (CH3
8), 34.47 (CH2

9), 34.25 

(CH2
9), 32.61 (CH2

10), 28.49 (CH2
11), 26.10 (CH3

12), 25.67 (CH2
13), 24.71 (CH2

14), 

18.48 (Cq
15), -5.14 (CH3

16). 

 

HRMS (ESI) of C423H722O145Si [M+2Na]2+ m/z calc. 4100.9427, found 4100.9558 (most 

intense peak of isotopic pattern); [M+3Na]3+ m/z calc. 2739.9523, found 2739.9696; 

[M+2Na+K]3+ m/z calc. 2746.9478, found 2746.9524 (most intense peak of isotopic 

pattern); [M+Na+2K]3+ m/z calc. 2752.2725, found 2752.2813 (most intense peak of 

isotopic pattern); [M+4Na]4+ m/z calc. 2060.7225, found 2060.7280; [M+3Na+K]4+ m/z 

calc. 2064.7050, found 2064.7099; [M+2Na+2K]4+ m/z calc. 2068.6985, found 

2068.7167; [M+Na+3K]4+ m/z calc. 2072.6920, found 2072.6946; [M+5Na]5+ m/z calc. 

1653.1671, found 1653.1743; [M+4Na+K]5+ m/z calc. 1656.3619, found 1656.3705; 

[M+3Na+2K]5+ m/z calc. 1659.5566, found 1659.5607; [M+6Na]6+ m/z calc. 1381.4708, 

found 1381.4686; [M+5Na+K]6+ m/z calc. 1384.1331, found 1384.1423; [M+4Na+2K]6+ 

m/z calc. 1386.7954, found 1386.7979. 

The mass of mPEG16-b-PCL63-TBDMS was found as well. HRMS (ESI) of 

C417H712O143Si [M+3Na]3+ m/z calc. 2701.9296, found 2701.9394; [M+4Na]4+ m/z calc. 

2032.1945, found 2032.2086; [M+3Na+K]4+ m/z calc. 2036.1880, found 2036.2043; 

[M+5Na]5+ m/z calc. 1630.3534, found 1630.3623; [M+4Na+K]5+ m/z calc. 1633.5482, 

found 1633.5529. 

IR (ATR platinum diamond) v / cm–1 = 2943, 2894, 2865, 1722, 1471, 1419, 1397, 

1366, 1294, 1238, 1172, 1107, 1065, 1045, 961, 934, 868, 839, 775, 732, 710, 586, 

453. 
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Supplementary Figure 140: 1H NMR spectrum of uBCP-3 recorded at 500 MHz in CDCl3. 

 

Supplementary Figure 141: 13C NMR spectrum of uBCP-3 recorded at 126 MHz in CDCl3. 
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Supplementary Figure 142: a SEC traces of the individual fractions obtained after the first column chromatographic 

purification of the crude product uBCP-3; b Detailed section of the high molecular weight shoulder; c SEC traces 

of the individual fractions obtained after the second column chromatographic purification of uBCP-3 F3; d Detailed 

section of the high molecular weight shoulder and tailing towards higher retention times. 
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Supplementary Figure 143: DOSY NMR spectrum of uBCP-3 recorded at 500 MHz in CDCl3. 
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Supplementary Figure 144: ESI-MS spectrum of uBCP-3. 
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Supplementary Figure 145: Comparison of the calculated and experimental isotopic pattern (ESI-MS) of the sodium 

adduct of uBCP-3. 

6.3.6. Experimental procedures of chapter 4.4 

General procedure for the ring opening polymerization of -caprolactone with 

mPEG (Mn = 750 Da) 

The reaction procedure was adopted from Lohmeijer et. al.[408] A stock solution of 

mPEG750 (Mn = 750 Da) and TBD in extra dry toluene was prepared in a flame dried 

young flask. Hereby, the concentration of the mPEG (Mn = 750 Da) varied according 

to the striven DP values. Subsequently, the catalyst and initiator solution were added 

to another flame dried young flask filled with extra dry toluene. -Caprolactone was 

added to the reaction fast with a syringe, while stirring vigorously under argon 

atmosphere. After the respective reaction time for the three different polymers, the 

reaction process was quenched by the fast addition of benzoic acid. Afterwards, the 

solvent was removed under reduced pressure and the residue was precipitated twice 

out of cold n-hexane. Further individual purification steps for the obtained block 

copolymers by column chromatography as well as the quantities of the starting 

materials are mentioned in the corresponding sections. 
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SEC reaction monitoring of the ROP of ε-caprolactone 
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Supplementary Figure 146: SEC reaction monitoring of the ROP of ε-caprolactone with mPEG (Mn = 750 Da). Ratio 

of the monomer ε-caprolactone (M) to macroinitiator mPEG (I, Mn = 750 Da); M/I = 40. 
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Supplementary Figure 147: SEC reaction monitoring of the ROP of ε-caprolactone with mPEG (Mn = 750 Da). Ratio 

of the monomer ε-caprolactone (M) to macroinitiator mPEG (I, Mn = 750 Da); M/I = 80. 
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Supplementary Figure 148: SEC reaction monitoring of the ROP of ε-caprolactone with mPEG (Mn = 750 Da). Ratio 

of the monomer ε-caprolactone (M) to macroinitiator mPEG (I, Mn = 750); M/I = 167. 
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Supplementary Figure 149: SEC reaction monitoring of ROP of ε-caprolactone with mPEG (Mn = 750 Da). Ratio of 

the monomer ε-caprolactone (M) to macroinitiator mPEG (I, Mn = 750 Da); M/I = 335. 
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Supplementary Figure 150: SEC reaction monitoring of the ROP of ε-caprolactone with mPEG (Mn = 750 Da). Ratio 

of the monomer ε-caprolactone (M) to macroinitiator mPEG (I, Mn = 750 Da); M/I = 1226. 
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Supplementary Table 20: SEC data of the monitoring of the ROP of ε-caprolactone using 

mPEG as initiator. 

 M/I = 40 M/I = 80 M/I = 167 M/I = 335 M/I = 1226 

t / min Mn  

/ Da 

Đ Mn  

/ Da 

Đ Mn  

/ Da 

Đ Mn  

/ Da 

Đ Mn  

/ Da 

Đ 

15 1800 1.05 2000 1.05 2150 1.05 2100 1.04 - - 

30 2300 1.05 2800 1.06 2850 1.06 2850 1.05 3100 1.04 

45 3850 1.06 3300 1.06 3600 1.06 3650 1.05 4100 1.05 

60 3350 1.07 4000 1.07 4600 1.07 4550 1.05 5200 1.04 

75 3850 1.07 4800 1.06 5050 1.05 5450 1.04 6350 1.04 

90 4400 1.08 5300 1.08 5950 1.07 6250 1.04 7050 1.04 

105 - - - - - - - - 8400 1.03 

120 5250 1.08 6700 1.07 7650 1.08 7900 1.04 9500 1.03 

135 - - - - - - - - 10400 1.03 

150 6100 1.08 7850 1.08 9000 1.06 9350 1.04 11400 1.03 

165 - - - - - - - - 12300 1.03 

180 6850 1.08 8950 1.07 10300 1.06 10750 1.04 12900 1.03 

195 - - - - - - - - 13750 1.03 

210 - - - - - - 11950 1.04 14400 1.03 

225 - - - - - - - - 15800 1.03 

240 7850 1.13 1100 1.10 12350 1.08 - - - - 
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Supplementary Figure 151: ROP of ε-caprolactone (M) with the macroinitiator mPEG (I, Mn = 750 Da) and TBD as 

organocatalyst. The molecular weight Mn in kDa of the resulting dBCP is plotted against the reaction time in minutes, 

depended on the different M/I ratios. The open symbols represent the corresponding dispersity Đ. 
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Disperse mPEG16-b-PCL16-OH – dBCP-1 

ε-Caprolactone 

mPEG (Mn = 750 Da) 

TBD 

toluene (total amount) 

reaction time  

yield 

20.0 mL, 21.6 g, 189 mmol (167 equiv.) 

848 mg, 1.13 mmol, (1.00 equiv.) 

127 mg, 912 µmol (0.81 equiv.) 

90 mL 

52 min 

5.15 g 

 

1H NMR (500 MHz, CDCl3): δ / ppm = 4.23 – 4.19 (m, CH2
1), 4.04 (t, J = 6.6 Hz, CH2

2), 

3.69 – 3.67 (m, CH2
3), 3.66 – 3.61 (m, CH2

4 and CH2
5), 3.55 – 3.52 (m, CH2

6), 3.36 (s, 

CH3
7), 2.29 (t, J = 7.6 Hz, CH2

8 and CH2
9), 1.69 – 1.31 (m, CH2

10, CH2
11 and CH2

12). 

 

13C NMR (126 MHz, CDCl3): δ / ppm = 173.76 (Cq
1), 173.62 (Cq

1), 173.59 (Cq
1), 173.57 

(Cq
1), 173.48 (Cq

1), 71.94 (CH2
2), 70.61 (CH2

3), 70.57 (CH2
3), 70.51 (CH2

3), 69.18 

(CH2
4), 64.16 (CH2

5), 64.12 (CH2
5), 63.45 (CH2

6), 62.62 (CH2
7), 59.05 (CH3

8), 34.24 

(CH2
9), 34.19 (CH2

9), 34.15 (CH2
9), 34.12 (CH2

9), 33.98 (CH2
9), 32.33 (CH2

10), 28.35 

(CH2
11), 25.57 (CH2

12), 25.54 (CH2
12), 25.50 (CH2

12), 24.69 (CH2
13), 24.58 (CH2

13), 

24.50 (CH2
13). 

 

IR (ATR platinum diamond) v / cm–1 = 3493, 2943, 2894, 2865, 1722, 1652, 1471, 

1440, 1419, 1397, 1366, 1323, 1294, 1240, 1187, 1177, 1105, 1065, 1043, 961, 934, 

860, 841, 815, 796, 788, 730, 716, 675, 654, 617, 584, 574, 562, 520, 514, 490, 479, 

469, 453, 422, 411, 401. 
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Supplementary Figure 152: 1H NMR spectrum of dBCP-1 recorded at 500 MHz in CDCl3. Impurities are marked in 

grey. 
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Supplementary Figure 153 13C NMR spectrum of dBCP-1 recorded at 126 MHz in CDCl3. Impurities are marked in 

grey. 
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Supplementary Figure 154. SEC traces of the ring-opening polymerization of ε-caprolactone (M/I = 167) after the 

respective reaction time in comparison to uBCP-1. 
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Disperse mPEG16-b-PCL32-OH – dBCP-2 

ε-Caprolactone 

mPEG (Mn = 750 Da) 

TBD 

toluene (total amount) 

reaction time  

yield 

eluent 

Rf 

20.0 mL, 21.6 g, 189 mmol (335 equiv.) 

424 mg, 565 µmol, (1.00 equiv.) 

127 mg, 912 µmol (1.61 equiv.) 

90 mL 

109 min 

6.35 g 

EA → EA:MeOH = 9:1 → acetone 

0.41 (EA:MeOH = 9:1) 

 

1H NMR (500 MHz, CDCl3): δ / ppm = 4.23 – 4.17 (m, CH2
1), 4.03 (t, J = 6.7 Hz, CH2

2), 

3.66 (dd, J = 5.7, 4.1 Hz, CH2
3), 3.65 (s, CH2

4 and CH2
5), 3.52 (dd, J = 5.8, 3.6 Hz, 

CH2
6), 3.35 (s, CH3

7), 2.28 (t, J = 7.5 Hz, CH2
8 and CH2

9), 1.69 – 1.30 (m, CH2
10, CH2

11 

and CH2
12). 

 

13C NMR (126 MHz, CDCl3): δ / ppm = 173.83 (Cq
1), 173.69 (Cq

1), 173.66 (Cq
1), 173.63 

(Cq
1), 173.55 (Cq

1), 72.00 (CH2
2), 70.68 (CH2

3), 70.67 (CH2
3), 70.63 (CH2

3), 70.57 

(CH2
3), 69.24 (CH2

4), 64.22 (CH2
5), 64.18 (CH2

5), 63.52 (CH2
6), 62.65 (CH2

7), 59.11 

(CH3
8), 34.30 (CH2

9), 34.23 (CH2
9), 34.19 (CH2

9), 34.05 (CH2
9), 32.39 (CH2

10), 28.42 

(CH2
11), 25.63 (CH2

12), 25.60 (CH2
12), 25.57 (CH2

12), 24.76 (CH2
13), 24.65 (CH2

13), 

24.57 (CH2
13). 

 

IR (ATR platinum diamond) v / cm–1 = 3507, 2943, 2894, 2865, 1722, 1471, 1438, 

1419, 1397, 1366, 1294, 1238, 1174, 1105, 1065, 1043, 961, 934, 841, 810, 775, 732, 

714, 648, 584, 555, 525, 512, 502, 485, 453, 436, 428, 413. 



EXPERIMENTAL SECTION 

 

403 

 

Supplementary Figure 155: 1H NMR spectrum of dBCP-2 recorded at 500 MHz in CDCl3. Impurities are marked in 

grey. 
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Supplementary Figure 156 13C NMR spectrum of dBCP-2 recorded at 126 MHz in CDCl3. Impurities are marked in 

grey. 
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Supplementary Figure 157: SEC traces of the ROP of ε-caprolactone (M/I = 335) after the respective reaction time 

in comparison to uBCP-2. 
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Supplementary Figure 158: SEC traces of the individual fractions of the column chromatographic purification of 

dBCP-2 (109 min.) in comparison to the crude product (blue trace) and uBCP-2 (yellow trace). The fractions in 

green were combined and employed in the subsequent protection step. The fractions in red were discarded. 
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Disperse mPEG16-b-PCL64-OH – dBCP-3 

ε-Caprolactone 

mPEG (Mn = 750 Da) 

TBD 

toluene (total amount) 

reaction time  

yield 

eluent 

Rf 

Đ (system III) 

10.0 mL, 10.3 g, 90.2 mmol (1226 equiv.) 

55.2 mg, 73.6 µmol (1.00 equiv.) 

67.0 mg, 481 µmol (6.54 equiv.) 

45 mL 

225 min 

350 mg 

EE → EE:MeOH = 9:1 → acetone 

0.61 (EE:MeOH = 9:1) 

1.05 (1.18 before purification) 

 

1H NMR (500 MHz, CDCl3): δ / ppm = 4.24 – 4.18 (m, CH2
1), 4.05 (t, J = 6.7 Hz, CH2

3), 

3.70 – 3.61 (m, CH2
3, CH2

4 and CH2
5), 3.54 (dd, J = 5.8, 3.6 Hz, CH2

6), 3.37 (s, CH3
7), 

2.39 – 2.27 (m, CH2
8 and CH2

9), 1.72 – 1.33 (m, CH2
10, CH2

11 and CH2
12). 

 

13C NMR (126 MHz, CDCl3): δ / ppm = 173.91 (Cq
1), 173.70 (Cq

1), 173.61 (Cq
1), 72.05 

(CH2
2), 70.72 (CH2

3), 70.68 (CH2
3), 70.63 (CH2

3), 69.29 (CH2
4), 64.28 (CH2

5), 64.13 

(CH2
5), 63.58 (CH2

6), 62.81 (CH2
7), 59.16 (CH3

8), 34.40 (CH2
9), 34.35 (CH2

9), 34.29 

(CH2
9), 34.24 (CH2

9), 34.10 (CH2
9), 32.43 (CH2

10), 32.39 (CH2
10), 32.34 (CH2

10), 28.47 

(CH2
11), 25.65 (CH2

12), 25.60 (CH2
12), 25.54 (CH2

12), 24.80 (CH2
13), 24.70 (CH2

13), 

24.62 (CH2
13). 

 

IR (ATR platinum diamond) v / cm–1 = 3449, 2941, 2896, 2865, 1722, 1471, 1419, 

1397, 1366, 1294, 1240, 1185, 1177, 1107, 1065, 1045, 961, 934, 887, 866, 841, 732, 

714, 582, 453. 
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Supplementary Figure 159: 1H NMR spectrum of dBCP-3 recorded at 500 MHz in CDCl3. Impurities are marked in 

grey. 
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Supplementary Figure 160: 1H NMR spectrum of dBCP-3 recorded at 126 MHz in CDCl3. Impurities are marked in 

grey. 
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Supplementary Figure 161: SEC traces of the ROP of ε-caprolactone (M/I = 1226) after the respective reaction time 

in comparison to uBCP-3. 
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Supplementary Figure 162: SEC traces of the individual fractions of the column chromatographic purification of 

dBCP-3 (225 min.) in comparison to the crude product (blue trace) and uBCP-3 (yellow trace). The fractions in 

green were combined and employed in the subsequent protection step. The fractions in red were discarded. 

General procedure for the protection of the BCP alcohol with TBDMS-Cl 

1H-Imidazole (30.0 equiv.) was added to a solution of the BCP alcohol (1.00 equiv.) in 

dry DMF. The reaction was stirred for 10 min at room temperature and TBDMS-Cl 

(30.0 equiv.) was added. The mixture was stirred at 50 °C under argon atmosphere 

overnight. The product was precipitated in cold n-hexane. The precipitate was 

dissolved in DCM, washed with water (2 ×) and brine (2 ×), filtered and the solvent was 

removed under reduced pressure. The crude product was purified via column 

chromatography (1st column chromatography: EA → EA:MeOH = 99:1 → 9:1 → 

acetone; 2nd column chromatography: EA → acetone). The quantities of the starting 

materials are mentioned in the corresponding sections. 
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Disperse mPEG16-b-PCL16-TBDMS – dBCP-4 

1H-imidazole 

dBCP-1 

TBDMS-Cl 

dry DMF 

yield 

Rf(product) 

Đ (system III) 

573 mg, 8.41 mmol, 30.0 equiv. 

750 mg, 280 µmol, 1.00 equiv. 

1.27 g, 8.41 mmol, 30.0 equiv. 

7.50 mL 

122 mg 

0.18 (EA:MeOH = 9:1) 

1.06  

 

1H NMR (400 MHz, CDCl3): δ / ppm = 4.25 – 4.18 (m, 2H, CH2
1), 4.05 (t, J = 6.7 Hz, 

32H, CH2
2), 3.70 – 3.67 (m, 2H, CH2

3), 3.65 – 3.62 (m, 54H, CH2
4), 3.59 (t, J = 6.5 Hz, 

2H, CH2
5), 3.56 – 3.52 (m, 2H, CH2

6), 3.37 (s, 3H, CH3
7), 2.35 (t, J = 7.5 Hz, 2H, CH2

8), 

2.30 (t, J = 7.5 Hz, 32H, CH2
9), 1.69 – 1.59 (m, 66H, CH2

10), 1.54 – 1.49 (m, 2H, CH2
11), 

1.42 – 1.33 (m, 34H, CH2
12), 0.88 (s, 9H, CH3

13), 0.03 (s, 6H, CH3
14). 

 

13C NMR (101 MHz, CDCl3): δ / ppm = 173.93 (Cq
1), 173.66 (Cq

1), 173.59 (Cq
1), 72.07 

(CH2
2), 70.70 (CH2

3), 69.31 (CH2
4), 64.27 (CH2

5), 64.18 (CH2
5), 63.58 (CH2

6), 63.10 

(CH2
7), 59.17 (CH3

8), 34.47 (CH2
9), 34.25 (CH2

9), 34.11 (CH2
9), 32.60 (CH2

10), 28.49 

(CH2
11), 26.10 (CH3

12), 25.67 (CH2
13), 25.58 (CH2

13), 24.94 (CH2
14), 24.71 (CH2

14), 

24.63 (CH2
14), 18.48 (Cq

15), -5.15 (CH3
16). 

 

IR (ATR platinum diamond) v / cm–1 = 2943, 2894, 2865, 1722, 1471, 1438, 1419, 

1397, 1366, 1323, 1294, 1240, 1187, 1105, 1065, 1045, 961, 934, 837, 775, 732, 710, 

582, 578, 557, 533, 522, 502, 485, 467, 453, 418, 409. 
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Supplementary Figure 163: 1H NMR spectrum of dBCP-4 recorded at 500 MHz in CDCl3. 

 

Supplementary Figure 164: 13C NMR spectrum of dBCP-4 recorded at 126 MHz in CDCl3. 
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Supplementary Figure 165: DOSY NMR spectrum of dBCP-4 recorded at 500 MHz in CDCl3. 
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Supplementary Figure 166 ESI-MS spectrum of dBCP-4. 
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Disperse mPEG16-b-PCL32-TBDMS – dBCP-5 

1H-imidazole 

dBCP-2 

TBDMS-Cl 

dry DMF 

yield 

Rf(product) 

Đ (system III) 

227 mg, 3.33 mmol, 30.0 equiv. 

500 mg, 111 µmol, 1.00 equiv. 

502 mg, 3.33 mmol, 30.0 equiv. 

5.00 mL 

160 mg 

0.19 (EA:MeOH = 9:1) 

1.06 

 

1H NMR (500 MHz, CDCl3): δ / ppm = 4.23 – 4.20 (m, 2H, CH2
1), 4.05 (t, J = 6.7 Hz, 

66H, CH2
2), 3.70 – 3.67 (m, 2H, CH2

3), 3.65 – 3.62 (m, 64H, CH2
4), 3.59 (t, J = 6.5 Hz, 

2H, CH2
5), 3.55 – 3.53 (m, 2H, CH2

6), 3.37 (s, 3H, CH3
7), 2.34 (t, J = 7.8 Hz, 2H, CH2

8), 

2.30 (t, J = 7.5 Hz, 66H, CH2
9), 1.69 – 1.59 (m, 134H, CH2

10), 1.53 – 1.49 (m, 2H, 

CH2
11), 1.42 – 1.34 (m, 68H, CH2

12), 0.88 (s, 9H, CH3
13), 0.03 (s, 6H, CH3

14). 

 

13C NMR (126 MHz, CDCl3): δ / ppm = 173.67 (Cq
1), 72.09 (CH2

2), 70.72 (CH2
3), 69.32 

(CH2
4), 64.28 (CH2

5), 64.19 (CH2
5), 63.59 (CH2

6), 63.11 (CH2
7), 59.19 (CH3

8), 34.26 

(CH2
9), 32.61 (CH2

10), 34.12 (CH2
9), 28.50 (CH2

11), 26.10 (CH3
12), 25.67 (CH2

13), 25.59 

(CH2
13), 24.95 (CH2

14), 24.72 (CH2
14), -5.14 (CH3

16). 

Note: Cq
15 is not visible in the 13C NMR spectrum. 

 

IR (ATR platinum diamond) v / cm–1 = 2943, 2894, 2865, 1722, 1471, 1438, 1419, 

1397, 1366, 1323, 1294, 1238, 1177, 1105, 1065, 1043, 961, 934, 839, 817, 775, 732, 

710, 584, 541, 522, 453, 436, 424, 401. 
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Supplementary Figure 167: 1H NMR spectrum of dBCP-5 recorded at 500 MHz in CDCl3. 

 

Supplementary Figure 168: 13C NMR spectrum of dBCP-5 recorded at 126 MHz in CDCl3. 
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Supplementary Figure 169: DOSY NMR spectrum of dBCP-5 recorded at 500 MHz in CDCl3. 
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Supplementary Figure 170: ESI-MS spectrum of dBCP-5. 
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Disperse mPEG16-b-PCL64-TBDMS – dBCP-6 

1H-imidazole 

dBCP-3 

TBDMS-Cl 

dry DMF 

yield 

Rf(product) 

Đ (system III) 

70.9 mg, 1.04 mmol, 30.0 equiv. 

283 mg, 34.7 µmol, 1.00 equiv. 

157 mg, 1.04 mmol, 30.0 equiv. 

5.00 mL 

91.5 mg 

0.26 (EA:MeOH = 9:1) 

1.06 

 

1H NMR (500, MHz, CDCl3): δ / ppm = 4.24 – 4.21 (m, 1H, CH2
1), 4.05 (t, J = 6.7 Hz, 

CH2
2), 3.70 – 3.67 (m, CH2

3), 3.67 – 3.62 (m, CH2
4), 3.61 – 3.58 (m, CH2

5), 3.56 – 3.53 

(m, CH2
6), 3.37 (s, CH3

7), 2.36 – 2.32 (m, CH2
8), 2.30 (t, J = 7.5 Hz, CH2

9), 1.69 – 1.59 

(m, CH2
10), 1.54 – 1.48 (m, CH2

11), 1.44 – 1.33 (m, CH2
12), 0.88 (s, CH3

13), 0.03 (s, 

CH3
14). 

 

13C NMR (126, MHz, CDCl3): δ / ppm = 173.67 (Cq
1), 72.08 (CH2

2), 70.70 (CH2
3), 69.32 

(CH2
4), 64.28 (CH2

5), 63.59 (CH2
6), 63.11 (CH2

7), 59.18 (CH3
8), 34.26 (CH2

9), 28.49 

(CH2
11), 26.10 (CH3

12), 25.67 (CH2
13), 24.72 (CH2

14), -5.14 (CH3
13). 

Note: CH2
10 and Cq

15 are not visible in the 13C NMR spectrum. 

 

IR (ATR platinum diamond) v / cm–1 = 2943, 2896, 2865, 1722, 1471, 1438, 1419, 

1397, 1366, 1323, 1294, 1240, 1174, 1107, 1065, 1045, 961, 934, 839, 817, 775, 732, 

710, 584, 453. 



EXPERIMENTAL SECTION 

 

417 

 

Supplementary Figure 171 1H NMR spectrum of dBCP-6 recorded at 500 MHz in CDCl3. 

 

Supplementary Figure 172 13C NMR spectrum of dBCP-6 recorded at 126 MHz in CDCl3. 
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Supplementary Figure 173 DOSY NMR spectrum of dBCP-6 recorded at 500 MHz in CDCl3. 
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Supplementary Figure 174 ESI-MS spectrum of dBCP-6. 
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6.3.7. Experimental procedures of chapter 4.6.1 

Linear sequence-defined oligomer via P3CR and oxa-Michael Addition one-pot 

reaction 

Ethyl (E)-3-butoxyacrylate – S1 (test reaction) 

 

Ethyl propiolate (101 µL, 98.1 mg, 1.00 mmol, 1.00 equiv.) was dissolved in DCM 

(1.00 mL). Subsequently, 1-butanol (91.5 µL, 74.1 mg, 1.00 mmol, 1.00 equiv.) and 

DABCO (11.2 mg, 100 µmol, 0.10 equiv.) was added and the reaction mixture was 

stirred overnight at room temperature. The product S1 was obtained in quantitative 

yield after evaporation of the solvent after reduced pressure. 

1H NMR (400 MHz CDCl3): δ / ppm = 7.59 (d, J = 12.6 Hz, 1H, CH1), 5.18 (d, 

J = 12.6 Hz, 1H, CH2), 4.16 (q, J = 7.1 Hz, 2H, CH2
3), 3.84 (t, J = 6.5 Hz, 2H, CH2

4), 

1.74 – 1.60 (m, 2H, CH2
5), 1.47 – 1.34 (m, 2H, CH2

6), 1.27 (t, J = 7.1 Hz, 3H, CH3
7), 

0.94 (t, J = 7.4 Hz, 3H, CH3
8). 
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Supplementary Figure 175: 1H NMR spectrum of S1 recorded at 400 MHz in CDCl3. 

1-(tert-Butylamino)-3-ethyl-1-oxopentan-2-yl propiolate – S2I 

 

Propiolic acid (62.0 µL, 70.1 mg, 1.00 mmol, 1.00 equiv.) and 2-ethylbutyraldehyde 

(123 µL, 100 mg, 1.00 mmol, 1.00 eq.) were dissolved in DCM (1.00 mL). 

Subsequently, tert-butyl isocyanide (113 µL, 83.1 mg, 1.00 mmol, 1.00 eq.) was added 

dropwise and the reaction mixture was stirred overnight at room temperature. 

Purification of the crude product via column chromatography (cyhex:EA = 9:1 → 7:1) 

yielded S2 as a white solid (207 mg, 81.8 µmol, 81.8%). SEC analysis indicated a 

product purity of 98% and GC analysis 90%. 

 
I The synthesis was carried out by REBECCA SEIM under the lab-supervision of PHILIPP BOHN, who 
evaluated the obtained results. 
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1H NMR (400 MHz CDCl3): δ / ppm = 5.77 (s, 1H, NH1), 5.27 (d, J = 3.7 Hz, 1H, CH2), 

3.00 (s, 1H, CH3), 1.91 – 1.79 (m, 1H, CH4), 1.53 – 1.38 (m, 2H, CH2
5), 1.36 (s, 9H, 

CH3
6), 1.33 – 1.18 (m, 3H, CH2

5), 0.93 (td, J = 7.5, 3.7 Hz, 6H, CH3
7). 

 

13C NMR (101 MHz CDCl3): δ / ppm = 167.79 (C1), 151.52 (C2), 77.28 (C3), 76.43 (C4), 

74.16 (C5), 51.67 (C6), 43.81 (C7), 28.78 (C8), 22.27 (C9), 21.94 (C9), 11.74 (C10), 11.69 

(C10). 

 

HRMS (ESI) of C14H23NO3 [M+H]+ m/z calc. 254.1751, found 254.1754. 

Rf = 0.30 (cyhex:EA = 5:1) 
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Supplementary Figure 176: 1H NMR spectrum of S2 recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 177: 13C NMR spectrum of S2 recorded at 400 MHz in CDCl3. 
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1-(tert-Butylamino)-3-ethyl-1-oxopentan-2-yl (E)-3-(4-formylphenoxy)acrylate – 

S3I 

 

Propiolic acid (744 µL, 841 mg, 12.0 mmol, 1.00 equiv.) and 2-ethylbutyraldehyde 

(1.48 mL, 1.20 g, 12.0 mmol, 1.00 eq.) were dissolved in DCM (12.0 mL). 

Subsequently, tert-butyl isocyanide (1.36 mL, 998 mg, 12.0 mmol, 1.00 eq.) was 

added dropwise and the reaction mixture was stirred overnight at room temperature. 

After full conversion indicated by GC-FID, 4-hydroxybenzaldehyde (1.46 g, 12.0 mmol, 

1.00 equiv.) and DABCO (135 mg, 1.20 mmol, 0.10 equiv.) were added at 0 °C. The 

reaction mixture was stirred overnight at room temperature. The mixture was washed 

with water (2 × 10 mL), the phases were separated, and the organic layer was dried 

over anhydrous sodium sulfate, filtered, and the solvent was removed under reduced 

pressure. Purification of the crude product via column chromatography 

(cyhex:EA = 4:1) yielded product S3 as a yellowish liquid (2.93 g, 7.80 mmol, 65%). 

1H NMR (400 MHz CDCl3): δ / ppm = 9.98 (s, 1H, CHO1), 7.97 – 7.93 (m, 2H, CHAr
2), 

7.91 (d, J = 12.1 Hz, 1H, CH3), 7.25 – 7.20 (m, 2H, CHAr
4), 5.78 (d, J = 12.1 Hz, 1H, 

CH5), 5.75 (s, 1H, NH6), 5.25 (d, J = 3.9 Hz, 1H, CH7), 1.94 – 1.83 (m, 1H, CH8), 

1.53 – 1.40 (m, 2H, CH2
9), 1.35 (s, 9H, CH3

10), 1.30 – 1.19 (m, 2H, CH2
9), 0.93 (q, 

J = 7.4 Hz, 6H, CH3
11). 

 

 
I The synthesis was carried out by REBECCA SEIM under the lab-supervision of PHILIPP BOHN, who 
evaluated the obtained results. 
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13C NMR (101 MHz CDCl3): δ / ppm = 190.57 (Cq
1), 168.92 (Cq

2), 165.75 (Cq
3), 160.14 

(Cq,Ar
4), 158.00 (CH5), 133.45 (Cq,Ar

6), 132.18 (CHAr
7), 118.02 (CHAr

8), 103.38 (CH9), 

75.38 (CH10), 51.47 (Cq
11), 43.65 (CH12), 28.83 (CH3

13), 22.40 (CH2
13), 22.05 (CH2

13), 

11.75 (CH3
14). 

 

HRMS (ESI) of C21H29NO5 [M+H]+ m/z calc. 376.2118, found 376.2114. 

IR (ATR platinum diamond) v / cm–1 = 3336.0, 2963.8, 2876.0, 1697.1, 1651.1, 1593.0, 

1503.1, 1454.9, 1391.8, 1364.2, 1298.1, 1209.9, 1157.6, 1099.3, 1047.9, 1012.0, 

947.6, 833.2, 713.3, 646.0, 615.3, 517.4. 

 

Supplementary Figure 178: 1H NMR spectrum of S3 recorded at 400 MHz in CDCl3. 
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Supplementary Figure 179: 13C NMR spectrum of S3 recorded at 400 MHz in CDCl3. 

1-(tert-Butylamino)-3-ethyl-1-oxopentan-2-yl (E)-3-(4-(2-(cyclohexylamino)-2-

oxo-1-(propioloyloxy)ethyl)phenoxy)acrylate – S4I 

 

Propiolic acid (250 µL, 283 mg, 4.04 mmol, 1.00 equiv.) and aldehyde S3 (2.24 g, 

4.04 mmol, 1.00 equiv.) were dissolved in DCM (4.00 mL). Subsequently, cyclohexyl 

isocyanide (502 µL, 441 mg, 4.04 mmol, 1.00 equiv.) was added dropwise and the 

solution was stirred at room temperature overnight. Purification of the crude product 

 
I The synthesis was carried out by REBECCA SEIM under the lab-supervision of PHILIPP BOHN, who 
evaluated the obtained results. 
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via column chromatography (cyhex:EA = 1:0 → 9:1 → 4:1 → 7:3) yielded the product 

as a yellowish viscous liquid (357 mg, 644 µmol, 16%). 

Note: further 0.2 equiv. of propiolic acid and cyclohexyl isocyanide were added, but 

only 72% conversion was achieved.  

1H NMR (400 MHz CDCl3): δ / ppm = 7.83 (d, J = 12.1 Hz, 1H, CH1), 7.47 (d, 

J = 8.6 Hz, 2H, CHAr
2), 7.09 (d, J = 8.7 Hz, 2H, CHAr

3), 6.10 (d, J = 3.1 Hz, 2H, CH4 

and NH4), 5.76 (s, 1H, NH5), 5.64 (d, J = 12.2 Hz, 1H, CH6), 5.26 (d, J = 3.7 Hz, 1H, 

CH7), 3.90 – 3.73 (m, 1H, CH8), 3.03 (s, 1H, CH9), 1.97 – 1.60 (m, 7H, CH2
10, CH10), 

1.52 – 1.40 (m, 3H, CH2
10, CH10), 1.35 (s, 9H, CH3

11), 1.29 – 1.15 (m, 6H, CH2
10, CH10), 

0.93 (2 × t, J = 7.3 Hz, 6H, CH3
12). 

 

13C NMR (101 MHz CDCl3): δ / ppm = 169.12, 165.98, 159.66, 156.34, 150.67, 

132.05, 129.68, 118.47, 101.81, 76.22, 75.14, 73.97, 51.43, 48.63, 43.72, 33.12, 

33.02, 28.85, 25.55, 24.89, 22.46, 22.11, 11.82, 11.79. 

HRMS (ESI) of C14H23NO3 [M+H]+ m/z calc. 555.3065, found 555.3066. 

Rf = 0.25 (cyhex:EA = 7:3) 
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Supplementary Figure 180: 1H NMR spectrum of S4 recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 181: 13C NMR spectrum of S4 recorded at 400 MHz in CDCl3. 
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1-(tert-Butylamino)-3-ethyl-1-oxopentan-2-yl (E)-3-(4-(2-(cyclohexylamino)-1-

(((E)-3-(4-formyl-2-methoxyphenoxy)acryloyl)oxy)-2-oxoethyl)phenoxy)acrylate 

– S5I 

 

Vanillin (75.2 mg, 494 µmol, 1.00 equiv.) and DABCO (5.50 mg, 49.4 mmol, 

0.10 equiv.) were added to a stirring solution of product S4 (274 mg, 494 µmol, 

1.00 equiv.) in DCM (500 µL). The reaction mixture was stirred at room temperature 

overnight and SEC indicated full conversion. DCM (5 mL) as added, and the solution 

was washed with water (2 × 5 mL). The phases were separated, the organic layer was 

dried over anhydrous sodium sulfate, filtered, and the solvent was removed under 

reduced pressure. Purification of the crude product via column chromatography 

(cyhex:EA = 5:1 → 4:1 → 2:1) yielded product S5 as a yellowish viscous liquid 

(349 mg, 403 µmol, 82%). 

1H NMR (400 MHz CDCl3): δ / ppm = 9.95 (s, 1H, CHO1), 7.83 (2 × d, J = 12.2 Hz, 2H, 

CH2 and CH3), 7.54 – 7.44 (m, 4H, CHAr
4 and CHAr

5), 7.22 (d, J = 8.0 Hz, 1H, CHAr
6), 

7.10 – 7.04 (m, 2H, CHAr
7), 6.13 (s, 1H, CH8), 6.04 (d, J = 8.3 Hz, 1H, NH9), 5.76 (s, 

1H, NH10), 5.68 (d, J = 12.2 Hz, 1H, CH11), 5.62 (d, J = 12.2 Hz, 1H, CH12), 5.26 (d, 

J = 3.7 Hz, 1H, CH13), 3.94 (s, 3H, CH3
14), 3.86 – 3.75 (m, 1H, CH15), 1.97 – 1.60 (m, 

6H, CH2
16 and CH2

16), 1.52 – 1.38 (m, 3H, CH2
16 and CH2

16), 1.35 (s, 9H, CH3
17), 

1.32 – 1.10 (m, 6H, CH2
16 and CH2

16), 0.93 (2 × t, J = 7.3 Hz, 6H). 

 
I The synthesis was carried out by REBECCA SEIM under the lab-supervision of PHILIPP BOHN, who 
evaluated the obtained results. 
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HRMS (ESI) of C14H23NO3 [M+H]+ m/z calc. 707.3538, found 707.3530. 

Rf = 0.60 (cyhex:EA = 2:1) 

 

Supplementary Figure 182: 1H NMR spectrum of S5 recorded at 400 MHz in CDCl3. 
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6.3.8. Experimental procedures of chapter 4.6.2 

Synthesis of compound library via P-3CR and subsequent hetero Michael 

addition 

 

Supplementary Scheme 1: General reaction scheme for the P-3CR and subsequent hetero-Michael addition, using 

primary and secondary amines, alcohols, and thiols as nucleophiles.  

Prior the synthesis, a Design of Experiments (DoE) based on the logP value per 

connolly molecular area (CMA) I was conducted. In case of the reaction approach 

depicted in Supplementary Scheme 1, the logP value per CMA of the three variable 

components (aldehyde, isocyanide, and nucleophile) are the adjustable parameters. A 

list of the logP per CMA ratios of the complete compound libraries is provided as 

supplementary information on the CD. Using a database of commercially available 

components (160 aldehydes, 32 isocyanides, 229 primary and secondary amines, 54 

thiols, and 231 alcohols) and considering all permutations, 2.63 M unique structures 

are accessible with the described approach. 25 different P-3CR products were 

synthesized and reacted with an unpolar and a polar nucleophile, respectively. Thus, 

in total 150 different molecules were prepared and analyzed via ESI-MS. For individual 

compounds also the characterization via NMR spectroscopy is demonstrated (please 

note: within the framework of this project, the focus was on the identification of the 

molecular structure via tandem MS). The compound combinations dependent on their 

logP value per Connolly Molecular Area (CMA) are depicted as colored spheres for the 

alcohols in Supplementary Figure 183, for the thiols in Supplementary Figure 184 and 

for the amines in Figure 62. In case of using amines as nucleophiles, also the reaction 

for the component combinations in the middle of the cube was conducted.  

 
I The contact surface created when a spherical probe is rolled over the molecular model. 
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For demonstration purposes, only the analysis of the corner combinations of the DoEs 

and their corresponding Passerini precursors are shown here in detail (if NMR analysis 

was performed). The calculated and found masses (via ESI-MS) of all compounds are 

summarized in Supplementary Table 23 - Supplementary Table 29. Further evaluated 

NMR analyses of individual combinations are provided as supplementary information 

on the CD. 

 

Supplementary Figure 183: DoE based on the logP/CMA ratio of the components used for a Passerini reaction and 

subsequent hydroxy-yne Michael addition shown in Supplementary Scheme 1. 
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Supplementary Figure 184: DoE based on the logP/CMA ratio of the components used for a Passerini reaction and 

subsequent thiol-yne Michael addition shown in Supplementary Scheme 1. 

 

General procedure 

Propiolic acid (1.00 equiv.) and the respective aldehyde I-V (1.00 equiv.) were 

dissolved in DCM (250 µL) and the corresponding isocyanide - (1.00 equiv.) was 

added slowly to the solution. The reaction mixture was stirred overnight at room 

temperature and the respective nucleophile (1.00 equiv.) and if required a catalyst 

(0.1 equiv.) were added. After stirring the mixture another 12 hours at room 

temperature, the solvent was removed under reduced pressure. Purification of the 

crude product via column chromatography yielded the product. 

All reactions were performed on a 250 µmol scale. The quantities of the starting 

materials are listed in Supplementary Table 21. 
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Supplementary Table 21: Quantities of starting materials for the P-3CR and subsequent hetero-Michael addition. 

Carboxylic acid V / µL m / mg 

Propiolic acid 15.5 17.5 

Aldehydes   

I Acetaldehyde (3.00 equiv.) 42.2 33.1 

II 3-(Methylthio)propanal 25.0 26.0 

III DL-2-Phenylpropionaldehyde 33.5 33.5 

IV Diphenyl acetaldehyde 44.4 49.06 

V Dodecyl aldehyde 55.5 46.1 

Isocyanides   

 Ethyl isocyanoacetate 27.3 28.3 

 Diethyl isocyanomethylphosphonate 40.4 44.3 

 tert-Butyl isocyanide 28.3 20.8 

 2,6-Dimethylphenyl isocyanide - 32.8 

 2-Naphthyl isocyanide - 38.3 

Amines    

a1 3,3'-Iminodipropionitrile 30.2 30.8 

a2 Bis(2-ethylhexyl)amine 75.0 60.4 

a3 Diallyl amine 30.7 24.3 

Alcohols   

b1 3-Hydroxypropannitrile 16.8 17.8 

b2 4-(3,3,4,4,5,5,6,6,7,7,8,8,8)-

Tridecafluorooctylthiol)-phenol 

- 118 

Thiols   

c1 3-Mercapto-2-butanone 25.2 26.0 

c2 1-Decanthiol 51.9 43.6 

 

 



EXPERIMENTAL SECTION 

 

434 

Supplementary Table 22: Molecular nomenclature. 

      

I D1xy D6xy D11xy D16xy D21xy 

II D2xy D7xy D12xy D17xy D22xy 

III D3xy D8xy D13xy D18xy D23xy 

IV D4xy D9xy D14xy D19xy D24xy 

V D5xy D10xy D15xy D20xy D25xy 

x = class of nucleophile (a for amines, b for alcohols, and c for thiols); y = polarity of nucleophile (1 = polar; 

2 = unpolar; 3 = center point); I-V = type of aldehyde; α-ε = type of isocyanide.  
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Supplementary Table 23: Summary of the masses of the Passerini precursor molecules D1-D25 calculated and 
found for the respective proton adducts [M+H]+ via ESI-MS. 

compound formular m/z calculated / Da m/z found / Da 

D1 C10H13NO5 228.0866 228.0864 

D2 C12H17NO5S 288.0900 288.0897 

D3 C17H19NO5 318.1336 318.1333 

D4 C22H21NO5 380.1492 n.a. 

D5 C20H33NO5 368.2431 368.2429 

D6 C11H18NO6P 292.0945 292.0941 

D7 C13H22NO6PS 352.0978 352.0975 

D8 C18H24NO6P 382.1414 382.1411 

D9 C23H26NO6P 444.1571 n.a. 

D10 C21H38NO6P 432.2510 432.2507 

D11 C10H15NO3 198.1125 198.1124 

D12 C12H19NO3S 258.1158 258.1157 

D13 C17H21NO3 288.1594 n.a. 

D14 C22H23NO3 350.1751 n.a. 

D15 C20H35NO3 338.2690 338.2685 

D16 C14H15NO3 246.1125 246.1123 

D17 C16H19NO3S 306.1158 306.1155 

D18 C21H21NO3 336.1594 336.1590 

D19 C26H23NO3 398.1751 n.a. 

D20 C24H35NO3 386.2687 386.2687 

D21 C16H13NO3 268.0968 268.0966 

D22 C18H17NO3S 328.1002 n.a. 

D23 C23H19NO3 358.1438 358.1434 

D24 C28H21NO3 420.1594 n.a. 

D25 C26H33NO3 408.2533 n.a. 



EXPERIMENTAL SECTION 

 

436 

 

Supplementary Table 24: Summary of the molecule masses of D1a1-D25a1 calculated and found for the respective 
proton adducts [M+H]+ via ESI-MS. 

compound formular m/z calculated / Da m/z found / Da 

D1a1 C16H22N4O5 351.1663 351.1661 

D2a1 C18H26N4O5S 411.1697 411.1693 

D3a1 C23H28N4O5 441.2132 441.2132 

D4a1 C28H30N4O5 503.2289 503.2286 

D5a1 C26H42N4O5 491.3228 491.3227 

D6a1 C17H27N4O6P 415.1741 415.1740 

D7a1 C19H31N4O6PS 475.1775 475.1774 

D8a1 C24H33N4O6P 505.2210 505.2210 

D9a1 C29H35N4O6P 567.2367 567.2366 

D10a1 C27H47N4O6P 555.3306 555.3306 

D11a1 C16H24N4O3 321.1921 321.1920 

D12a1 C18H28N4O3S 381.1955 381.1951 

D13a1 C23H30N4O3 411.2391 411.2388 

D14a1 C28H32N4O3 473.2547 473.2547 

D15a1 C26H44N4O3 461.3486 461.3486 

D16a1 C20H24N4O3 369.1921 369.1918 

D17a1 C22H28N4O3S 429.1955 429.1953 

D18a1 C27H30N4O3 459.2391 459.2388 

D19a1 C32H32N4O3 521.2547 521.2540 

D20a1 C30H44N4O3 509.3486 509.3486 

D21a1 C22H22N4O3 391.1765 391.1764 

D22a1 C24H26N4O3S 451.1798 451.1797 

D23a1 C29H28N4O3 481.2234 481.2232 

D24a1 C34H30N4O3 543.2391 543.2390 

D25a1 C32H42N4O3 531.3330 n.a. 
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Supplementary Table 25: Summary of the molecule masses of D1a2-D25a2 calculated and found for the respective 
proton adducts [M+H]+ via ESI-MS. 

compound formular m/z calculated / Da m/z found / Da 

D1a2 C26H48N2O5 469.3636 469.3632 

D2a2 C28H52N2O5S 529.3670 n.a. 

D3a2 C33H54N2O5 559.4105 559.4100 

D4a2 C38H56N2O5 621.4262 621.4255 

D5a2 C26H42N4O5 609.5201 609.5187 

D6a2 C27H53N2O6P 533.3714 533.3708 

D7a2 C29H57N2O6PS 593.3748 593.3741 

D8a2 C34H59N2O6P 623.4184 623.4175 

D9a2 C39H61N2O6P 685.4340 685.4330 

D10a2 C37H73N2O6P 673.5279 673.5263 

D11a2 C26H50N2O3 439.3894 439.3891 

D12a2 C28H54N2O3S 499.3928 499.3927 

D13a2 C33H56N2O3 529.4364 529.4361 

D14a2 C38H58N2O3 591.4520 591.4521 

D15a2 C36H70N2O3 579.5459 579.5458 

D16a2 C30H50N2O3 487.3894 487.3892 

D17a2 C32H54N2O3S 547.3928 547.3928 

D18a2 C37H56N2O3 577.4364 577.4362 

D19a2 C42H58N2O3 639.4520 639.4515 

D20a2 C40H70N2O3 627.5458 627.5459 

D21a2 C32H48N2O3 509.3738 n.a. 

D22a2 C34H52N2O3S 569.3771 569.3773 

D23a2 C39H54N2O3 599.4207 599.4209 

D24a2 C44H56N2O3 611.4364 611.4362 

D25a2 C42H68N2O3 649.5303 649.5301 
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Supplementary Table 26: Summary of the molecule masses of D1b1-D25b1 calculated and found for the respective 
proton adducts [M+H]+ via ESI-MS. 

compound formular m/z calculated / Da m/z found / Da 

D1b1 C13H18N2O6 299.1238 299.1233 

D2b1 C15H22N2O6S 359.1271 359.1266 

D3b1 C20H24N2O6 389.1707 389.1702 

D4b1 C25H26N2O6 451.1864 451.1860 

D5b1 C23H38N2O6 439.2803 439.2802 

D6b1 C14H23N2O7P 363.1316 363.1311 

D7b1 C16H27N2O7PS 423.1349 423.1347 

D8b1 C21H29N2O7P 453.1785 453.1780 

D9b1 C26H31N2O7P 515.1942 515.1938 

D10b1 C24H43N2O7P 503.2881 503.2878 

D11b1 C13H20N2O4 269.1496 269.1494 

D12b1 C15H24N2O4S 329.1530 329.1527 

D13b1 C20H26N2O4 359.1965 359.1963 

D14b1 C25H28N2O4 421.2122 421.2121 

D15b1 C23H40N2O4 409.3061 409.3058 

D16b1 C17H20N2O4 317.1496 317.1494 

D17b1 C19H24N2O4S 377.1530 377.1528 

D18b1 C24H26N2O4 407.1965 407.1963 

D19b1 C29H28N2O4 469.2122 469.2120 

D20b1 C27H40N2O4 457.3061 457.3058 

D21b1 C19H18N2O4 339.1339 339.1333 

D22b1 C21H22N2O4S 399.1373 339.1366 

D23b1 C26H24N2O4 429.1809 429.1802 

D24b1 C31H26N2O4 491.1965 n.a. 

D25b1 C29H38N2O4 479.2904 479.2898 
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Supplementary Table 27: Summary of the molecule masses of D1b2-D25b2 calculated and found for the respective 
proton adducts [M+H]+ via ESI-MS. 

compound formular m/z calculated / Da m/z found / Da 

D1b2 C24H22F13NO6S 700.1033 700.1030 

D2b2 C26H26F13NO6S2 760.1067 760.1064 

D3b2 C31H28F13NO6S 790.1503 790.1492 

D4b2 C36H30F13NO6S 851.1659 851.1661 

D5b2 C34H42F13NO6S 840.2598 840.2586 

D6b2 C25H27F13NO7PS 764.1111 764.1103 

D7b2 C27H31F13NO7PS2 824.1145 824.1142 

D8b2 C32H33F13NO7PS 854.1581 854.1577 

D9b2 C37H35F13NO7PS 916.1737 916.1727 

D10b2 C35H47F13NO7PS 904.2676 904.2673 

D11b2 C24H24F13NO4S 670.1291 670.1288 

D12b2 C26H28F13NO4S2 730.1325 n.a. 

D13b2 C31H30F13NO4S 760.1761 760.1758 

D14b2 C36H32F13NO4S 822.1917 822.1912 

D15b2 C34H44F13NO4S 810.2856 810.2852 

D16b2 C28H24F13NO4S 718.1291 718.1287 

D17b2 C30H28F13NO4S2 778.1325 778.1318 

D18b2 C35H30F13NO4S 808.1761 808.1763 

D19b2 C40H32F13NO4S 870.1917 870.1916 

D20b2 C38H44F13NO4S 858.2856 858.2854 

D21b2 C30H22F13NO4S 740.1135 740.1133 

D22b2 C32H26F13NO4S2 800.1168 800.1158 

D23b2 C37H28F13NO4S 830.1604 830.1597 

D24b2 C42H30F13NO4S 892.1761 892.1757 

D25b2 C40H42F13NO4S 880.2700 880.2693 
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Supplementary Table 28: Summary of the molecule masses of D1c1-D25c1 calculated and found for the respective 
proton adducts [M+H]+ via ESI-MS. 

compound formular m/z calculated / Da m/z found / Da 

D1c1 C14H21NO6S 332.1162 332.1161 

D2c1 C16H25NO6S2 392.1196 392.1194 

D3c1 C21H27NO6S 422.1632 422.1630 

D4c1 C26H29NO6S 484.1788 484.1788 

D5c1 C24H41NO6S 472.2727 472.2728 

D6c1 C15H26NO7PS 396.1240 396.1237 

D7c1 C17H30NO7PS2 456.1274 456.1273 

D8c1 [M+Na]+ C22H32NO7PS 508.1529 508.1526 

D9c1 C27H34NO7PS 548.1866 548.1865 

D10c1 C25H46NO7PS 536.2805 n.a. 

D11c1 C14H23NO4S 302.1421 302.1419 

D12c1 C16H27NO4S2 362.1454 362.1451 

D13c1 C21H29NO4S 392.1890 392.1886 

D14c1 C26H31NO4S 454.2047 454.2043 

D15c1 C24H43NO4S 442.2986 442.2983 

D16c1 C18H23NO4S 350.1421 350.1416 

D17c1 C20H27NO4S2 410.1454 410.1449 

D18c1 C25H29NO4S 440.1890 n.a. 

D19c1 C30H31NO4S 502.2047 502.2045 

D20c1 C28H43NO4S 490.2986 490.2985 

D21c1 C20H21NO4S 372.1264 372.1260 

D22c1 C22H25NO4S2 432.1298 432.1294 

D23c1 C27H27NO4S 462.1734 462.1729 

D24c1 C32H29NO4S 524.1890 524.1891 

D25c1 C30H41NO4S 512.2829 512.2829 
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Supplementary Table 29: Summary of the molecule masses of D1c2-D25c2 calculated and found for the respective 
proton adducts [M+H]+ via ESI-MS. 

compound formular m/z calculated / Da m/z found / Da 

D1c2 C20H35NO5S 402.2309 402.2302 

D2c2 C22H39NO5S2 462.2342 462.2334 

D3c2 C27H41NO5S 492.2778 492.2769 

D4c2 C32H43NO5S 554.2935 554.2927 

D5c2 C30H55NO5S 542.3874 542.3868 

D6c2 C21H40NO6PS 466.2387 466.2388 

D7c2 C23H44NO6PS2 526.2420 526.2420 

D8c2 C28H46NO6PS 556.2856 556.2849 

D9c2 C33H48NO6PS 618.3013 618.2999 

D10c2 C31H60NO6PS 606.3952 606.3951 

D11c2 C20H37NO3S 372.2567 372.2563 

D12c2 C22H41NO3S2 432.2601 432.2594 

D13c2 C27H43NO3S 462.3036 462.3032 

D14c2 C32H45NO3S 524.3193 524.3190 

D15c2 C30H57NO3S 512.4123 512.4130 

D16c2 C24H37NO3S 420.2567 420.2558 

D17c2 C26H41NO3S2 480.2601 480.2593 

D18c2 C31H43NO3S 510.3036 510.3029 

D19c2 C36H45NO3S 572.3193 572.3187 

D20c2 C34H57NO3S 560.4132 560.4121 

D21c2 C26H35NO3S 442.2410 442.2403 

D22c2 C28H39NO3S2 502.2444 502.2437 

D23c2 C33H41NO3S 532.2880 532.2873 

D24c2 C38H43NO3S 594.3036 594.3030 

D25c2 C36H55NO3S 582.3975 582.3965 
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1-((2-Ethoxy-2-oxoethyl)amino)-1-oxopropan-2-yl propiolate – D1 

1H NMR (400 MHz CDCl3): δ / ppm = 6.67 (s, 1H, NH1), 5.33 (q, J = 6.8 Hz, 1H, CH2), 

4.24 (q, J = 7.1 Hz, 2H, CH2
3), 4.14 – 3.98 (m, 2H, CH2

4), 3.00 (s, 1H, CH5), 1.56 (d, 

J = 6.9 Hz, 3H, CH3
6), 1.30 (t, J = 7.2 Hz, 3H, CH3

7). 

 

 

Supplementary Figure 185: 1H NMR spectrum of D1 recorded at 400 MHz in CDCl3. 
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1-((2-Ethoxy-2-oxoethyl)amino)-1-oxopropan-2-yl (E)-3-(bis(2-

cyanoethyl)amino)acrylate – D1a1 

1H NMR (400 MHz CDCl3): δ / ppm = 7.49 (d, J = 13.5 Hz, 1H, CH1), 6.74 (s, 1H, NH2), 

5.31 (q, J = 6.8 Hz, 1H, CH3), 4.75 (d, J = 13.4 Hz, 1H, CH4), 4.22 (q, J = 7.1 Hz, 2H, 

CH2
5), 4.16 – 3.93 (m, 2H, CH2

6), 3.64 (t, J = 6.4 Hz, 4H, CH2
7), 2.69 (t, J = 6.4 Hz, 4H, 

CH2
8), 1.49 (d, J = 6.9 Hz, 3H, CH3

9), 1.29 (t, J = 7.2 Hz, 3H, CH3
10). 

 

13C NMR (101 MHz, CDCl3) δ / ppm = 171.49 (Cq
1), 170.00 (Cq

2), 166.73 (Cq
3), 150.17 

(CH4), 117.29 (Cq
5), 88.38 (CH6), 69.66 (CH7), 61.79 (CH2

8), 48.33 (CH2
9), 41.16 

(CH2
10), 18.10 (CH3

11), 17.01 (CH2
12) 14.27 (CH3

13). 
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Supplementary Figure 186: 1H NMR spectrum of D1a1 recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 187: 13C NMR spectrum of D1a1 recorded at 400 MHz in CDCl3. 
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1-((2-Ethoxy-2-oxoethyl)amino)-1-oxopropan-2-yl (E)-3-(bis(2-

ethylhexyl)amino)acrylate – D1a2 

1H NMR (400 MHz CDCl3): δ / ppm = 7.49 (d, J = 13.0 Hz, 1H, CH1), 6.79 (t, J = 5.3 Hz, 

1H, NH2), 5.33 (q, J = 6.9 Hz, 1H, CH3), 4.58 (d, J = 13.0 Hz, 1H, CH4), 4.21 (q, 

J = 7.1 Hz, 2H, CH2
5), 4.16 – 3.92 (m, 2H, CH2

6), 3.02 (d, J = 30.7 Hz, 4H, CH2
7), 1.72 

(m, 2H, CH8), 1.47 (d, J = 6.9 Hz, 3H, CH3
9), 1.36 – 1.18 (m, 19H, CH2

10 and CH3
10), 

0.98 – 0.80 (m, 12H, CH3
11). 

 

 

Supplementary Figure 188: 1H NMR spectrum of D1a2 recorded at 400 MHz in CDCl3. 
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1-((2-Ethoxy-2-oxoethyl)amino)-1-oxotridecan-2-yl (E)-3-(bis(2-

ethylhexyl)amino)acrylate – D5a2 

1H NMR (400 MHz CDCl3): δ / ppm = 7.48 (d, J = 13.0 Hz, 1H, CH1), 6.71 (t, 

J = 5.3 Hz, 1H, NH2), 5.26 (dd, J = 7.6, 4.4 Hz, 1H, CH3), 4.59 (d, J = 13.0 Hz, 1H, 

CH4), 4.25 – 4.14 (m, 2H, CH2
5), 4.12 – 3.89 (m, 2H, CH2

6), 3.13 – 2.93 (m, 4H, CH2
7), 

1.95 – 1.71 (m, 3H, CH2
8 and CH9), 1.68 – 1.53 (m, 1H, CH9), 1.48 – 1.18 (m, 37H, 

CH2
10 and CH3

10), 0.94 – 0.83 (m, 15H, CH3
11). 
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Supplementary Figure 189: 1H NMR spectrum of D5a2 recorded at 400 MHz in CDCl3. 
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1-(Naphthalen-2-ylamino)-1-oxopropan-2-yl propiolate – D21 

1H NMR (400 MHz CDCl3): δ / ppm = 8.23 (d, J = 2.3 Hz, 1H, CHAr
1), 8.02 (s, 1H, NH2), 

7.92 – 7.39 (m, 6H, CHAr
3), 5.48 (q, J = 6.8 Hz, 1H, CH4), 5.05 (q, J = 5.1 Hz, 1H, CH4), 

3.08 (s, 1H, CH5), 2.94 (s, 1H, CH5), 1.67 (d, J = 6.8 Hz, 3H, CH3
6), 1.39 (d, J = 5.1 Hz, 

3H, CH3
6). 

 

 

Supplementary Figure 190: 1H NMR spectrum of D21 recorded at 400 MHz in CDCl3. 
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1-(Naphthalen-2-ylamino)-1-oxotridecan-2-yl propiolate – D25 

1H NMR (400 MHz CDCl3): δ / ppm = 8.16 (d, J = 2.2 Hz, 1H, CHAr
1), 7.84 (s, 1H, NH2), 

7.79 – 7.69 (m, 3H, CHAr
3), 7.49 – 7.32 (m, 3H, CHAr

3), 5.38 (dd, J = 6.6, 5.2 Hz, 1H, 

CH4), 3.01 (s, 1H, CH5), 2.03 – 1.88 (m, 2H, CH2
6), 1.49 – 1.32 (m, 2H, CH2

7), 

1.31 – 1.14 (m, 16H, CH2
8), 0.80 (t, J = 6.8 Hz, 3H, CH3

9). 

 

 

Supplementary Figure 191: 1H NMR spectrum of D25 recorded at 400 MHz in CDCl3. 
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1-(Naphthalen-2-ylamino)-1-oxotridecan-2-yl (E)-3-(bis(2-

cyanoethyl)amino)acrylate – D25a1 

1H NMR (500 MHz CDCl3): δ / ppm = 8.23 (d, J = 2.2 Hz, 1H, CHAr
1), 8.04 (s, 1H, NH2), 

7.83 – 7.76 (m, 3H, CHAr
3), 7.53 – 7.37 (m, 4H, CH4 and CHAr

3), 5.37 (dd, J = 7.6, 

4.8 Hz, 1H, CH5), 4.83 (d, J = 13.4 Hz, 1H, CH6), 3.63 (t, J = 6.5 Hz, 4H, CH2
7), 2.68 

(t, J = 6.4 Hz, 4H, CH2
8), 2.07 – 1.88 (m, 2H, CH2

9), 1.47 – 1.40 (m, 2H, CH2
10), 1.25 

(s, 16H, CH2
11), 0.87 (t, J = 6.9 Hz, 3H, CH3

12). 
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13C NMR (126 MHz CDCl3): δ / ppm = 169.10 (Cq
1), 167.39 (Cq

2), 150.58 (CH3), 

134.74 (Cq
3), 133.91 (Cq

3), 130.92 (Cq
3), 128.89 (CHAr

4), 127.83 (CHAr
4), 127.69 

(CHAr
4), 126.70 (CHAr

4), 125.30 (CHAr
4), 120.12 (CHAr

4), 117.20 (CHAr
4 and Cq

5), 

117.12 (CHAr
4 and Cq

5), 88.04 (CH6), 73.74 (CH7), 32.16 (CH2
8), 32.05 (CH2

8), 29.78 

(CH2
8), 29.76 (CH2

8), 29.73 (CH2
8), 29.61 (CH2

8), 29.53 (CH2
8), 29.49 (CH2

8), 25.21 

(CH2
8), 22.83 (CH2

8), 14.26 (CH3
9). 

Note: C10 and C11 are not visible in the 13C NMR spectra. 

 

 

Supplementary Figure 192: 1H NMR spectrum of D25a1 recorded at 400 MHz in CDCl3. 
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Supplementary Figure 193: 13C NMR spectrum of D25a1 recorded at 400 MHz in CDCl3. 

1-(Naphthalen-2-ylamino)-1-oxotridecan-2-yl (E)-3-(bis(2-

ethylhexyl)amino)acrylate – D25a2 

1H NMR (400 MHz CDCl3): δ / ppm = 8.28 (s, 1H, NH1), 8.25 (d, J = 2.1 Hz, 1H, CHAr
2), 

7.80 – 7.75 (m, 3H, CHAr
3), 7.55 (d, J = 13.0 Hz, 1H, CH4), 7.51 – 7.36 (m, 3H, CHAr

3), 

5.40 (dd, J = 7.6, 4.7 Hz, 1H, CH5), 4.67 (d, J = 12.9 Hz, 1H, CH6), 3.14 – 2.98 (m, 4H, 

CH2
7), 2.07 – 1.89 (m, 2H, CH8), 1.86 – 1.79 (m, 1H, CH9), 1.65 – 1.57 (m, 1H, CH9), 

1.50 – 1.16 (m, 34H, CH2
10), 0.98 – 0.82 (m, 15H, CH3

11). 
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Supplementary Figure 194: 1H NMR spectrum of D25a2 recorded at 400 MHz in CDCl3. 
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1-(tert-butylamino)-1-oxo-3-phenylbutan-2-yl (E)-3-(diallylamino)acrylate – 

D13a3 

1H NMR (400 MHz CDCl3): δ / ppm = 7.50 (dd, J = 13.0, 10.4 Hz, 1H, CH1), 

7.34 – 7.12 (m, 5H, CHAr
2), 5.84 – 5.70 (m, 2H, CH3), 5.55 (2 × s, 1H, NH4), 5.35 – 5.29 

(m, 1H, CH5), 5.27 – 5.16 (m, 4H, CH2
6), 4.67 (dd, J = 13.0, 5.3 Hz, 1H, CH7), 

3.79 – 3.74 (m, 4H, CH2
8), 3.57 – 3.40 (m, 1H, CH9), 1.40 – 1.32 (m, 3H, CH3

10), 1.23 

(s, 5H, CH3
11), 1.13 (s, 4H, CH3

11). 
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13C NMR (101 MHz, CDCl3) δ / ppm = 13C NMR (101 MHz, CDCl3) δ 169.08 (Cq
1), 

168.98 (Cq
1), 168.46 (Cq

2), 168.35 (Cq
2), 152.82 (CH3), 152.74 (CH3), 142.73 (Cq

4), 

141.78 (Cq
4), 133.11 (CH5, weak), 130.79 (CH5, weak), 128.79 (CHAr

6), 128.31 (CHAr
6), 

128.21 (CHAr
6), 127.98 (CHAr

6), 126.74 (CHAr
6), 126.66 (CHAr

6), 118.44 (CH2
7, weak), 

84.17 (CH8), 83.97 (CH8), 76.57 (CH9), 76.06 (CH9), 57.93 (CH2
10, weak), 51.02 (Cq

11), 

50.76 (Cq
11), 50.61 (CH2

10, weak), 41.61 (CH12), 41.54 (CH12), 28.63 (CH3
13), 28.55 

(CH3
13), 17.79 (CH3

14), 15.69 (CH3
14). 

 

HRMS (ESI) of C23H32N2O3 [M+H]+ m/z calc: 385.2486, found 385.2480. 

 

Supplementary Figure 195: 1H NMR spectrum of D13a3 recorded at 400 MHz in CDCl3. 
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Supplementary Figure 196: 13C NMR spectrum of D13a3 recorded at 101 MHz in CDCl3. 
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1-((2-Ethoxy-2-oxoethyl)amino)-1-oxotridecan-2-yl (E)-3-(4-

((3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)thio)phenoxy)acrylate – D5b2 

1H NMR (400 MHz CDCl3): δ / ppm = 7.85 (d, J = 12.2 Hz, 1H, CH1), 7.44 – 7.35 (m, 

2H, CHAr
2), 7.10 – 7.04 (m, 2H, CHAr

3), 6.60 (t, J = 5.2 Hz, 1H, NH4), 5.66 (d, 

J = 12.2 Hz, 1H, CH5), 5.32 – 5.25 (m, 1H, CH6), 4.22 (q, J = 7.2 Hz, 2H, CH2
7), 

4.12 – 3.95 (m, 2H, CH2
8), 3.13 – 3.06 (m, 2H, CH2

9), 2.46 – 2.27 (m, 2H, CH2
10), 

1.98 – 1.78 (m, 2H, CH2
11), 1.47 – 1.15 (m, 21H, CH3

12, CH2
13), 0.87 (t, J = 6.8 Hz, 3H, 

CH3
14). 
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Supplementary Figure 197: 1H NMR spectrum of D5b2 recorded at 400 MHz in CDCl3. 

 

1-((2-Ethoxy-2-oxoethyl)amino)-1-oxopropan-2-yl (E)-3-((3-oxobutan-2-

yl)thio)acrylate – D1c1 

1H NMR (400 MHz CDCl3): δ / ppm = 7.66 (d, J = 15.3 Hz, 1H, CH1E), 7.13 (d, J = 10.2, 

1H, CH1Z), 6.75 (s, 1H, NH2), 6.68 (s, 1H, NH2), 6.01 – 5.90 (m, 1H, CH3), 5.38 – 5.24 

(m, 1H, CH4), 4.26 – 4.16 (m, 2H, CH2
5), 4.07 – 4.00 (m, 2H, CH2

6), 3.76 (q, J = 7.2 Hz, 

1H, CH7), 3.63 (q, J = 7.1 Hz, 1H, CH7), 2.29 (d, J = 3.2 Hz, 3H, CH3
8), 1.55 – 1.46 (m, 

6H, CH3
9), 1.32 – 1.22 (m, 3H, CH3

10). 
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Supplementary Figure 198: 1H NMR spectrum of D1c1 recorded at 400 MHz in CDCl3. 
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1-((2-Ethoxy-2-oxoethyl)amino)-1-oxotridecan-2-yl (E)-3-((3-oxobutan-2-

yl)thio)acrylate – D5c1 

1H NMR (400 MHz CDCl3): δ / ppm = 7.67 (d, J = 15.3 Hz, 1H, CH1E), 7.13 (dd, 

J = 10.3, 1.0 Hz, 1H, CH1Z), 6.65 (t, J = 5.1 Hz, 1H, NH2), 6.58 (q, J = 4.9 Hz, 1H, NH2), 

5.99 (d, J = 10.3 Hz, 1H, CH3Z), 5.96 (d, J = 15.4 Hz, 1H, CH3E), 5.30 (dd, J = 7.0, 

4.9 Hz, 1H, CH4), 5.24 (dd, J = 7.3, 4.8 Hz, 1H, CH4), 4.30 – 4.14 (m, 2H, CH2
5), 

4.13 – 3.92 (m, 2H, CH2
6), 3.77 (q, J = 7.2 Hz, 1H, CH7), 3.63 (q, J = 7.1 Hz, 1H, CH7), 

2.29 (s, 3H, CH3
8), 1.95 – 1.78 (m, 2H, CH2

9), 1.52 (dd, J = 7.2, 1.5 Hz, 3H, CH3
10), 

1.48 (dd, J = 7.1, 1.4 Hz, 3H, CH3
10), 1.37 – 1.17 (m, 21H, CH2

11 and CH3
11), 0.86 (t, 

J = 6.8 Hz, 3H, CH3
12). 
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Supplementary Figure 199: 1H NMR spectrum of D5c1 recorded at 400 MHz in CDCl3. 

 

1-(((Diethoxyphosphoryl)methyl)amino)-1-oxo-3-phenylbutan-2-yl (E)-3-((3-

oxobutan-2-yl)thio)acrylate – D8c1 

1H NMR (400 MHz CDCl3): δ / ppm = 7.57 (dd, J = 15.4, 4.8 Hz, 1H, CH1E), 7.32 – 7.17 

(m, 5H, CHAr
2), 7.10 (dd, J = 10.3, 6.4 Hz, 1H, CH1Z), 6.33 (s, 0.5H, NH3a), 6.18 (s, 

0.5H, NH3b), 5.97 – 5.93 (m, 1H, CH4Z), 5.93 – 5.84 (m, 1H, CH4E), 5.45 – 5.31 (m, 1H, 

CH5), 4.20 – 3.93 (m, 4H, CH2
6), 3.79 – 3.55 (m, 2H, CH2

7 and CH8), 3.52 – 3.35 (m, 

2H, CH2
7 and CH9), 2.28 (d, J = 4.8 Hz, 3H, CH3

10), 1.54 – 1.43 (m, 3H, CH3
11), 

1.38 – 1.31 (m, 3H, CH3
12), 1.31 – 1.23 (m, 6H, CH3

13). 
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Supplementary Figure 200: 1H NMR spectrum of D8c1 recorded at 400 MHz in CDCl3. 

 

1-((2-Ethoxy-2-oxoethyl)amino)-1-oxopropan-2-yl (E)-3-(decylthio)acrylate – 

D1c2 

1H NMR (400 MHz CDCl3): δ / ppm = 7.81 (d, J = 15.1 Hz, 1H, CH1,E), 7.21 (d, 

J = 10.3 Hz, 1H, CH1,Z), 6.68 (t, J = 5.3 Hz, 1H, NH2), 5.90 (d, J = 10.3 Hz, 1H, CH3,Z), 

5.79 (d, J = 15.1 Hz, 1H, CH3,E), 5.31 (q, J = 6.9 Hz, 1H, CH4), 4.21 (q, J = 7.1 Hz, 2H, 

CH2
5), 4.03 (qd, J = 18.4, 5.2 Hz, 2H, CH2

6), 2.81 (t, J = 7.4 Hz, 2H, CH2
7), 1.68 (p, 

J = 7.4 Hz, 3H, CH3
8), 1.50 (d, J = 6.8 Hz, 2H, CH2

9), 1.45 – 1.35 (m, 2H, CH2
10), 

1.34 – 1.21 (m, 15H, CH2
11 and CH3

11), 0.87 (t, J = 6.8 Hz, 3H, CH3
12). 
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13C NMR (101 MHz, CDCl3) δ / ppm = 170.99 (Cq
1), 169.75 (Cq

2), 163.96 (Cq
3), 152.80 

(CH4,Z), 149.75 (CH4,E), 112.27 (CH5,E), 111.92 (CH5,Z), 70.20 (CH6), 61.76 (CH2
7), 

41.19 (CH2
8), 32.32 (CH2

9), 31.98 (CH2
10), 29.61 (CH2

10), 29.55 (CH2
10), 29.38 (CH2

10), 

29.19 (CH2
10), 28.88 (CH2

11), 28.64 (CH2
12), 22.77 (CH2

10), 17.97 (CH3
13), 14.23 

(CH3
14), 14.21 (CH3

14). 

 

 

Supplementary Figure 201: 1H NMR spectrum of D1c2 recorded at 400 MHz in CDCl3. 
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Supplementary Figure 202: 13C NMR spectrum of D1c2 recorded at 400 MHz in CDCl3. 
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1-((2-Ethoxy-2-oxoethyl)amino)-1-oxotridecan-2-yl (E)-3-(decylthio)acrylate – 

D5c2 

1H NMR (400 MHz CDCl3): δ / ppm = 7.81 (d, J = 15.1 Hz, 1H, CH1,E), 7.22 (d, 

J = 10.3 Hz, 1H, CH1,Z), 6.59 (t, J = 5.2 Hz, 1H, NH2), 5.91 (d, J = 10.3 Hz, 1H, CH3,Z), 

5.81 (d, J = 15.1 Hz, 1H, CH3,E), 5.42 – 5.19 (m, 1H, CH4), 4.21 (q, J = 7.2 Hz, 2H, 

CH2
5), 4.13 – 3.93 (m, 2H, CH2

6), 2.82 (t, J = 7.4 Hz, 2H, CH2
7), 1.97 – 1.76 (m, 2H, 

CH2
8), 1.69 (p, J = 7.4 Hz, 2H, CH2

9), 1.27 (dd, J = 15.7, 7.8 Hz, 35H, CH2
10, CH3

11, 

CH2
12), 0.97 – 0.82 (m, 6H, CH3

13). 

 

13C NMR (101 MHz, CDCl3) δ / ppm = 170.59 (Cq
1), 169.76 (Cq

2), 164.19 (Cq
3), 149.75 

(CH4), 112.25 (CH5), 73.74 (CH6), 61.75 (CH2
7), 41.17 (CH2

8), 32.34 (CH2
9), 32.09 

(CH2
10 or 11), 32.04 (CH2

10 or 11), 32.00 (CH2
10 or 11), 29.74 (CH2

11), 29.67 (CH2
11), 29.63 

(CH2
11), 29.58 (CH2

11), 29.52 (CH2
11), 29.46 (CH2

11), 29.40 (CH2
11), 29.38 (CH2

11), 

29.21 (CH2
11), 28.91 (CH2

12), 28.65 (CH2
13), 24.93 (CH2

11), 22.81 (CH2
11), 22.79 

(CH2
11), 14.24 (CH3

14), 14.23 (CH3
14). 
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Supplementary Figure 203: 1H NMR spectrum of D5c2 recorded at 400 MHz in CDCl3. 

 

Supplementary Figure 204: 13C NMR spectrum of D5c2 recorded at 400 MHz in CDCl3. 



EXPERIMENTAL SECTION 

 

467 

1-(Naphthalen-2-ylamino)-1-oxotridecan-2-yl (E)-3-(decylthio)acrylate – D25c2 

1H NMR (400 MHz CDCl3): δ / ppm = 8.23 (s, 1H, CHAr
1), 8.08 (s, 1H, NH2), 7.89 (d, 

J = 15.1 Hz, 1H, CH3), 7.82 – 7.75 (m, 3H, CHAr
4), 7.53 – 7.37 (m, 3H, CHAr

4), 5.88 (d, 

J = 15.1 Hz, 1H, CH5), 5.40 (dd, J = 7.3, 4.9 Hz, 1H, CH6), 2.85 (t, J = 7.4 Hz, 2H, 

CH2
7), 2.09 – 1.90 (m, 2H, CH2

8), 1.71 (p, J = 7.3 Hz, 2H, CH2
9), 1.50 – 1.19 (m, 32H, 

CH2
10), 0.87 (dt, J = 7.0, 3.3 Hz, 6H, CH3

11). 
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Supplementary Figure 205: 1H NMR spectrum of D25c2 recorded at 400 MHz in CDCl3. 
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Supplementary Table 30: ESI-MS data for the P-3CR and subsequent amino-yne reaction using 5 different amines 
in a one-pot manner. Calculated and measured data of the proton adducts [M+H]+. 

compound formular m/z calculated / Da m/z found / Da 

M1 C22H34N2O3 375.2642 375.2643 

M2 C22H42N2O3 383.3268 383.3268 

M3 C23H36N2O3 389.2799 389.2798 

M4 C26H50N2O3 439.3894 439.3897 

M5 C30H58N2O3 495.4520 495.4520 
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(E)-N-(4-Bromophenyl)-N-(2-(tert-butylamino)-2-oxo-1-phenylethyl)-3-

(diethylamino)acrylamide – U1 

 

Benzyl aldehyde (102 µL, 106 mg, 1.00 mmol, 1.00 equiv.) was dissolved in MeOH 

and 4-bromoaniline (172 mg, 1.00 mmol, 1.00 equiv.) was added, and the mixture was 

stirred for one hour at room temperature. Propiolic acid (62.0 µL, 70.1 mg, 1.00 mmol, 

1.00 equiv.) was added and stirring was continued for 15 min, followed by the dropwise 

addition of tert-butyl isocyanide (113 µL, 83 mg, 1.00 mmol, 1.00 equiv.). The reaction 

mixture was stirred at room temperature for another three hours. After full conversion 

indicated by GC, diethylamine (103 µL, 73.1 mg, 1.00 mmol, 1.00 equiv.) was added 

slowly. The solvent was removed under reduced pressure after one hour of stirring and 

the product U1 was obtained in a yield of 96% (466 mg, 0.96 mmol). 

1H NMR (400 MHz CDCl3): δ / ppm = 7.46 (d, J = 12.7 Hz, 1H, CH1), 7.30 – 7.27 (m, 

2H, CHAr
2), 7.21 – 7.14 (m, 5H, CHAr

3), 7.02 – 6.93 (m, 2H, CHAr
4), 6.08 (s, 1H, CH5), 

6.06 (s, 1H, NH6), 4.14 (d, J = 12.7 Hz, 1H, CH7), 3.06 – 2.94 (m, 4H, CH2
8), 1.34 (s, 

9H, CH3
9), 1.00 (s, 6H, CH3

10). 
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13C NMR (101 MHz CDCl3): δ / ppm = 169.94 (Cq
1), 169.66 (Cq

2), 150.14 (CH3), 140.72 

(Cq
4), 136.06 (Cq

5), 132.75 (CHAr
6), 131.66 (CHAr

7), 130.14 (CHAr
8), 128.31 (CHAr

8), 

127.97 (CHAr
8), 121.13 (Cq

9), 85.41 (CH10), 65.10 (CH11), 51.45 (Cq
12), 42.34 (CH2

13), 

28.85 (CH3
14), 11.45 (CH3

15). 

 

HRMS (FAB) of C25H32BrN3O2 [M+H]+ m/z calc. 486.1751, found 486.1757. 

 

Supplementary Figure 206: 1H NMR spectrum of U1 recorded at 400 MHz in CDCl3. 
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Supplementary Figure 207: 13C NMR spectrum of U1 recorded at 400 MHz in CDCl3. 
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6.3.9. Supplementary information of chapter 4.6.3 

Supplementary Table 31: Chemical shifts of molecules used for data storage in NMR 

compound Average chemical shift and maximal 
deviation δ / ppm 

Benzene 7.3546 
DCM 5.3084 ± 0.0092 
DMC 3.7861 ± 0.0044 
Dioxane 3.6972 ± 0.0038 
DMSO 2.6137 ± 0.0055 
Acetone 2.1666 ± 0.0038 
MeCN 2.0052 ± 0.0060 
Cyclohexane 1.4278 ± 0.0007 
TMS 0.0000 ± 0.0000 

 

 

Supplementary Figure 208: Encoding and decoding with 1H NMR analysis. “Edward␣Mills␣Purcell”, who was 

awarded the Nobel Prize together with Felix Bloch in 1952,[648,649] was encoded and decoded in mixtures of up to 

eight compounds via an 8-bit ASCII code. The reading direction was specified from low to high field and the ordering 

via manual placement in the sample holder. The absence or presence of a compound signal in the spectra was 

retranslated in the binary code into “0” and “1”. 

 

 

1 1 1 1 1 1 1 1 reference
0 1 0 0 0 1 0 1      E
0 1 1 0 0 1 0 0      d 
0 1 1 1 0 1 1 1      w
0 1 1 0 0 0 0 1      a
0 1 1 1 0 0 1 0      r
0 1 1 0 0 1 0 0      d
0 0 1 0 0 0 0 0      
0 1 0 0 1 1 0 1      M
0 1 1 0 1 0 0 1      i
0 1 1 0 1 1 0 0      l
0 1 1 0 1 1 0 0      l
0 1 1 1 0 0 1 1      s
0 0 1 0 0 0 0 0       
0 1 1 0 0 0 0 0      P
0 1 1 1 0 1 0 1      u
0 1 1 1 0 0 1 0      r
0 1 1 0 0 0 1 1      c
0 1 1 0 0 1 0 1      e
0 1 1 0 1 1 0 0      l
0 1 1 0 1 1 0 0      l
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Supplementary Figure 209: Encoding and decoding with GC analysis. “Karlsruhe␣Institute␣of␣Technology” was 

encoded and decoded in mixtures of up to 24 compounds via an 8-bit ASCII code (3 byte per mixture). The reading 

direction was specified from lower to higher retention time and the ordering via manual placement in the sample 

holder. The absence or presence of a compound signal in the chromatogram was retranslated in the binary code 

into “0” and “1”. 
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Supplementary Table 32: Retention time and processed data of molecules used for data storage in GC 

Compound xRefa /min -xMAX × 10-3 b +xMAX × 10-3 c  × 10-3 d 
1,2-Propandiol 1.768 2.920 1.250 4.170 
2,3-Butandiol 1.882 2.505 0.835 3.340 
1-Hexanol 2.135 3.335 0.835 4.170 
Cyclohexanol 2.245 2.505 0.835 3.340 
Cyclooctane 2.456 1.665 2.505 4.170 
Diethylenglycol 2.590 2.920 1.250 4.170 
Benzyl alcohol 3.077 2.230 2.160 4.390 
2-Phenylethanol 3.698 2.495 2.505 5.000 
4-Ethylphenol 4.049 3.330 1.670 5.000 
4-Methoxyphenol 4.483 4.165 1.665 5.830 
Triethylenglycol 4.599 10.00 1.670 11.670 
1-Adamantanol 4.958 6.250 1.250 7.500 
1,4-Diethoxybenzene 5.273 2.923 1.835 4.758 
2,6-Dimethylphenol 5.672 2.920 2.080 5.000 
TEGMeO 6.850 4.580 2.920 7.500 
2,6-Di-tBu-4-methylphenol 7.012 4.995 1.665 6.660 
1,10-Decandiol 7.234 4.170 5.000 9.170 
n-Hexadecane 7.601 2.910 2.090 5.000 
2-Naphthaleneethanol 8.275 2.080 1.250 3.330 
1,12-Dodecandiol 8.844 8.750 1.250 10.000 
3,3’,5,5’-Tetramethylbiphenyle 9.265 6.665 1.665 8.330 
Methyl palmitatee 10.653 5.420 2.920 5.712 
Methyl oleate 13.284 1.670 5.000 6.670 
Methyl Stearate 13.599 10.830 2.500 13.330 
1,8,9-Trihydroxyanthracene 14.248 3.330 4.170 7.500 
9-Anthracenemethanol 14.437 5.830 3.330 9.160 
Values were determined from the data sets measured for the encoding of the QR code; a averaged x-values (xRef) 

of the respective peak maxima (retention time) of the associated compound calculated from the reference spectra 

(three-fold determination); b distance to the maxima over all measurements with the largest x-value in the direction 

of lower (-xMAX) and c higher (+xMAX) retention times; d range in which all maxima of the respective compound 

are located ( = +xMAX + -xMAX); e compound was not used for the data storage shown in Supplementary 

Figure 209. 
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Supplementary Figure 210: Schematic representation of the calculated values in Supplementary Table 32.  

𝑥𝑅𝑒𝑓 =  (−𝑋𝑀𝐴𝑋) + (+𝑋𝑀𝐴𝑋) 2⁄ ; ∆ − 𝑥𝑀𝐴𝑋 =  𝑥𝑅𝑒𝑓 − (−𝑥𝑀𝐴𝑋); ∆ + 𝑥𝑀𝐴𝑋 =  (+𝑥𝑀𝐴𝑋) − 𝑥𝑅𝑒𝑓 ; 

𝜔 =  (−𝑋𝑀𝐴𝑋) + (+𝑋𝑀𝐴𝑋)  

Note that the + and – sign directly before XMAX is no arithmetic operator. 
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Supplementary Figure 211: Calibration curve and chromatograms of the reference. Ordering of data sets dependent 

on the integral ratio of the two reference signals of n-tetradecane [𝑥1 = 5.98; 𝑥2 = 6.10] and 2,6-dimethylphenol  

[𝑥3 = 5.63; 𝑥4 = 5.70] calculated by a three-fold determination (𝑓(𝑥), 𝑔(𝑥), ℎ(𝑥)). a represent the data set for the 

“fan” bit map and b for the QR code. 1 and 3 Cutout of GC chromatograms focusing on the two reference peaks. 

Left signal: 2,6-dimethylphenol with same concentration in each mixture. Right signal: n-tetradecane with varying 

concentration. 2 and 4 Plot of the averaged integral ratio 𝜃 against the amount of n-tetradecane added to the 

respective mixture with 𝜃 =  X̅[∫ 𝑓(𝑥); ∫ 𝑔(𝑥);
𝑥2

𝑥1
∫ ℎ(𝑥)

𝑥2

𝑥1

𝑥2

𝑥1
] × X̅[∫ 𝑓(𝑥); ∫ 𝑔(𝑥);

𝑥4

𝑥3
∫ ℎ(𝑥)

𝑥4

𝑥3

𝑥4

𝑥3
]

−1
. 
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Supplementary Figure 212: Flowchart describing the encoding and decoding process for the QR code. The 

individual steps for the encoding process in the laboratory are highlighted in light yellow and for the decoding 

process via the software in light green. The processing steps are represented in green rectangles and the decision 

points in yellow rhombi. The QR leads to the homepage of the KIT (https://www.kit.edu/index.php). For detailed 

information about the code, refer to the provided files (README.txt and the read.py). 
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7. APPENDIX 

7.1. List of Abbreviation 

µm     Micromole 

     Flory-Huggins interaction parameter 

     Volume fraction 

ABS     Acrylonitrile butadiene styrene 

ADMET    Acyclic diene metathesis 

AFM     Atomic force microscopy 

Ar     Argon 

aROP     Anionic ring-opening polymerization 

ASCII American Standard Coder for Information 

Interchange 

ATRP     Atomic transfer radical polymerization 

BCP     Block copolymer 

CALB     Candida antarctica Lipase B 

CAN     Covalent adaptable networks 

CID     Collision-induced dissociation 

CMA     Connolly Molecular Area 

Conv.     Conversion 

COSY     Correlation spectroscopy  

CuAAC    Copper-catalyzed azide/alkyne cycloaddition 

Đ     Dispersity 

Da     Dalton 

DABCO    1,4-Diazabicyclo[2.2.2]octan 

DBU     1,8-Diazabicyclo[5.4.0]undec-7-en 

DCC     N,N‘-Dicyclohexylcarbodiimide 

DCM     Dichloromethane 
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DCTB 2-[(2E)-3-(4-tert-Butylphenyl)-2-methylprop-2-

enylidene]malonitrile 

DCU     Dicyclohexylurea 

DEDG     Double exponential dendrimer growth 

DFT     Density functional theory 

DHB     2,5-Dihydroxybenzoic acid 

DHMP     3,4-Dihydropyrimidin-2(1H)-one 

DHP     1,4-dihydropyridines 

DIEPA    Diisopropylethylamine 

DLS     Dynamic light scattering 

DMAP     N,N-(Dimethylamino)pyridine 

DMC     Dimethyl carbonate 

DMF     N,N-Dimethylformamide 

DMPA     2,2-Dimethoxy-1,2-diphenylethan-1-one 

DMS-b-LA    oligo(dimethylsiloxane)-block-oligo(lactic acid) 

DMS-b-MMA    Dimethylsiloxane-block-methyl methacrylate 

DMSO    Dimethyl sulfoxide 

DMSO-d6    Deuturated dimethyl sulfoxide 

DMT     dimethoxytrityl 

DNA     Deoxyribonucleic acid 

dNbipy    4,4’-Dinonyl-2-2’-dipyridyl 

DoE     Design of Experiments 

DOSY     Diffusion ordered spectroscopy 

DPTS     4-(Dimethylamino)pyridinium p-toluenesulfonate 

DSC     Differential scanning calorimetry 

EA     Ethyl acetate 

EBA     Ethyl bromoacetate 

EDC     1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid 

EG     Ethylene glycol 

Equiv.     Equivalents 

ESI     Electrospray ionization 
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ESI-MS    Electrospray ionization - mass spectrometry 

ESI-MS/MS    Electrospray ionization tandem mass spectrometry 

eV     electronvolt 

EWG     Electron withdrawing group 

Fmoc     Fluorenylmethoxycarbonyl 

FSPE     Fluorous solid-phase extraction 

GC     Gas chromatography 

GC-FID    Gas chromatography – flame ionization detector 

GPC     Gel permeation chromatography 

GPE     Glycidyl propargyl ether 

HC     Hexagonal cylinder 

HCCA     α-Cyano-4-hydroxy-cinnamic acid 

HF     Hydrofluoric acid 

HFIP     1,1,1,3,3,3-Hexafluoropropan-2-ol 

HMBC     Heteronuclear multiple bond correlation 

HOBt     1H-1,2,3-Benzotriazol-1-ol 

HSAB     “hard and soft (Lewis) acids and bases” 

HSQC Heteronuclear single quantum coherence 

spectroscopy 

IBX     1-Hydroxy-1λ5,2-benziodoxol-3(1H)-one 1-oxide 

IEG     Iterative exponential growth 

IMCR     Isocyanide-based multicomponent reaction 

Inorm.     Normalized intensity 

IR     Infrared 

IrAAC     Iridium-catalyzed azide/alkyne cycloaddition 

ISG     Iterative sequential growth 

IUPAC    International Union of Pure and Applied Chemistry 

L0     Long-range-order distance 

LC-MS    Liquid chromatography – mass spectrometry 

LC-MS/MS Liquid chromatography – tandem mass 

spectrometry 

logP     Octanol-water partition coefficient 
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m     Mass 

M     Molar mass 

M/I     Monomer-to-initiator ratio 

m/z     Mass-to-charge ratio 

MALDI    Matrix assisted laser desorption ionization 

MALDI-MS matrix assisted laser desorption ionization – mass 

spectrometry 

MALDI-MS/MS matrix assisted laser desorption ionization – 

tandem mass spectrometry 

MALDI-TOF-MS matrix assisted laser desorption ionization – time of 

flight – mass spectrometry 

MALDI-TOF-MS/MS matrix assisted laser desorption ionization – time of 

flight – tandem mass spectrometry 

mbar     Millibar 

MCR     Multicomponent reaction 

MCS     Macrocyclic sulfate 

Me6TREN    Tris[2-(dimethylamino)ethyl]amine 

MEM     2-Methoxyethoxymethyl 

mg     Milligram 

MIDI     Musical Instrumental Digital Interface 

min     Minute 

Mn     Number of average molar mass 

mPEG    Monomethoxy poly(ethylene glycol) 

mPEG-b-PCL Monomethoxy poly(ethylene glycol)-block-poly(ε-

caprolactone) 

MPS     Microphase separation 

MS     Mass spectrometry 

MTBD 1-Methyl-2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-

a]pyrimidine 

mTEG     Tetra(ethylene glycol) monomethyl ether 

Mw     Mass average molar mass 

NHC     N-Heterocyclic carbene 

nm     Nanometer 
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NMP     Nitroxide-mediated radical polymerization 

NMR     Nuclear magnetic resonance 

oBL     Oligo(γ-butyrolactone) 

oCLBL    Oligo(ε-caprolactone-co-γ-butyrolactone) 

oDMS-b-oLA    Oligo(dimethylsiloxane)-block-oligo(lactic acid) 

ODT     Order-disorder phase transition 

OEG     Oligo(ethylene glycol) 

oGA     Oligo(glycolide acid) 

OHB     Oligo((R)-3-hydroxybutanoic acid) 

oLA     Oligo(lactic acid) 

OLED     Organic light-emitting diode 

oPDO     Oligo(p-diocanone) 

OPE     oligo(phenylene ethynylene) 

OPV     Organic photovoltaics 

P-3CR    Passerini-three-component reaction 

P-3KR    Passerini Dreikomponentenreaktion 

PAA     Poly(acrylic acid) 

PCL     Poly(ε-caprolactone) 

PEG     Poly(ethylene glycol) 

PEG-b-PCL    Poly(ethylene glycol)-block-poly(ε-caprolactone) 

PISA     Polymerization-induced self-assembly 

PLA     Poly(lactic acid) 

PLA-b-PPL    Poly(lactic acid)-block-poly(phenyllactic acid) 

PLGA     Poly(lactic-co-glycolic acid) 

PMB     p-Methoxybenzyl 

PMDETA N1-[2-(Dimethylamino)ethyl]-N1,N3,N3-

trimethylethane-1,2-diamine 

pmol     Picomole 

PPL     Poly(phenyllactic acid) 

ppm     Parts per million 

PS-b-PAA    Polystyrene-block-poly(acrylic acid) 
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PVC     Polyvinyl chloride 

PyBOP (Benzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate 

QR code    Quick response code 

RAFT     Reversible-addition-fragmentation chain-transfer 

RDRP     Reversible-deactivation radical polymerization 

RNA     Ribonucleic acid 

ROMP    Ring-opening metathesis polymerization 

ROP     Ring-opening polymerization 

rt     Room temperature 

SA     Self-assembly 

SAN     Styrene-acrylonitrile 

SAXS     Small-angle X-ray scattering 

SCMFT    self-consistent mean field theory 

SDC     Sample displacement chromatography 

SEC     Size exclusion chromatography 

SEC-ESI-MS Size exclusion chromatography - electrospray 

ionization - mass spectrometry 

SEM     Scanning electron microscope 

SPE     Solid-phase extraction  

SPPS     Solid phase peptide synthesis 

SVA     Solvent vapor annealing 

TAD     1,2,4-Triazoline-3,5-diones 

TBAF     N,N,N-Tributylbutan-1-aminium fluoride 

TBD     1,5,7-Triazabicyclo[4.4.0]dec-5-en 

TBDMSCl    tert-Butyl(chloro)di(methyl)silane 

TBDPS    tert-Butyldiphenylsilyl 

Tc     Crystallization temperature 

TCA     Trichloroacetic acid 

TEA     Triethylamine 

TEG-SH    tri(ethylene glycol) monomethyl ether 

TEM     Transmission electron microscope 
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TEMPO    (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

TES     Triethyl silane 

TFA     Trifluoroacetic acid 

TGA     Thermogravimetric analysis 

TG-SH    thioglycerol 

THF     Tetrahydrofuran 

THP     Tetrahydropyran 

TIPSCl    Triisopropyl(chloro)silane 

TLC     Thin-layer chromatography 

TMDS     1,1,3,3-Tetramethyldisiloxane 

TODT     Order-to-disorder phase transition temperature 

TPB 1-(4-Hydroxy-4′-biphenylyl)-2-(4-

hydroxyphenyl)butane 

TS     Transition state 

U-4CR    Ugi-four-component reaction 

UV     Ultraviolet 

WAXS    Wide-angle X-ray scattering 

wt%     Weight percent 

ZB     Zettabyte 
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