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1. General Introduction 

 

1.1. Polymer Networks and Gels 

Cross-linked polymers are a class of materials with a broad range of technical and 

biological applications. Their diverse application spectrum spans from their usage in tire 

industry1 to be an important class of materials for making scaffolds for tissue 

engineering2,3. Although for last several decades, these materials are subject to 

extensive experimental and theoretical investigations, still there are some challenges 

present to deal with. By definition, a polymer network is a three-dimensional structure 

formed by the cross-linking of polymer chains, either by chemical or physical bonding. 

Among large spectrum of their characteristics, two of the most important are their large 

deformation elasticity and improved resistance to solvent attack. As for later, in contrast 

to uncross-linked polymer chains, polymer networks do not dissolve in solvents but 

rather get swollen by holding a large number of solvents molecules within their 

structure. These diluted or swollen networks are also termed as gels. 
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Swelling of cross-linked polymer networks in the presence of a solvent is a phenomenon 

of great theoretical and practical importance. Its applications range from membrane 

separation technology and various biomedical usages to numerous physiological 

processes. When the dry polymer network gets in contact with suitable solvent 

molecules (which can be either small molar mass solvent molecules, oligomers or 

polymer chains[4,5]), the network’s chains try to disperse or mix with the solvent 

molecules causing an increase in the system’s entropy. However, stretching of network 

chains due to the swelling or volume expansion of the network counterbalance this 

phenomenon. A good solvent/polymer interaction and low cross-link density favor the 

swelling process in the absence of other factors are e.g. pH-value of the solvent, 

temperature, presence of ionizable groups, etc. At any given time, the degree of swelling 

or the swelling ratio can be calculated as follows 

 𝑄 =
𝑚𝑠 − 𝑚𝑑

𝑚𝑑
 (1.1) 

where Q is the swelling ratio, mS is the mass of swollen network and md represents the 

mass of dry network. 

 

Figure 1.1:  Schematic representation of swelling of a polymer network. 

Typically, the cross-linking density is determined by the swelling of networks in a good 

solvent. The Flory-Rehner theory6 is one of the widely used theories related to the 

swelling of polymer networks and commonly used for the determination of their cross-

linking density. This theory is based on the following three assumptions7 
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i. The change of the Gibbs free energy of the system upon swelling is the sum of 

the change in the Gibbs free energy of mixing of polymer and solvent and the 

elastic deformation of polymer strands 

 

 ∆𝐺 =  ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑒𝑙 (1.2) 

ii. The mixing term can describe by the mean field Flory-Huggins theory 

iii. The affine deformation model will be considered to describe the elastic 

deformation phenomenon. A general expression of the Flory-Rehner theory is 

 

 −[𝑙𝑛(1 − 𝑣2) + 𝑣2 + 𝜒1𝑣2
2] =  𝑉1𝑛𝑐 (𝑣2

1
3 −

𝑣2

2
) (1.3) 

where, 𝑣2 is the volume fraction of polymer in the swollen state, V1 is the molar volume 

of the solvent, nc is the number of network chain segments between two crosslinks, 

and 𝜒1 is the Flory-Huggins solvent-polymer interaction parameter. Although, Eq. 1.3 is 

a basic form of the Flory-Rehner theory, however, several modified versions of this 

equation have also been developed to suit different experimental conditions. 8 

 

1.2. Types of Polymer Networks 

There are different kinds of polymer networks or gels, depending upon the t ype of 

subunits they consist of and types of bonding they have. For example, the subunits are 

either small multifunctional molecules bonded together to form an extensive three-

dimensional network (e.g. epoxy resins), or long polymer chains connected by relatively 

small cross-linker units (e.g. vulcanized rubber). Typically, polymer networks are 

categorized into two classes depending upon the nature of bonds that connect the basic 

subunits. The first type is chemical networks where the bonds, linking the subunits, are 

covalent whereas the second category is physical networks, where cross-linking occurs 
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mainly due to non-covalent interaction. A brief description of both of these kinds of 

networks is as follows. 

1.2.1 Chemical Networks 

To form chemical networks, multifunctional subunits are connected via covalent bonds 

to form a three-dimensional cross-linked structure. These types of networks are 

permanent, and their chemical structure does not get affected by heating or by any 

solvent. For chemical networks formation, the functionality of the monomer units is 

critical. According to IUPAC, the functionality of a monomer can be defined as the 

number of covenant bonds a monomeric unit can form with other reactants. 9 For 

instance, adipic acid and 1,3-propanediol are examples of difunctional monomers, 

glycerol is considered as a trifunctional monomer while pentaerythritol is a good 

example of tetrafunctional monomers.9 Hence, for this type of chemical networks which 

are made up from one type of subunits, the requirement of the minimum degree of 

functionality is more than two9,10, i.e. f > 2. However, in the case of chemical networks 

made from two or more than two kind of subunits, at least one of the subunit must have 

the functionality more than two while the other subunits must be at least bifunctional 

molecules. Some of the typical examples of chemical networks are discussed below. 

1.2.1.1  Thermosetting Resins  

Epoxy resins are an excellent example for such kind of chemical networks. It is a two-

component system where the first component is a low molar mass bifunctional polymer 

with two epoxide functional groups, while the second component is a multifunctional 

cross-linker also known as the hardener. When the polymer chain and the cross-linker 

unit are mixed in an appropriate proportion, a three-dimensional end-linked network is 

formed with enhanced final mechanical properties11. 
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Figure 1.2: Formation of chemical polymer network via end-linking polymerization 

1.2.1.2  Vulcanization 

 One basic method, on which the whole rubber industry relies upon, is the vulcanization 

of rubber12. In this type of chemical networks, long polymer chains with multiple 

functional groups present in their backbone are connect together by a relatively small 

multifunctional molecule. These functional groups in the polymer chains are either 

unsaturated double bonds or any other pendant functional group present in the 

repeating unit of the polymer chain. For example, natural rubber or polyisoprene 

contains double bonds in its backbone which are capable of reacting with one, two or up 

to eight sulfur atoms to form mono-, di- or polysulfide links13, also known as sulfur 

bridges. Figure 1.3 demonstrates the basic idea of this kind of network formation 

process. 

 

Figure 1.3: Formation of chemical polymer network using sulfur as a cross-linking unit.  
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1.2.2 Physical Networks 

In physical polymer networks, the cross-linking occurs due to physical interactions 

between the subunit molecules rather than the formation of any chemical linkage. These 

type of networks are usually temporary networks i.e. their physical state is stable under 

certain conditions and were easily disintegrated to their primary subunits when the 

conditions are not favorable.The temperature is one of the most critical parameters for 

all of these types of networks. That is why they were often referred to as 

thermoreversible networks.14,15 Some of the mechanisms by which these 

thermoreversible networks can be formed are discussed below. 

1.2.2.1  Microcrystallite Formation 

 Above certain critical concentrations, some semi-crystalline polymers are capable of 

forming microcrystalline regions even in their dissolved state (see Figure 1.4). These 

microcrystallites act as the physical cross-links in the system and provide a suitable 

mechanical strength to the whole system. One of the best common examples of this type 

of polymer network is the making of edible jelly, where gelatin (a hydrolyzed form of 

collagen) forms a large number of small crystallites in the solution which provide 

structural stability to the whole system. Poly(vinyl alcohol) (PVA) cryogels1617,18 also 

belong to this class of physical networks. They are made by the repeated freezing and 

thawing of PVA-water solution. This procedure produces the microcrystalline domains of 

PVA in the PVA-water system which act as physical crosslinks for PVA cryogels. 

 

Figure 1.4: Formation of physical polymer network via microcrystallite formation.  
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1.2.2.2  Microphase Separation 

 In this particular type of polymer networks, a block copolymer made from two or more 

types of chemically different and immiscible polymers rearranges itself at lower 

temperatures to produce a microphase-separated structure. Figure 1.5 shows an 

example of microphase separation of polystyrene-b-polybutadiene-b-polystyrene (SBS) 

triblock copolymer. As the terminal polystyrene blocks are immiscible with 

polybutadiene chains and have a higher stiffness at room temperature (Tg = 100 °C), they 

tend to form rigid microdomains within the polybutadiene copolymer matrix. These rigid 

microdomains act as physical cross-links for the system, resulting in an increase in the 

overall elastic behavior of the material. However, heating the SBS triblock copolymer 

above the glass transition temperature of polystyrene softens the terminal polystyrene 

blocks and make the whole block copolymer matrix to flow viscoelastically. These 

materials are also known as thermoplastic elastomers. 

 

Figure 1.5: Formation of physical polymer network via microphase-separated domain 

formation. 

 

1.2.2.3 Supramolecular Interactions 

In this type of polymer networks, macromolecular chains are cross-linked because of the 

non-covalent or transient links such as hydrogen bonding19, hydrophobic interactions20, 

transition metal complexation21, ionic attractions22, π–π stacking23, etc. Supramolecular 



14 

 

polymer networks possess the characteristics of both chemical and physical networks, 

and under favorable conditions, they are capable of forming strong structural materials. 

However, they can also easily dissociate under other conditions such as variation in 

temperature, pH value, the polarity of the solvent, redox interactions, competitive 

ligation, etc. Here it will be worth mentioning that the terms supramolecular polymer 

gels and supramolecular polymer networks24 represent two different materials. 

Supramolecular polymer gels consist of low molar mass molecules which self-assemble 

into the three-dimensional structure through the above-mentioned non-covalent types 

interactions. In contrast, supramolecular polymer networks already possess the long 

covalently bonded polymeric chains but also contain functionalized pendent groups 

which are capable of coupling together non-covalently, to form a network structure (see 

Figure 1.6 (a) and (b)).  

 

Figure 1.6: (a) Supramolecular polymer gels from lower molar mass subunits, (b) 

Supramolecular polymer networks formed from long polymer chains functionalized with 

mutually attractive motifs.    

Non-covalent interactions greatly differ in their strength, as shown in Figure 1.725.  

Depending upon the type of non-covalent interactions used for the final cross-linking 

step, the supramolecular polymeric materials can be designed to have different final 

mechanical properties. 
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Figure 1.7: The most common types of noncovalent interactions along with their binding 

energies.25 

 

1.3. Theories of Gelation 

When the small molecular subunits form a network, the whole reaction mixture becomes 

immobilized. That stage in the network-forming polymerization reaction is known as gel 

point, and the phenomenon is called gelation. For the understanding of a gelation 

process and to predict the gel point of the system, several theories and methods have 

been proposed and can be broadly divided into two types i.e. statistical methods and 

kinetic methods. Kinetic methods like Numerical Fractionation Technique26 (NFT) or 

Percolation theory27 can be used to calculate and forecast the gelation process, however, 

they are found to be relatively more complicated and require lengthy and time-

consuming computer simulations to produce any useful results. Although it will be the 

statistical methods which are discussed in more detail later in this section, it is important 

to mention here that all theories possess their advantages and disadvantages. The 

selection of any particular method depends on the type of system to be analyzed, the 

amount of information available about the system, the level of detail required, and the 

availability of computer resources. 
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1.3.1 Statistical Theories of Gelation 

Among the most common statistical methods, dealing with network formation or 

gelation mechanisms are: 

1.3.1.1  Carother’s Theory of Gelation  

Wallace Carother introduced a series of mathematic relationships28 for the step-

growth polymerization reaction in order to find out the average degree of 

polymerization 𝑋𝑛
̅̅̅̅   at any given monomer conversion p (i.e. extent of reaction).28 

These relations are also known as Carother ’s equations and depending upon the 

functionality of monomer units and stoichiometric ratio of monomers in the reaction 

system, there has been several versions of these equations. For instance, the simplest 

case would be where two bifunctional monomers are present in a system in equimolar 

amount. In order to find out the average degree of polymerization 𝑋𝑛
̅̅̅̅   at any given 

value of extent of reaction p,  Eq. 1.4 will be used 

 𝑋𝑛
̅̅̅̅ =

1

1 − 𝑝
 (1.4) 

This simplest case discusses the formation of only a linear polymer via the step-growth 

polymerization, where the higher degree of polymerization 𝑋𝑛
̅̅̅̅   can be predicted only at 

very higher monomer conversion.  

Furthermore, monomers with the functionality greater than two (f > 2) introduce 

branching in the polymer chains and the average degree of polymerization 𝑋𝑛
̅̅̅̅  depends 

on the average functionality fav per monomer unit in the system. However, when the 

stoichiometrically equimolar amount of functional groups are present in the reaction 

system, then at a certain value of extent of reaction p, the average degree of 

polymerization 𝑋𝑛
̅̅̅̅  becomes infinity. This stage of reaction is called the gel point and that 

extent of reaction value where gelation happens is called critical extent of reaction pc. A 

modified Carother’s equation29 provides a relationship between the average 

functionality fav of monomers and the extent of reaction at the gel point 𝑝𝑐, provided 
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that the functional groups are present in stoichiometrically equivalent amount in the 

polymerization system. A general expression for the extent of reaction 𝑝 will be 

 𝑝 =
2

𝑓𝑎𝑣
−

2

𝑋𝑛
̅̅̅̅ 𝑓𝑎𝑣

 (1.5) 

At the gel point, the value of 𝑋𝑛
̅̅̅̅   becomes infinite and the expression for the critical 

extent of reaction pc at the gel point is given by   

 𝑝𝑐 =
2

𝑓𝑎𝑣
 (1.6) 

 

Eq. 1.6 is a simple equation to predict the gel point of the system, however, one of the 

limitations of this theory is that it only predicts the critical extent of reaction pc values 

for those systems where the functional groups are present in stoichiometrically 

equivalent amount. Any imbalance in the monomer concentration will result in incorrect 

and unrealistic values for the whole system.  

1.3.1.2  Flory-Stockmayer Theory of Gelation  

In order to derive an expression for predicting the extent of reaction at the gel 

point 𝑝𝑐, a statistical approach was used by Flory30,31 and Stockmayer32 in the early 

1940s and it is one of the most popular and widely used theories for the gelation 

processes. They calculated the extent of reaction of a system when the weight-

average degree of polymerization 𝑋w  of the growing branched molecule approaches 

an infinite value. However, The Flory-Stockmayer theory is based on the following 

two assumptions: 

i. The reactivity of all functional groups will be similar and independent of 

molecular size. 

ii. There will be no intramolecular reactions between functional groups on the 

same molecule. 
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In order to derive a mathematical expression lets assume a polycondensation reaction 

among monomers A―A with B―B along with 𝐴𝑓, where f represents the functionality of 

monomer and for this system f = 3. A schematic representation of this reaction system 

is shown in Scheme 1.1.   

 

Scheme 1.1: Schematic representation of branched polymer formed by the reaction of 

A―A with B―B along with trifunctional branching unit A3.  

Here, 𝐴𝑓 represents a multifunctional branch unit while the segments between the two 

branch units are called the chain segments and n can have any value from zero to infinity. 

A new term, branching coefficient α, was introduced and is defined as a probability that 

a given functional group of a branch unit at the end of a polymer chain segment leads to 

another branch unit. The criterion for the gelation process in any system which contains 

a branch unit of functionality f is that at least one of the (f -1) chain segments should be 

connected to another branch unit. Hence the probability of this to happen is simply 1/(f 

– 1) and it is known as critical branching coefficient, 𝛼𝐶. 
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 𝛼𝐶 =  
1

(𝑓 − 1)
 (1.7) 

The f in Eq. 1.7 represents the functionality of the branch units, however, in the case of 

more than one type of multifunctional branch unit present in the system, an average f 

value of all the multifunctional branch units will be used. 

The probability α can be related to the extent of reaction 𝑝, by determining the 

probability of finding a chain segment, in the network structure. For this purpose, let pA 

and pB represent the extents of the reaction of A and B functional groups and ρ denotes 

the ratio of all A groups that are part of branch units (both reacted and unreacted) to 

the total number of all A groups in the mixture. Consequently, the probability for a group 

B reacted with a branch unit can be represented by pBρ and the probability that it has 

reacted with a non-branched A―A unit will, therefore, be pB(1 – ρ). 

Hence, the probability of obtaining a chain segment for the above system will be pA [pB 

(1 - ρ) pA]n pBρ and by taking summation over all values of n will yield 

 𝛼 =  
𝑝𝐴𝑝𝐵𝜌

1 − 𝑝𝐴𝑝𝐵(1 − 𝜌)
 (1.8) 

To simplify it further, either pA or pB can be replaced by the term r, where r represents 

the ratio of A groups to all B groups. 

 𝑟 =  
𝑝𝐴

𝑝𝐵
 (1.9) 

Then Eq. 1.8 can be reconstructed as 

 𝛼 =  
𝑟𝑝𝐴

2𝜌

1 − 𝑟𝑝𝐴
2(1 − 𝜌)

=
𝑟𝑝𝐵

2𝜌

1 − 𝑟𝑝𝐵
2(1 − 𝜌)

 (1.10) 

By combining the Eq. 1.10 and Eq. 1.8, one comes to a useful expression for the extent 

of reaction, (for A functional groups) at the gel point 
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 𝑝𝑐 =  
1

√[𝑟 [1 + 𝜌(𝑓 − 2)]]
 (1.11) 

Eq. 1.11 shows the critical extent of reaction only for the system mentioned above. 

However, for a more general expression which can be used for other cases e.g. systems 

with more than one type of multifunctional branch units, etc. the following expression 

for the critical extent of reaction at the gel point was used. 

 
𝑝𝑐 =  

1

√[𝑟 [(𝑓𝑤,𝐴 − 1)(𝑓𝑤,𝐵 − 1)]]

 
(1.12) 

where 𝑓𝑤,𝐴 and 𝑓𝑤,𝐵 are weight-average functionalities of A and B functional groups, 

respectively. 

Although the expression for the critical conversion at the gel point derived by the Flory-

Stockmayer model is relatively straightforward to use, experimental results were often 

different from the predicted values. Mostly, values of the critical extent of reaction of 

real-time experiments were higher than the predicted value and this was mainly due to 

the two underlying assumption, this theory is based on. Intramolecular reactions 

between the two functional groups of the same growing molecule cannot be avoided 

completely rather than reduced by adjusting certain parameters. These reactions were 

not only responsible for the delay of the gelation process, but they also produce 

elastically inactive loops which do not contribute to the overall network formation 

process rather than extending the chain segments between two cross-links. 

Furthermore, the second assumption of equal reactivity of all functional groups also 

becomes less and less valid with the progress of reaction because as the reaction 

proceeds, the functional groups present on the surface of growing molecules are more 

probable to react with other unreacted functional groups as compared to those who are 

trapped within the cross-linked structure of the network. 

Some other but relatively less important theories are 

 the cascade theory of Gordon33,34 
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 the Miller-Macosko recursive method35 

 the stochastic graphs theories of Bruneau36 

Although, there are also some other theories which can be found in the literature37,38  

the first two theories are the simplest and frequently used for the analysis of the gelation 

process. 

 

1.4. Crystallization of Poly(Ethylene Glycol)  

Being a water-soluble, biocompatible and semicrystalline polymer, poly(ethylene glycol) 

is an important synthetic polymer with a range of applications in various sectors. It is 

synthesized via the anionic polymerization of ethylene oxide (EO) and depending on the 

final molar mass of the polymer, it is either called as poly(ethylene oxide)(PEO; Mn ≥ 

20,000 g/mol) or poly(ethylene glycol) (PEG; Mn ≤ 20,000 g/mol).39 PEG has been 

investigated comprehensively in the past in order to gain a better understanding of its 

crystallization process. As early as the beginning of the twentieth century, different 

molecular structure models, such as meanderform model,40 95,4142 93
43 and 75

44,45 helix 

models was proposed for a crystalline PEG chain. However, it was the 72 helix model, 

proposed initially by Tadokoro et al. 46–48 which gained a widespread acceptance as a 

most appropriate model for a crystalline PEG chain. Though, shortly after them, different 

other research groups49,50  also come up with the same 72 helix model, independently.  

According to the initially proposed molecular structure model (Figure 1.8 (a)), a PEG 

chain in its crystalline state has a helical structure with the helical symmetry 

isomorphous to the point group D7. In the 72 helix of PEG chain, seven monomeric units 

turn two times per fiber period (pitch) with the succession of trans, trans, and gauche 

conformations.47 However, the detailed crystal structure reported later for PEG chains 

confirms the 72 helical structure of PEG chains but with considerably distorted helical 

symmetry (Figure 1.8 (b)).48 The monoclinic unit cell of PEG contains four helical PEG 

chains, with the cell parameter values as a = 8.05 Å, b = 13.04 Å, c = 19.48 Å, and ß = 

125.4° along with the space group P21/a-C2h
5.48 Furthermore, a planar zigzag 

conformation (Figure 1.8 (c)) is also reported51 for PEG chain, but only when it is 
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subjected to two-fold stretching. This all-trans conformation of PEG chain is only stable 

under stretched conditions and changes rapidly to the 72 helix conformation once the 

stress was removed. PEG also exists in various other crystal modifications by forming 

crystalline complexes e.g. with HgCl2,52 and urea53 etc.  

 

Figure 1.8: (a) Molecular structure model of PEG with the helical symmetry isomorphous 

to the point group D7
47 (b) crystal structure model of PEG with distorted helical 

symmetry48 (c) Zig-zag crystal modification of PEG chain when subjected to twofold 

stretching.51 

Analogous to the crystallization of other linear polymers, the formation of extended 

chain (EC) crystals of PEG are more thermodynamically favorable than folded-chain (FC) 

crystals, which are usually formed due to kinetic reasons. It was found that poly(ethylene 

glycol) chains with molar masses Mn ≤ 3000 g/mol)54,55 crystallizes only in extended chain 

fashion, whereas, n-times folded chain structures are formed for higher molar mass PEGs 
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(Mn ≥ 3000 g/mol).56–59 The fold number n has usually an integer value (integer folded IF 

crystals) and it depends on the molar mass, crystallization temperature and 

crystallization time of the polymer.57,58 During the heating or annealing process, these 

metastable folded-chain crystals thicken to thermodynamically more stable forms i.e. 

either extended-chain or smaller fold number crystals, in a stepwise manner (also known 

as lamella thickening). Moreover, noninteger folded (NIF) PEG crystals have also been 

observed during the initial stages of crystallization.60 However, because of being 

thermodynamically less stable, they were transformed into integer folded IF crystals 

during the later stages of crystallization .61 When the fold length of NIF crystal exist 

between IF (n = i) and IF (n = i + 1) crystals, the transformation from NIF to IF  may 

proceeds by both isothermal lamella thickening and thinning processes, depending upon 

the thermodynamic driving force and molecular diffusional motion along the chain axis.61 

However, this transformation of NIF to IF crystals is increasingly hampered by the 

increase in the molar mass of the chain and for very long chain lengths, these NIF crystals 

might permanently exist.56 PEG crystals with different fold numbers in the same 

sample58,62–64 are also been observed.  

 

Figure 1.9: Schematic representation of (a) extended chain (EC) with fold number n = 0, 

(b) once and twice integer folded (IF) crystals, n = 1,2 and (c) noninteger folded (NIF) 

chain crystals 
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Macroscopic properties of polymers are usually influenced by their microscopic chain 

structures.65–67 Although in smaller amounts, but the presence of chain defects in a 

polymer backbone effect their crystallization, thermal, and mechanical characteristics. 

These defects are either intentionally introduced to tailor the final properties of the 

polymer or can be a result of an effort to create any particular chain architectures i.e. 

network or branched structures. These defects can either be randomly distributed, i.e. 

copolymerization of different monomers68,69 or can be well-defined and specifically 

located on a polymer backbone.  

Chain ends, comonomer units, coupling moieties, and stereo- and regio-defects etc. can 

all be considered a point defect in a polymer chain and depending upon their type and 

size, they can either be incorporated into or excluded from the polymer crystal during 

crystallization.70–76 Polyethylene (PE) has been extensively studied for both kinds of 

defects. For instance, randomly distributed defects due to the copolymerization of 

ethylene and propylene monomer,69 or various type of well-defined point defects77–80 on 

the polyethylene chain. However, some of the pioneering work on studying the effect of 

chain defects on the crystallization behavior of PEG chain was performed by Cheng et 

al.81–84 They investigated the crystallization behavior of PEG chains coupled by different 

isomers of benzene dicarbonyl dichloride units, resulting in phenylene ester point 

defects in middle of PEG chain. They found out that, these phenylene ester point defects 

were excluded out from the PEG crystal during the crystallization process and place 

themselves on the lamella basal surface. Influence of 1,4-disubstituted 1,2,3-triazole (TR) 

unit on various properties of poly(ethylene glycol) has already been reported.85–87 

However, the effect of TR unit on the crystallization behavior of PEG is seldom studied.88 

It seems important that more effort should have been made to study its effect on PEG 

crystallization as this TR unit is produced during the Cu(I) catalyzed Azide-Alkyne 

Cycloaddition (CuAAC) click reactions, which are an important class of coupling reactions 

often used to produce different PEG architectures.89–91  
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1.5. The Odd-Even Effect 

Non-monotonic changes in the material’s structure and properties due to either even or 

an odd number of their basic structural units is a phenomenon repeatedly observed in 

various fields of natural sciences. The structural unit can be e.g. a CH2 group, one metal 

atom or a repeating unit of the polymer. The effect of this phenomenon can be either 

observed at the macroscale, like changes in the melting points of n-alkanes92 or at 

microscale e.g. the difference in properties of nanoclusters made from an odd or even 

number of atoms.93,94 This effect was also noticed in the larger abundance and stability 

of isotopes of chemical elements with an even number of nucleons compared to their 

neighbors in the periodic table of elements with respective odd numbers. This Oddo-

Harkins rule is valid for all chemical elements with the exception of the lightest elements, 

which are the basis for nucleosynthesis.95,96 

In 1877, A. Bayer was first to observe the melting point alternation effect in homologous 

series of fatty acids and alkane ,-dicarboxylic acids.97 He observed that members with 

the even number of methylene units show higher melting points as compared to their 

odd numbered neighbor. However, as the CH2 units increase, this relative difference 

starts to diminish, gradually. 

Although, a comprehensive crystallographic work had already been published in 1928 by 

Caspari,98 it was Boese’s group that carried out a thorough investigations on the 

crystallographic structure of n-alkanes,99 α,ω-alkanedithiols100 α,ω-alkanediols101, and 

α,ω-alkanediamines,101 via single-crystal X-ray diffraction analysis and determined its 

relationship with their final melting temperature. They came up with a simple geometric 

demonstration of different crystal packing for odd and even members of a homologous 

series and suggested that the lower melting temperature of the members with the odd 

number of methylene units is due to their loose crystal packing and lower crystal density 

as compared to their neighbors in the series. In addition to the melting temperatures Tm, 

other properties, such as enthalpy and entropy of melting,102–106 solubilities,107,108 

sublimation energies,103 densities,104 and mechanical properties,109,110 have also been 

reported to exhibit a zig-zag change with respect to the number of methylene groups in 

the -mono- and ,-disubstituted n-alkanes. Moreover, liquid crystals,111–114 organic 
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self-assembled monolayers,115–117 micellizations of surfactants118,119, etc. are a few of the 

many areas where the odd-even effect is frequently observed. 

This zig-zag behavior of physical properties has also been observed for polymers and 

among them, the liquid crystalline polymers120 (LCP) are probably the most reported 

materials which demonstrate this odd-even effect. For instance, odd or even number of 

methylene units present in the flexible part of polyester-based polymeric liquid 

crystals120,121 induce an alternating behavior in the final melting and clearing 

temperatures of these LCPs. In another example, solid-state 13C NMR studies by Mizuno 

et al. on their polyester-based LCPs, having varying lengths of flexible spacer units, also 

show an odd-even fluctuation in the activation energy of the local polymer chain’s 

motion, in its nematic phase.122 Moreover, this effect was also observed in the electronic 

properties of polymeric semiconductors where, for instance, a non-monotonic 

dependence of the charge-carrier mobility has been reported for thiophene-based 

polymeric semiconductors123 caused by the number of methyl groups in their side chains.  

In addition to the methylene groups, the odd or even number of monomer units also 

represents an odd-even effect on the final properties of same polymers. For instance, 

the degree of polymerization of aminoethylene repeating units in the side chains of the 

polyaspartamide backbone results a unique odd–even effect on its gene transfection 

profiles and endosomal escape properties124 while in the case of self-assembled 

nanowires based on oligopeptide-substituted perylene bisimides, a “two-fold” odd–even 

effect125 in their circular dichroism spectra was observed due to the number of both L-

alanine units and methylene spacer units in their backbone. A zig-zag effect on melting 

temperature and refractive index of cyclic oligoesters due to the degree of 

oligomerization126 or an alteration in the permeability characteristics of polyelectrolyte 

multilayer membranes,127 are some of the few examples which show that the odd-even 

effect can be visible in polymeric systems, due to its number of repating units as well.  

The validity for the occurrence of an odd-even effect in polymer systems is even 

observed via Monte Carlo simulations,128 where the junctions with an odd or even 

number of functional groups in a polymer network, influences the shear modulus and 
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network’s topological properties (i.e. the number of primary and secondary loops) in a 

zig-zag manner. 

Although an odd-even effect is usually expected for the thermodynamical properties of 

materials in their crystalline state, however, recently this effect was also observed in the 

dynamical properties of materials even in their liquid phase. For instance, Yang et, al. 

recently reported  glass-forming diammonium citrate ionic liquids which show a unique 

alternating pattern of their glass transition temperature,129 diffusion coefficient and 

rotational relaxation time 109 due to the odd or even number of methylene groups in 

their precursor units. They also performed quasi-elastic neutron scattering (QENS) 

measurements on liquid n-alkanes and observed an odd–even effect for their 

translational diffusional properties in the liquid states.130 They showed that the even 

numbered n-alkanes exhibit up to 30 times faster dynamics near their respective melting 

point as compared to their neighboring odd member. 

 

1.6. Motivation and Objectives 

Crystallization of polymer chains can be described as a phase transition from their 

disordered (melt or solution) state to an ordered crystalline structure. However, when 

synthetic polymers crystallize, they do it only partially and acquire a morphology made 

up of both amorphous and crystalline domains. Several factors and parameters affect 

the relative volume of these two domains (degree of crystallinity) e.g. chains rigidity, the 

degree of branching, chains length, crystallization temperature, the rate of cooling, etc. 

In addition to these factors, alterations like the introduction of cross-linking in a linear 

polymer system or the placement of random/well-defined defect(s) along the polymer 

backbone, are also capable of changing the final crystal morphology of the polymer. In 

this work, the effect of both of these modifications will be investigated on poly(ethylene 

glycol) via different spectroscopic, scattering, optical and calorimetric techniques.  

Cross-linked poly(ethylene glycol) (PEG) networks have long been used and developed 

for applications ranging from drug delivery systems131 and tissue engineering scaffolds132 

to polymeric electrolytes133 and biosensor applications.134 Over the years, various 
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methods have been developed for creating PEG networks135–142 however, the end-linking 

of functional precursors provides the best opportunity to have control over the internal 

structure of networks. Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC) click 

reactions143,144 are found to be a better choice as a coupling reaction due to their 

insensitivity toward various functional groups, fast reaction rates, and high yields 

compared to the other methods. Although there have been already some efforts for 

synthesizing polymer networks via click chemistry,90,145–147 however, it will worth an 

effort to reconstruct these structures to have a better understanding of these materials. 

Hence, the goal for the first part of this work is to design and synthesize poly(ethylene 

glycol) based networks by using CuAAC click reactions. Two types of PEG networks are 

synthesized i.e. type A networks formed by reacting together two different types of 

three-arm star PEG oligomers while type B networks are synthesized by coupling three-

arm star and linear PEG oligomers having the molar masses of 300, 400, 1000, 2000 and 

6000 g/mole. Throughout this text, three-arm star PEGs are denoted as PEG(S) and its 

modified species as PEG(S)-Azide or PEG(S)-Alkyne. All the linear PEG oligomers are 

denoted by their molar masses, e.g., PEG(400), etc., and its derivatives as e.g. PEG(400)-

Alkyne. The PEG networks were represented by their respective precursors: e.g., a type 

A network of two three-arm star PEG(S) was named as PEG(S-S) while type B networks 

made from PEG(S) and a linear PEG(400) are indicated as PEG(S-400). To analyze the 

crystallization behavior of PEG networks, differential scanning calorimetry (DSC) and 

temperature dependent small angle and wide angle X-ray measurements (SAXS, WAXS) 

are conducted. Swelling measurements are also performed for PEG network while to 

investigate the network defects, multi-quantum (MQ) NMR experiments are also 

performed. 

In the second part, the aim of the study will be to gain a fundamental understanding of 

the influence of different types and sizes of defects on the crystal structure of 

poly(ethylene glycol). Previously, Cheng et al. investigated the effect of a point defect of 

the PEG chain by introducing terephthalate, phthalate or isophthalate units to the middle 

of the polymer chain.81,82,148 However, the effect of  a 1,2,3-triazole unit in this role has 

never been investigated before and it will be worth an effort to investigate its influence 

on polymer crystal morphology, as Cu(I) catalyzed azide-alkyne cycloaddition click 
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reaction has often been used for modifying the polymer architectures.89–91 For this 

purpose two different types of defects are introduced in a poly(ethylene glycol) chain. 

At first, a single 1,4-disubstituted 1,2,3 triazole ring TR is introduced as a well-defined 

point defect in the middle of poly(ethylene glycol) chain by coupling two monomethyl 

poly(ethylene glycol) chains with 11 repeating units PEG11, via the CuAAC click reaction. 

Later in the text, this polymer will be abbreviated as PEG11-TR-PEG11. In the second case, 

two PEG11 chains are coupled with a series of α, ω-diyne units via the CuAAC click 

reaction, in order to have two 1,4-disubstituted 1,2,3 triazole rings TR, separated from 

each other by a different number of methylene units, in the middle of a PEG chain. The 

formed polymer chains will be denoted as PEG11-TR-(CH2)n-TR-PEG11, where n = 2-8. Their 

thermal behavior is investigated with differential scanning calorimetry (DSC) 

measurements, while temperature dependent wide angle and small angle X-ray 

scattering (WAXS, SAXS) studies are also conducted to investigate their crystallization 

behavior and nanostructure formation. Finally, solid state cross-polarization (CP) and 

single-pulse (SP) 13C NMR spectroscopy and polarized light microscopy are also carried 

out to further investigate their morphological behavior.  
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2. Experimental Section 

 

2.1. Materials 

For the synthesis of poly(ethylene glycol) networks, hydroxy-terminated three-arm PEG 

(1000 g/mol) was purchased from Sigma-Aldrich with each arm having a degree of 

polymerization of 6 to 7 repeating unit. Linear hydroxyl-terminated PEGs of the molar 

mass of 300, 400, 1000, 2000 and 6000 g/mol were purchased from Fluka. For the 

precursor’s synthesis, propargyl bromide, sodium hydride, methanesulfonyl chloride, 

triethylamine, and sodium azide were purchased from Sigma-Aldrich and used as 

received. For the click reaction, CuSO4·5H2O and sodium ascorbate were purchased from 

Alpha Aeser. THF purchased from VWR International was dried over calcium hydride and 

freshly distilled before use. 

For the syntheses of PEG11-TR-(CH2)n-TR-PEG11 and PEG11-TR-PEG11 linear oligomers, 

poly(ethylene glycol) monomethyl ether (500 g/mol) PEG11, where the subscript 

represents the degree of polymerization, was purchased form Sigma-Aldrich and was 

used after drying by azeotropic distillation with toluene. 1,6-heptadiyne (97%), 1,7-

octadiyne (98%), 1,8-nonadiyne (98%) 1,7-dibromoheptane (97%), 1,8-dibromooctane 

(98%), lithium acetylide-ethylenediamine complex (90%), iodomethane (≥99), 
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triethylamine (99%), methanesulfonyl chloride (mesyl chloride) (≥99.7%) sodium azide 

(≥99%), bromotris(triphenylphosphine) copper(I) (98%), tert-butanol (99.5%), anhydrous 

DMF, DMSO and deuterated DMSO-d6  were all purchased from Sigma Aldrich and used 

as received. Moreover, 1,5-hexadiyne (50% in pentane Alfa Aesar), 1,9-decadiyne (≥98%, 

TCI Chemicals) and dichloromethane (VWR International) were also used without any 

further treatment. THF (VWR International) was dried over calcium hydride and freshly 

distilled before use. CDCl3 and DMSO-d6 was purchsed from Armar AG. 

 

 

2.2. Instrumentation 

 

2.2.1 Attenuated Total Reflection-Infrared Spectroscopy 

(ATR-IR) 

ATR-IR measurements were performed on a Bruker Tensor VERTEX 70 equipped with a 

golden gate diamond ATR cell. For the analysis OPUS 6.5 software was used. All 

measurements were carried out at room temperature and within the range of 400 to 

4000 cm-1. After cleaning the crystal (diamond) area and measuring the background 

spectrum, both types of either solid or liquid sample were placed on top of the crystal 

surface. Although a minuscule amount of sample material is required for this kind of 

measurement, the amount should be sufficient to cover the whole crystal area. To 

improve the contact with the surface, a pressure arm is placed over the sample to press 

the sample against the crystal surface. 16-32 scans were performed to obtain the final 

spectra depending upon the quality of results obtained.     

 

2.2.2 Nuclear Magnetic Resonance Spectroscopy (NMR) 

Solution NMR spectra were recorded on a Varian Gemini 2000 operating at 400 MHz for 

1H NMR and 200 MHz for 13C NMR spectroscopy. CDCl3 and DMSO-d6 were used for NMR 
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analysis while the measurements were performed at 27 °C. For PEG networks, 13C-MAS 

single-pulse experiments were run on a BRUKER AVANCE 400 with a standard 4 mm VT-

MAS probe. Typical MAS rates were about 8 kHz, and low-power decoupling was applied 

to remove the J-coupling. For 1H multi-quantum (MQ) measurements, the low-field NMR 

experiments were performed on a Bruker minispec mq20 with a magnetic field of B0 = 

0.47 T and 90° and 180° pulse lengths of 1.6−2.4 and 3.2−5.2 μs, respectively. The 

samples were swollen to equilibrium in D2O as the swelling increases the molecular 

mobility of the network chains, which ensures a sufficiently slow transverse relaxation 

of the 1H NMR signal. The temperature was held at 27 °C by a standard BVT3000 

temperature controller. Buildup curves of the longitudinal T1 relaxation were measured 

by a saturation recovery experiment with a variable relaxation delay. The pulse sequence 

for the MQ NMR experiment was described in detail in the literature.149 The relaxation 

delay between the scans was chosen to be 1 s, which is several times larger than the T1 

of the network (T1 ≈ 0.3 s) but shorter than those of the residual water protons of the 

D2O. Depending on the polymer concentration, the number of scans for each point in the 

MQ NMR experiment was varied between 512 and 2048 scans.  

In the case of PEG11-TR-PEG11 and PEG11-TR-(CH2)n-TR-PEG11, BRUKER AVANCE 400 with 

a standard 4 mm VT-MAS probe was used to perform 13C MAS single-pulse (SP) and cross-

polarization (CP) experiments. 1H decoupling (TPPM) was applied to remove dipolar 

broadening with typical MAS rates were 11 kHz for PEG11-TR-PEG11 and 10 kHz for PEG11-

TR-(CH2)n-TR-PEG11 samples. The sample temperature was controlled by a standard 

BRUKER VT-controller and calibrated with methanol.150  For PEG11-TR-PEG11 analysis, the 

spectra were recorded after rapid cooling of the samples from T = 30 °C to T = – 15 °C 

where it was kept for at least 30 min for crystallization. Typically, 512 scans were 

accumulated, resulting in a time frame for every experiment of approximately 1 h at a 

given temperature. However, for PEG11-TR-(CH2)n-TR-PEG11 oligomers, the spectra were 

recorded after cooling of the samples from T = 30 °C to T = – 20 °C during the second 

heating cycle in steps of T = 5 °C. The measurement time per step was approximately 

4 h, collecting 1024 scans.  
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2.2.3 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) measurements were performed under nitrogen 

flow using a Mettler Toledo DSC 822e module. About 8-12 mg of sample was filled in 

aluminum pans for all measurements. 

In the case of PEG networks, samples were first heated to T = 125 °C in order to remove 

the previous thermal history, and after holding this temperature for 5 min, they were 

cooled to T = –20 °C with the rate of 10 °C/min. The samples were heated again to 80 °C 

at 10 °C/min, to record their melting endotherm. These measurements were performed 

for both, PEG networks and linear PEG samples. For the isothermal crystallization 

measurements of PEG networks, after heating the samples above their melting point, 

they were cooled to a pre-decided crystallization temperature TC, with the fastest cooling 

rate possible (between 30 and 50 °C/min). Samples were held at TC until the 

crystallization process finished and later heated at the rate of 10 °C/min to record their 

melting endotherm for that particular TC. For the non-isothermal crystallization 

measurements of the PEG networks, the samples were first heated to to T = 125 °C in 

order to remove any thermal history while they were cooled then to –40 °C with different 

cooling rates, i.e. 2.5 °C/min, 5 °C/min, 10 °C/min and 20 °C/min.  After holding the final 

temperature for about 5 min, samples were reheated with the same heating rate, to 

record their melting behavior. 

PEG11-TR-PEG11 and PEG11-TR-(CH2)n-TR-PEG11 oligomers were first heated to to T = 125 

°C in order to remove their thermal history while after holding them at this temperature 

for 5 min they were cooled to T = –40 °C with the cooling rate of 1 °C/min. The samples 

were reheated to 60 °C, to record the final melting endotherm. 

 

2.2.4 Temperature Dependent Small Angle X-ray 

Scattering (SAXS) 

Temperature dependent small angle X-ray scattering (SAXS) measurements were 

performed using Cu Kα radiation from a Rigaku Rotaflex  rotating anode equipped with a 
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pinhole collimator and a Bruker Hi-Star 2D detector. The q-scale was calibrated using 

silver behenate. Measured SAXS intensities were corrected for background scattering 

using the one-dimensional scattering function.151 

Iq2= 
a

w
 ∙ ∑ (

e
– 

(q - n ∙ q*)2

2 ∙ w2  ∙ sin2(ns ∙ π ∙ cr)

n2
) 

          
n

 ∙ e– q2∙u2
 ∙ q2 (2.1) 

where q is the scattering vector, I is the Intensity, a and w are the respective amplitude 

and width of the first order peak, q* is the scattering vector of the first maximum, ns the 

order of the peak, and e– 𝑞2∙u2
 is the exponential Debye-Waller factor. For PEG networks, 

samples were placed in the Linkam hot stage attached to the SAXS equipment. Samples 

were first heated above their melting temperatures to remove any thermal history and 

then cooled to T = -10 °C with the rate of 10 °C/min. Samples were then reheated and 

measurements were performed in step of ΔT = 10 °C for 1800 s (30 min) except for PEG(S-

1000) where ΔT= 5 °C due to the lower melting point. 

For PEG11-TR-PEG11 and PEG11-TR-(CH2)n-TR-PEG11 , the samples were first heated above 

their melting temperatures to remove any thermal history and also to facil itate the 

transfer of sample into the capillary tube. Glass capillaries with a diameter of 1  mm were 

filled with the molten polymers and were sealed with a flame. Then, they were placed in 

the Linkam hot stage attached with the SAXS setup. Liquid nitrogen was used to cool the 

samples below room temperature and the calibration was carried out with silver 

behenate. PEG11-TR-PEG11 was cooled to T = 0 °C and the traces were taken in steps of 

ΔT = 8 °C during heating. However, PEG11-TR-(CH2)n-TR-PEG11 samples were cooled to 

T = – 20 °C and the temperature dependent SAXS measurements were performed in 

steps of T = 5 °C during heating. Different scattering durations (1200 s to 3600 s) were 

used for different samples and at different temperatures in order to get a good scattering 

profile (signal to noise ratio). 
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2.2.5 Temperature Dependent Wide Angle X-ray 

Scattering (WAXS) 

Temperature dependent wide angle X-ray scattering (WAXS) measurements were 

performed in Bragg-Brentano geometry using a PANalytical Empyrean Diffractometer, 

equipped with a position sensitive detector (PIXcel-3D). The samples were placed on 

silicon zero-background substrate in a TTK 450 temperature chamber from Anton Paar. 

The measurements were done under dry nitrogen with nickel-filtered Cu Kα radiation (λ 

= 1.5418 Å).  The spectra were recorded in a scan range of 6° < 2 < 60° with a step size 

of 2 = 0.053° and a counting time per step of 93 s. In the case of PEG networks, the 

sample was first heated to 80°C and then cooled to –20 °C with the rate of 5 °C/min. 

WAXS diffractograms were recorded during heating the samples at every T = 10 °C step.  

For PEG11-TR-(CH2)n-TR-PEG11, the samples were first heated to T = 80 °, followed by 

cooling to T = – 40 °C at 5 °C/min. The WAXS diffractograms were recorded in steps of 

T = 2 °C from T = – 10 °C till the complete melting of the samples. In the case of PEG11-

TR-PEG11, the sample was cooled to T = – 4 °C and held there for 20 min and then 

reheated in steps of ΔT = 4 °C until the final melting. The spectra were recorded in a 

scan range of 6° ≤ 2 ≤ 60° with a step size of 2  = 0.053° and a counting time per step 

of 44 s. 

To record the 2D-diffraction oriented pattern of PEG11-TR-(CH2)2-TR-PEG11, a 

diffractometer with a 2D detector (Vantec 500, Bruker, AXS, Madison, WI, USA) along 

with pinhole collimated (Ni-filtered) Cu Kα radiation was used. The calibration was 

carried out using silver behenate. The exposure time was 180 min, and the sample to 

detector distance was 9.85 cm. Glass capillaries (ø 1 mm, Hilgenberg, GmbH, Malsfeld, 

Germany) were used to fill the sample. Orientation in PEG11-TR-(CH2)2-TR-PEG11 sample 

was introduced by cooling the sample within the capillary to T ≈ 5-10 °C and then an air 

jet moves the sample about 1 cm away from its original position in the capillary. Later, 

the sample was quenched using liquid nitrogen to preserve the induced orientation in 

the PEG11-TR-(CH2)2-TR-PEG11 sample and stored at -20 °C. 
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2.2.6 Matrix Assisted Laser Desorption/Ionization–Time 

of Flight (MALDI-ToF) Spectrometry 

Bruker Autoflex III system was used to perform MALDI-ToF measurements of PEG11-TR-

(CH2)n-TR-PEG11 (n = 3, 4 and 6). The ratio of the matrix to the polymer to salt in CHCl3 

was fixed to 100:10:1. 1,8,9-anthracenetriol (dithranol) and lithium trifluoroacetate 

(LiTFA) were used as matrix and salt, respectively. In the case of PEG11-TR-PEG11, 

measurements were carried out with the ratio of the THF solutions of the matrix to 

polymer to salt as 100:10:1 (matrix: c = 20 mg/mL; polymer: c = 20 mg/mL; salt: c = 10 

mg/mL).  1,8,9-anthracenetriol (dithranol) and sodium trifluoroacetate (NaTFA) was used 

as a matrix and salt, respectively. 

2.2.7 Polarized Optical Microscopy (POM)  

Polarized optical microscopy (POM) measurements were performed with an Axioplan 2 

imaging microscope from Zeiss equipped with a LINKAM THMS 600 hot stage. The images 

were taken using an AxioCam MRc camera from Zeiss. The measurements were done 

under a constant stream of dry nitrogen to avoid any moisture. PEG11-TR-(CH2)4-TR-PEG11 

was first heated to and held at T = 80 °C for 5 min and then cooled down to T = 5 °C with 

a rate of 5 °C/min. After the completion of the crystallization process, the sample was 

heated to 18 °C and then cooled back to 5 °C. Finally, the sample was reheated until its 

complete melting.  

2.2.8 Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) was performed on both PEG11-

TR-PEG11 and PEG networks samples, using an ESI-sampler SC-2 (Elemental Scientific, 

Inc.) and an X-Series II ICP-MS instrument (Thermo Fisher Scientific) operating with a 

collision cell. First, the samples were mineralized with nitric acid (67%, trace metal grade, 

Normatom/PROLABO) at T = 70 °C for 2 h and later diluted with water to an acid 

concentration of 2 %. The calibration was carried out with ICP multi-element standard 

solution XVI (Merck) also containing 2 % nitric acid. Three measurements were 
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performed with flow rates of 5 mL/min of He/H2 (93%/7%), an Ar carrier flow rate of 0.76 

L/min and an Ar make-up flow rate of 15 L/min. 

 

2.3. Syntheses 

The syntheses section is subdivided into three parts where initially the synthesis of 

poly(ethylene glycol) networks will be discussed while in the second section, the 

synthesis of PEG11-TR-PEG11 will be described. Lastly, the synthesis procedure of PEG11-

TR-(CH2)n-TR-PEG11 (n = 2-8)  will be discussed in detail. 

2.3.1 Synthesis of PEG Networks 

Two types of PEG networks were synthesized, i.e. type A networks were formed by 

reacting two types of three-arm star PEG oligomers together. Type B networks were 

synthesized by coupling the three-arm star PEG chains with linear PEG oligomers, having 

the molar masses of 300, 400, 1000, 2000 and 6000 g/mol. A comprehensive schematic 

overview of PEG network formation is shown in Scheme 2.1 

2.3.1.1 Synthesis of PEG-Alkyne 

The formation of PEG-Alkyne of different molar masses was achieved by following the 

methods already reported in the literature.141,153 In a typical case of PEG(400), 2.4 g of 

sodium hydride (available as 60 % dispersion in mineral oil) was dissolved in 50 mL 

anhydrous THF in a 250 mL flask. Then at 0 °C, a mixture of 10 g (25 mmol) of PEG(400) 

in 150 mL dry THF was added dropwise to the sodium hydride/THF mixture. Hydrogen 

gas will be released during the reaction; hence proper ventilation must be ensured.  The 

system was stirred for about 30 min at 0 °C and afterwards, 8.92 g of propargyl 

bromide:toluene (80:20 v/v) solution (72 mmol), diluted with 50 mL THF, was added 

drop-wise to the reaction mixture. The reaction was allowed to proceed at 0 °C for 

another 2 h and then overnight at room temperature. Sodium bromide, produced during 

the reaction, was precipitated and filtered out after the reaction. The solvent was 

removed under vacuum, and the crude mixture was passed through a silica column. 

Initially, an ethyl acetate and dichloromethane mixture (10:1 v/v) was used while later a 
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dichloromethane and methanol mixture (10:1 v/v) was used to col lect the product. 

Figure 2.1 shows the 1H NMR spectrum of PEG(400)-Alkyne. 1H NMR spectra of PEG(300)-

Alkyne, PEG(1000)-Alkyne, PEG(2000)-Alkyne, PEG(6000)-Alkyne and PEG(S)-Alkyne are 

shown in the Appendix (Figure A1-A5) 

 

 

Scheme 2.1: Scheme of an overall synthesis route for the formation of both (a) type A 

and (b) type B PEG networks.152 
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Figure 2.1:  1H NMR spectrum of PEG(400)-Alkyne in DMSO-d6 (400 MHz, 27 °C).152 

 

2.3.1.2  Synthesis of PEG(S)-Azide 

The azide functionalized star-shaped PEG precursor was synthesized by reacting three-

arm poly(ethylene glycol) (PEG(S)) (1000 g/mol) with methanesulfonyl chloride (mesyl 

chloride) and sodium azide154,155. As a typical procedure, 10 g of PEG(S) (10 mmol) was 

dissolved in 150 mL anhydrous THF together with 3.634 g (36 mmol) of triethylamine, in 

a 500 mL flask. At 0 °C, 4.124 g (36 mmol) mesyl chloride diluted with 50 mL THF was 

added dropwise to the reaction mixture. The reaction was allowed to proceed at room 

temperature overnight. After the reaction, precipitates were filtered, and THF was 

removed via the rotary evaporator. Mesyl-PEG was obtained by extraction with DCM and 

water. The organic phase of DCM was dried using sodium sulfate and after solvent 

evaporation, white PEG(S)-mesyl was obtained. In the second step, 1.95 g (30 mmol) of 

sodium azide was added to the mixture of 5 g of PEG(S)-mesyl in 100 mL anhydrous DMF, 

and the reaction was allowed to run for 36 h at 70 °C. Three-arm PEG(S)-Azide was 
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obtained after filtering out the precipitates and drying the solvent. Figure 2.2 shows the 

1H NMR spectrum of PEG(S)-Azide. 

 

Figure 2.2: 1H NMR spectrum of PEG(S)-Azide in CDCl3 (400 MHz, 27 °C).152 

 

2.3.1.3 Network Formation via Cu(I)-Catalyzed Azide-Alkyne 

Cycloaddition Click Reaction. 

PEG networks were formed by coupling azide and alkyne functional group modified PEG 

precursors in equimolar amount via the CuAAC click reaction. The CuSO4 and sodium 

ascorbate system156 in an aqueous environment was used for all PEG networks. In a 

typical case of PEG(S-400), 1 g (1 mmol) of PEG(S)-Azide along with 0.6 g (1.5 mmol) of 

PEG(400)-Alkyne and 30 mg of CuSO4·5H2O (10 mmol % of azide functional groups used) 

was dissolved in 11 mL of deionized water and stirred for a few minutes in a vial in order 

to make the reaction mixture homogeneous. As the gelation time and final properties 

depend on the initial polymer concentration, all the PEG networks were formed with the 

initial polymer concentration of 15 % (w/v) in water. After that, 50 mg of sodium 

ascorbate (20 mmol % of azide functional groups used) dissolved in small amounts of 

water was added to the vial. Within a few minutes, the reaction mixture becomes a cross-
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linked gel which was washed with water and ammonia solution for the next 4 to 5 days 

to remove the residual copper ions. In order to find out the copper contents in the final 

PEG networks, ICP-MS measurements were performed. It was found that all the PEG 

networks contain less than 2.2 mg/kg of copper ions in their system, which is even less 

than half of the amount, present in commercially pure PEG material (i.e. Cu ≈ 5 mg/kg157). 

As the formed network is not soluble in any solvent, solid state 13C MAS NMR 

spectroscopy of dry PEG(S-400) was performed to confirm the formation of expected 

structure. Figure 2.3 shows the solid state 13C MAS NMR spectra of PEG(S-400) network.  

 

Figure 2.3: 13C MAS NMR spectrum of PEG(S-400) network at 27 °C.152 

 

2.3.2 Synthesis of PEG11-TR-PEG11  

Two monomethyl poly(ethylene glycol) chains with 11 repeating units , PEG11, were 

coupled together using CuAAC reaction in order to have a 1,4-disubstituted 1,2,3-triazole 

unit TR, in the middle of the chain. The synthesis detail of the precursor modification and 

the final coupling reaction is shown in Scheme 2.2 and discussed below. 
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Scheme 2.2:  Schematic representation of synthesis route for (a) PEG11-Azide, (b) PEG11-

Alkyne and (c) PEG11-TR-PEG11 

 

2.3.2.1   Synthesis of PEG11-Azide 

PEG11 was terminally functionalized with the azide moiety by treatment with mesyl 

chloride and sodium azide according to the protocol published elsewhere.152 In a typical 

procedure, 10 g (20 mmol) of PEG11 was dissolved in 100 mL anhydrous THF in a 250 mL 

two-neck round bottom flask, followed by the addition of 2.42 g (24 mmol) triethylamine. 

The contents of the flask were cooled down to approximately 0 °C by placing the flask in 

an ice bath. Subsequently, 2.75 g (24 mmol) of methane sulfonyl chloride, diluted with 

20 mL THF, was added dropwise to the reaction mixture using a dropping funnel and the 

reaction was allowed to proceed overnight at room temperature. The reaction mixture 

was filtered to remove the white precipitate of triethylamine hydrochloride and the THF 

was removed on a rotary evaporator. The crude product was purified by extraction with 
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dichloromethane and brine while later, sodium sulfate was added to the organic phase 

to remove traces of water. Finally, the purified PEG11-mesyl (yield 80%) was obtained as 

a colorless liquid after drying in a rotary evaporator. The product was further dried in a 

vacuum oven at 60°C, overnight. 

In the second step, 5 g PEG11-mesyl (10 mmol) and 1.3 g (20 mmol) sodium azide were 

added in 75 mL anhydrous DMF in a round bottom flask equipped with a magnetic stirrer 

bar and the reaction was carried out for 36 h at 70°C. The precipitates of sodium 

methanesulfonate salt were filtered off and the solvent was removed under vacuum to 

recover PEG11-Azide (yield 85%). The reaction route is outlined in Scheme 2.2a. The 1H 

NMR spectrum of PEG11-Azide is shown Figure 2.4 while a comparison of 13C NMR spectra 

of PEG11 and PEG11-Azide is shown in Figure 2.5, in order indicate a complete conversion 

of PEG11 to PEG11-Azide. 

 

Figure 2.4: 1H NMR spectrum of PEG11-Azide in DMSO-d6 (400 MHz, 27 °C). 
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Figure 2.5: 13C NMR spectra of PEG11-Azide (top) and PEG11 (bottom)in DMSO-d6 (100 

MHz, 27 °C).  

 

2.3.2.2   Synthesis of PEG11-Alkyne 

In a typical procedure141(Scheme 2.2b), PEG11 (5.00 g; 10 mmol) was dissolved in 

anhydrous tetrahydrofuran (50 mL) and was introduced dropwise into a solution of 

sodium hydride/mineral oil (0.6 g; 15 mmol of NaH) and tetrahydrofuran (50 mL) under 

nitrogen flow. After 30 min of stirring, propargyl bromide solution (80 wt.% in toluene 

2.23 g (15 mmol of propargyl bromide)) was added slowly, and the reaction mixture was 

stirred for 12 h. After the reaction was finished, few drops of water were added to 

quench any unreacted sodium hydride contaminants while later, the white precipitate 

of sodium bromide was filtered out from the reaction mixture. The solvent was removed 

under vacuum and the crude mixture was passed through a silica column. Initially, an 

ethyl acetate:dichloromethane mixture (10:1 v/v) was used, while finally, a 
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dichloromethane:methanol (10:1 v/v) mixture was applied. Yield: 86 %. 1H NMR 

spectrum of PEG11-Alkyne is shown Figure 2.6 

 

2.3.2.3   Synthesis of PEG11-TR-PEG11 via Cu(I)-Catalyzed Azide-

Alkyne Cycloaddition Click Reaction 

For synthesis of PEG11-TR-PEG11 (Scheme 2.2c), PEG11-Azide (1.05 g; 1.00 mmol), PEG11-

Alkyne (1.07 g; 1.00 mmol) and copper(II) sulfate pentahydrate (75.00 mg; 0.30 mmol) 

were dissolved in deionized water (5 mL) and stirred for 5 min in order to make the 

reaction mixture homogeneous. After that, sodium ascorbate (120.00 mg, 0.60 mmol), 

dissolved in water (1 mL), was added. The reaction mixture was stirred for 12 h. After 

the reaction, the crude mixture was extracted using dichloromethane (50 mL) and 

concentrated under vacuum. Unreacted precursors and copper catalyst were removed 

using a silica column. Initially, a mixture of acetone and ethyl acetate (8:2 v/v) was used 

as eluent while a mixture of acetone and methanol (10:1 v/v) was used to extract the 

product. The product was dried in a vacuum of a freeze-drier (Yield: 70%). The copper 

catalyst was completely removed from the final product, after the chromatographic 

purification, as no traces of copper were detected in the ICP-MS measurements. The 1H 

NMR spectrum of PEG11-TR-PEG11 is shown in Figure 2.7 while the 13C NMR spectrum of 

PEG11-TR-PEG11 and the FT-IR spectrum are shown in the Appendix (Figure A6 and Figure 

A19, respectively). 
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Figure 2.6: 1H NMR spectrum of PEG11-Alkyne in CDCl3 (400 MHz, 27 °C). 

 

Figure 2.7: 1H NMR spectrum of PEG11-TR-PEG11 in CDCl3 (400 MHz, 27 °C).88 
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2.3.3 Synthesis of PEG11-TR-(CH2)n-TR-PEG11  

For the synthesis of linear PEG11-TR-(CH2)n-TR-PEG11 (n = 2-8), two PEG11 chains were 

attached on either side of a homologous series of α, ω-diyne units via CuAAC reaction. 

As a result of the click reaction, two 1,4-disubstituted 1,2,3 triazole rings TR were formed 

between the two PEG11 chains, separated only by a different number of methylene units. 

Thus, the final product will be abbreviated as PEG11-TR-(CH2)n-TR-PEG11, where n = 2-8. 

At first, synthesis of PEG11-TR-(CH2)n-TR-PEG11 for n = 2-6 will be discussed where 

commercially available α,ω-diyne units were used. However, in a later section, the one-

pot procedure will be presented, where α, ω-diyne units were synthesized in the same 

pot before the formation of PEG11-TR-(CH2)n-TR-PEG11, n = 7, 8. Details regarding the 

synthesis procedure of PEG11-Azide have been described in Section 2.3.2.1. 

 

2.3.3.1  Synthesis of PEG11-TR-(CH2)n-TR-PEG11, n = 2-6 

PEG11-TR-(CH2)n-TR-PEG11, with n = 2-6 were synthesized by reacting PEG11-Azide with 

1,5-hexadiyne, 1,6-heptadiyne, 1,7-octadiyne, 1,8-nonadiyne, and 1,9-decadiyne, 

respectively,  using CuAAC click reaction (Scheme 2.3). As a typical example, the synthesis 

of PEG11-TR-(CH2)4-TR-PEG11 is described as follows: 1.1 g (2.2 mmol) PEG11-Azide and 

0.07 g (0.28 mmol) CuSO4·5H20 were dissolved in 10 mL 50 % v/v water/tert-BuOH 

mixture. After the solution becomes homogenous, 0.1 g (1 mmol) of 1,7-octadiyne was 

introduced. Caution: Care has to be taken during this step as all the dialkynes are toxic 

and very volatile in nature with an unpleasant odor. Finally, sodium ascorbate (0.2 g, 1 

mmol) was added, and the reaction mixture was allowed to stir overnight at room 

temperature.  

 



48 

 

 

Scheme 2.3: Synthesis scheme of PEG11-TR-(CH2)n-TR-PEG11, where n = 2-6 

For purification, the reaction mixture was first diluted with brine and then extracted with 

dichloromethane. The organic phase was dried using sodium sulfate and the crude 

product was concentrated by solvent evaporation. Next, column chromatography with 

silica as a stationary phase was used. Due to the very marginal difference in polarity and 

a molecular weight between PEG11-azide and the final product, a relatively large SiO2 : 

product ratio was required (50:1 w/w). Acetone and ethyl acetate (70:30 v/v) mixture 

was used as a mobile phase to elute the product from the silica column (yield ≈ 40%). 

Figure 2.8 shows the 1H NMR spectrum of PEG11-TR-(CH2)4-TR-PEG11 while a comparison 

of 13C NMR spectra of PEG11-TR-(CH2)4-TR-PEG11 and PEG11-Azide is shown in Figure 2.9. 

It can be seen that the PEG11-TR-(CH2)4-TR-PEG11 sample is considerably clean and free 

from PEG11-Azide. (1H NMR and 13C NMR spectra of PEG11-TR-(CH2)n-TR-PEG11 n = 2,3,5,6 

are given in Appendix from Figure A7 to Figure A14 while MALDI-TOF spectra for n = 3,4,6 

are shown in Figure A38, Appendix). 
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Figure 2.8: 1H NMR spectrum of PEG11-TR-(CH2)4-TR-PEG11 in DMSO-d6 (500 MHz, 27 °C). 

 

Figure 2.9: 13C NMR spectra of PEG11-TR-(CH2)4-TR-PEG11 (top) and PEG11-Azide (bottom) 

in DMSO-d6 (125 MHz, 27 °C).  
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2.3.3.2  One-pot syntheses of PEG11-TR-(CH2)n-TR-PEG11 with n = 7-

8 

The reaction scheme of PEG11-TR-(CH2)n-TR-PEG11, n = 7-8, is outlined in Scheme 2.4. 1,7-

dibromoheptane and 1,8-dibromooctane were transformed into the respective dialkynes 

by treating with lithium acetylide ethylenediamine complex in anhydrous DMSO158, 

followed by CuAAC type click reaction with PEG11-Azide to produce PEG11-TR-(CH2)n-TR-

PEG11 with n = 7-8. As an example, the syntheses of PEG11-TR-(CH2)7-TR-PEG11 was carried 

out as 0.276 g (3 mmol) lithium acetylide ethylenediamine complex was weighed in a 20 

mL vial and closed by the septum. Argon is used to purge the vial as lithium has a 

tendency to react with nitrogen to form lithium nitride. 4 mL DMSO was introduced via 

syringe, and the reaction mixture was stirred at 0 °C for a while. Then, 1,7-

dibromoheptane (256 mg, 1 mmol) was added dropwise, and the reaction was carried 

out overnight at room temperature with continuous stirring. In the next step, small 

amounts of water were introduced slowly to convert any unreacted lithium acetylide in 

the system. Caution: This step is exothermic and should be done under a fume hood with 

proper ventilation. Subsequently, the reaction mixture was diluted with 5 mL water, 

followed by the addition of CuSO4·5H2O (0.1 g) and PEG11-Azide (1.1 g, 2.2 mmol). The 

stirring continued until the solution became homogenous. Finally, sodium ascorbate (0.2 

g) was added to start the reaction that continued overnight at room temperature. For 

purification, in the first step, the reaction mixture was diluted with brine and extracted 

with dichloromethane. The organic phase was dried over sodium sulfate and 

concentrated using rotary evaporator. 
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Scheme 2.4: One-pot synthesis of PEG11-TR-(CH2)n-TR-PEG11, with n = 7-8. 

Before proceeding with column chromatography, residual DMSO traces should be 

removed from the crude mixture as it can disturb the behavior of the product’s mobility 

in the silica column.  Usually, drying is carried out under high vacuum for this purpose, 

however, in our case, bubbling the mixture with a slow but continuous stream of nitrogen 

at 40 °C overnight, gave the perfect results. Finally, a purified product was recovered 

after column chromatography with SiO2 as the stationary phase (50:1 w/w of SiO2: 

product). Acetone and ethyl acetate mixture (70:30 (v/v)) was used as a mobile phase to 

elute the product (Yield ≈ 25%). 1H NMR and 13C NMR spectra of PEG11-TR-(CH2)7-TR-

PEG11 are shown in Figure 2.10 and Figure 2.11, respectively while the corresponding 

spectra of PEG11-TR-(CH2)8-TR-PEG11 are available in the Appendix (Figure A15 and Figure 

A16). 
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Figure 2.10:  1H NMR spectrum of PEG11-TR-(CH2)7-TR-PEG11 in DMSO-d6 (500 MHz, 27 

°C) 

 

Figure 2.11: 13C NMR spectra of PEG11-TR-(CH2)7-TR-PEG11 (top) and PEG11-Azide 

(bottom) in DMSO-d6 (100 MHz, 27 °C). 
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2.3.3.3   Synthesis of Dimethyl-bis(triazole) Spacers Me-TR-(CH2)n-

TR-Me (n = 4-6) 

Varying length of bis(triazole) spacers Me-TR-(CH2)n-TR-Me, (n = 4-6), were synthesized 

by producing in situ methyl azide159 followed by its CuAAC click reaction with the 

respective α,ω-diyne units (Scheme 2.5). Caution: In any case, attempts to isolate methyl 

azide should be avoided as it is highly susceptible to explode upon any sudden shock 

when concentrated. 

 

 

Scheme 2.5:  Synthetic route for Me-TR-(CH2)n-TR-Me (n = 4-6) from iodomethane and 

different dialkyne units. 

In a typical example of synthesizing Me-TR-(CH2)4-TR-Me, 1.3g (9.1 mmol) of 

iodomethane was dissolved in 10 mL DMF along with 0.76 g (12 mmol) of sodium azide 

in a 50 mL flask and was allowed to stir overnight. In the next step, 0.48 g of 1,7 

octadiyene was given to the system along with 0.42 g (0.4 mmol) of 

bromotris(triphenylphosphine)copper(I) as a catalyst and the reaction mixture was 

allowed to run overnight at room temperature.  After the reaction was completed, the 

catalyst was filtered off, and the crude product was diluted with brine and extracted with 

dichloromethane. The organic phase was separated and dried over sodium sulfate and 

concentrated under vacuum (yield = 60%). 1H NMR spectra for Me-TR-(CH2)n-TR-Me (n = 

4-6) are shown in Appendix (Figure A17). 
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3. Result and Discussion 

 

3.1. Well-Defined Poly(ethylene glycol) Networks via 

Cu(I)-Catalyzed Azide-Alkyne Cycloaddition 

Reaction 

Both type A and type B PEG networks were successfully synthesized using CuAAC click 

chemistry via the previously mentioned synthetic procedure. FT-IR spectroscopy is used 

to investigate the network formation. Alkyne and azide moieties have their unique bands 

in their FT-IR spectrum, and it was expected that these peaks disappear after network 

formation. As a typical example, FT-IR spectra of PEG(400)-Alkyne and PEG(S)-Azide as 

well as the formed network, i.e. PEG(S-400) are shown in Figure 3.1. The PEG(400)-Alkyne 

has two characteristic bands at around 2113 cm-1 and 3240 cm-1. The first band at 2113 

cm-1 belongs to the stretching vibration of two carbon atoms having a triple bond while 

the second peak appears due to the stretching vibration between the terminal hydrogen 

and the carbon atom of the alkyne moiety. In the case of PEG(S)-Azide, the presence of 

the azide group is evident by the appearance of stretching band at around 2100 cm-1. 

However, in the spectrum of the PEG(S-400) network, the respective peaks of azide and 



55 

 

alkyne moieties vanished completely, indicating a complete conversion within the 

detection limits of FT-IR spectroscopy (approximately 2 %).  

 

 

Figure 3.1: FT-IR spectra of PEG(400)-Alkyne, PEG(S)-Azide and PEG(S-400).152 

One might assume the formation of ideal PEG networks in which, according to IUPAC 

definitions, all chains are connected at both ends to different cross-link units.160 

However, in reality, defects in a network like dangling chain ends or inelastic loops 

cannot be avoided completely (detailed discussion below). According to the Flory-

Stockmayer theory of gelation10 the critical conversion 𝑝𝑐 at the gel point for polymer 

networks can be calculated by the following equation . 

 
𝑝𝑐 =  

1

√𝑟(𝑓
𝑎𝑙𝑘𝑦𝑛𝑒

− 1)(𝑓
𝑎𝑧𝑖𝑑𝑒

− 1)
 

(3.1) 

Here, r is the stoichiometric ratio of alkyne to azide functional groups and as both 

functional groups are present in equimolar amount, the value of r = 1. falkyne and fazide 

represents the functionality of respective monomers and its values are 2 and 3, 

respectively. Moreover, for type A and type B PEG networks, the value of critical 
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conversion 𝑝𝑐 will be 0.5 and 0.71, which means that the gelation point will reached after 

50 % and 71 % conversion of the functional groups, respectively. When the gelation point 

is reached, it becomes difficult for the remaining functional groups to react in the same 

way as before due to their severely hindered mobility in the newly formed network 

structure. However, the Flory-Stockmayer theory of gelation is based on two 

assumptions, i.e. equal reactivity of all functional groups and absence of intramolecular 

reactions. In our system, the first assumption can be accepted but the second one is not 

valid. Intramolecular reactions are always present in cross-linking processes and at best, 

one can only reduce their amount but never avoid them completely. These 

intramolecular reactions do not contribute to the formation of the infinite network 

rather they increase the critical conversion limit of the whole system. So when the 

system reaches its gelation point, the overall conversion of functional groups is much 

higher than the limit calculated by the Flory-Stockmayer equation. 

Secondly, post-gelation reactions also increase the final conversion of functional groups. 

For instance, intramolecular and intermolecular reactions among the chains of the same 

network do happen even after the gelation process, provided the chains are in close 

proximity to each other. Moreover, the likelihood of reactions between the unreacted 

monomer with the unreacted functional groups of network’s chains via the diffusion 

processes also exist. The size of these monomers is comparatively smaller than the 

network’s mesh size which allows them to penetrate into the network structure and 

react with any other unreacted functional group present deep inside the network 

structure. Hence, the final conversion will be higher as compared to the theoretical 

conversion limit, but even after that, there will be a finite possibility of unreacted 

functional groups. However, they are far too small in number to be detected by either 

FT-IR or 13C MAS NMR spectroscopy. FT-IR spectra of PEG(S-S), PEG(S-300), PEG(S-1000), 

PEG(S-2000), PEG(S-6000) are provided in the Appendix; Figure A18. 
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3.1.1 Network Structure and Defects 

During the gelation process the intramolecular reactions are always present together 

with the desired intermolecular reactions between the growing chains. As one can only 

reduce their amount but never eradicate them completely from the system, the formed 

network cannot be characterized as an ideal network as it introduces defects in the 

network structure during the gelation process. According to the IUPAC definition of 

perfect/ideal networks, all network chains are connected on both ends to different 

network junctions160 as shown in Figure 3.2. However, in the case of non-ideal networks, 

defects like dangling chain ends, inelastic loops, etc. are the non-avoidable part of 

network systems. 

 

Figure 3.2: Schematic representation of cross-linking topologies of ideal networks made 

of (a) type A samples from the reaction of PEG(S)-Azide and PEG(S)-Alkyne and (b) type 

B samples from PEG(S)-Azide and linear PEG-Alkyne chains.152 

Figures 3.2(a) and 3.2(b) demonstrate the ideal network structure of  type A and type B 

networks where all the reactive endgroups of the oligomers units are connected to 

different junction points, forming single links between them. However, there are 

possibilities of other type of links formed between the two cross-linking points. In the 
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type A samples, in addition to single links (Figure 3.3(a)) we can also have double links, 

i.e. two arms of a star oligomer are connected with two arms of another star (Figure 

3.3(b)) which, ultimately, only act as a extension of network chains and result only in 

increasing the mesh size of the network. In type B samples, along with single links (Figure 

3.3(c)) and double links (Figure 3:3(d)), there are dangling chain ends (Figure 3.3(e)), 

which are terminated in a way so that no unreacted functional group will be present,  

ultimately making it difficult for other spectroscopic methods to detect them.  

 

Figure 3.3: Examples of possible network chain links for type A and type B samples. (a) 

and (b) single links and double links for type A samples while (c), (d) and (e) single links, 

double links and dangling chain ends for type B samples.152 

To quantify the relative amount of these network topologies, the 1H DQ NMR technique 

are used. The details of the experimental procedure are well described in the 

literature152 and will thus only briefly summarized here. 1H DQ NMR is a robust and 
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quantitative method for the analysis of the dynamics and structural details in polymer 

networks. It permits the determination of residual homonuclear dipolar coupling (RDC) 

between the two nearby protons, e.g. protons of close CH2 groups in the polymer 

backbone while providing the possibility of avoiding the effect of couplings from far away 

protons. 

 

Figure 3.4: Dependence of the intensity of single links and dangling ends vs length of 

network chains; (full symbols) for the type B samples and (open symbols) for the type A 

sample.152 

Figure 3.4 provides the results of these measurements on both types of samples while 

Table 3.1 summarizes the values of single, double and higher-order links with the 

respective amount of dangling chain ends for all samples. It can be observed that our 

PEG networks are far away from being called an ideal network because as aside from 

single links, it also contains other types of higher order links which do not effectively 

contribute to the gelation process. The maximum amount of single links was found in 

PEG(S-2000) network which was approximately 34%. 
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Table 3.1: The Relative amount of single, double and higher-order links along the 

estimation of dangling chains end of both type A and B sample from 1H DQ-NMR 

measurements.  

 

Single links 

% 

Double links 

% 

Higher-order 

links 

% 

Dangling chain 

ends 

% 

PEG(S-S) 22.5 ± 1.6 40.2 ± 3.1 37.3 ± 1.5 4.9 ± 0.9 

PEG(S-300) 9.8 ± 1.4 19.7 ± 3.5 70.5 ± 2.1 2.95 ± 0.8 

PEG(S-400) 26 ± 0.9 50 ± 4.9 24 ± 4 5.3 ± 0.2 

PEG(S-1000) 32.9 ± 1 52.8 ± 4.5 14.3 ± 3.5 4.9 ± 0.7 

PEG(S-2000) 34 ± 4 13.6 ± 7 52.4 ± 3 8.8 ± 1.6 

PEG(S-6000) 26.8 ± 2.2 22.5 ± 9.2 50.7 ± 7 30.5 ± 3.5 

The results from 1H double quantum (DQ) NMR spectroscopy measurements on both 

type A and type B samples show that the networks are not ideal. But this is also not 

surprising, as they further support the results of the swelling experiments (discussed 

later). 

 

3.1.2 Thermal Properties 

The DSC traces of all PEG networks are recorded from -20 °C to 80 °C at 10 °C/min. Values 

of melting temperature Tm, enthalpy of melting ΔHm, and degree of crystallinity Xc of all 

PEG networks are given in Table 3.2. To see the influence of cross-linking on the 

crystallization process, the same measurements are also performed for linear 

poly(ethylene glycol) chains as well. 

DSC traces of only PEG(S-1000), PEG(S-2000) and PEG(S-6000) are shown in Figure 3.5(a) 

because PEG(S-S), PEG(S-300) and PEG(S-400) are completely amorphous and do not 

show any crystallization and melting peaks (see Appendix; Figure A20). In Figure 3.5(b), 

a comparison is made between PEG(S-1000) and linear PEG(1000) to visualize their 

melting behavior under the same measurement conditions (for similar plots of PEG(S-



61 

 

2000) and PEG(S-6000), see Figure A21 (a-b) in the Appendix). All DSC measurements are 

normalized by the sample mass to give these comparisons a more realistic aspect. 

 

 

Figure 3.5: (a) DSC traces of PEG networks (PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

along with their respective melting temperature Tm and crystallinity XC. (b) A combined 

DSC plot of PEG(S-1000) and PEG(1000). 

It can be observed that the melting peaks of PEG networks are relatively broad and low 

in intensity as compared to the linear PEG chains with comparable molar masses 

between the two cross-links of the PEG networks. Lower melting temperature and peak 

broadening signify the fact that PEG networks crystallize with relatively smaller lamella 

thickness and possess a wide distribution of crystal sizes. However, on the other hand, 

linear PEG(1000) has a relatively sharp melting peak and a higher degree of crystallinity, 

which indicates a narrow crystal size distribution and relatively large lamella thickness. 

The degree of crystallinity values are calculated by dividing the enthalpy of melting ΔHm 

values of PEG network samples or linear PEG chain by the enthalpy of melting ∆𝐻𝑚
𝑜  values 

of 100% crystalline PEG chains  
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Table 3.2: Melting temperature Tm, enthalpy of melting ΔHm and degree of crystallinity 

XC of PEG networks and linear PEG chains obtained by DSC. 

Sample 

Melting 
Temperature, Tm 

(°C) 

Enthalpy of melting 
ΔHm 

(J/g) 

Degree of 
crystallinity a) 

 XC  

(%) 
PEG(S-S) - - 0 

PEG(S-300) - - 0 

PEG(S-400) - - 0 

PEG(S-1000) 19 57.1 29 

PEG(S-2000) 41 68.9 35 

PEG(S-6000) 57 98.5 50 

PEG(1000) 44 181.2 92 

PEG(2000) 63 171.4 87 

PEG(6000) 69 175.3 89 

 

The degree of crystallinity XC of all PEG networks is determined from the enthalpy of 

melting, ΔHm  

 
𝑋𝐶  =  

𝛥𝐻𝑚

𝛥𝐻𝑚
𝑜  (3.2) 

where 𝛥𝐻𝑚
𝑜  represents the enthalpy of melting of a 100% crystalline PEG. The value of 

𝛥𝐻𝑚
𝑜  = 197 J/g161 is used for these calculations. It can be observed in Table 3.2 that 

poly(ethylene glycol) chains of molar masses 1000, 2000 and 6000 g/mol showed a higher 

degree of crystallinity and melting temperature when they were linear and uncross-

linked as compared to their relatively immobilized state when they become a part of a 

cross-linked network. The connected chain ends, and temporary and permanent 

entanglement are some of the major factors due to which PEG networks exhibit a lower 

degree of crystallinity and melting temperature. A schematic representation of PEG 

crystals in a network is shown later in the SAXS discussion section.    
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3.1.3 Isothermal Crystallization Kinetics 

Isothermal crystallization kinetics of PEG networks is studied by differential scanning 

calorimetry (DSC). The samples were heated above their respective melting 

temperatures to remove any thermal history and then cooled rapidly (30-50 °C/min) to 

various crystallization temperatures TC. The samples were held at TC until the complete 

crystallization process finishes. 

In order to demonstrate the different steps of the evaluation procedure for these 

isothermal crystallization measurements, Figure 3.6(a) shows a typical DSC trace of an 

isothermal crystallization of PEG(S-6000) at TC = 45°C. Initially, a time-lag, known as 

induction time, between the start of the experiment and the actual beginning of the 

crystallization process should be excluded from the calculations, which usually 

corresponds to the thermal stabilization of the DSC equipment.162 After adjusting the 

induction time, the isothermal crystallization measurement was assumed to start from 

the point A and the time t is set to t = t0. As the time proceeds, the heat flow due to the 

exothermal crystallization process is observed in the DSC trace and it reaches its 

maximum value at point B. Afterward, the crystallization process starts to slow down and 

was considered complete when no further change in the heat flow was observed at C. 

 

Figure 3.6: (a) DSC exothermal peak for the isothermal crystallization of PEG(S-6000) at 

a crystallization temperature of 45 °C. (b) Time-dependent relative degree crystallinity 

Xt vs the crystallization time t plot (crystallization isotherm) of PEG(S-6000) at a 

crystallization temperature of 45 °C, obtained by Eq. 3.3. 
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From the crystallization exotherms, the time-dependent relative degree of crystallinity 

Xt at time t can be calculated by the following equation163 

 

𝑋𝑡 =
∫ (

𝑑𝐻𝐶

𝑑𝑡
) 𝑑𝑡

𝑡

0

∫ (
𝑑𝐻𝐶

𝑑𝑡
) 𝑑𝑡

∞

0

=
𝐴𝑡

𝐴∞
 (3.3) 

where At is the area under the DSC exothermal curves from t0 (start of crystallization 

time) to time t and A∞ is the total area under the crystallization curve i.e. from t0 to t∞. 

The integration of the crystallization exotherm gives typical S-shaped plots, representing 

the progress of the crystallization process with time and called crystallization isotherms 

(see Figure 3.6 (b)). The plots were normalized between 0 and 1 representing the start 

and completion of the crystallization process, respectively. One of the important 

parameters deduced from these plots is the crystallization half-time t0.5 which is defined 

as the time required to reach 50 % of overall crystallinity at any particular crystallization 

temperature TC. Crystallization isotherms of PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

are shown in Figure 3.7, and the respective values of t0.5 at different TC are listed in Table 

3.3. 

 

Figure 3.7: Crystallization isotherms (Xt vs t) for (a) PEG(S-1000), (b) PEG(S-2000) and (c) 

PEG(S-6000). 
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A more conventional approach to quantitatively analyze these kinetic measurements is 

by the well-known Avrami equation.164 For an isothermal crystallization process, a time-

dependent relative degree of crystallinity Xt can be represented as, 

 𝑋𝑡 = 1 − 𝑒𝑥𝑝 (−𝑘𝑡𝑛) (3.4) 

Linearizing Eq. 3.4 by taking the double logarithm yields  

 𝑙𝑛[− 𝑙𝑛(1 − 𝑋𝑡)] = 𝑙𝑛𝑘 + 𝑛𝑙𝑛𝑡 (3.5) 

where n represents the Avrami exponent, t is the crystallization time, and k represents 

the overall crystallization rate constant which is comprised of the contributions from the 

nucleation and crystal growth processes. The Avrami exponent n is composed of two 

terms i.e. n = nd + nn, where nd represents the dimensionality of the growing crystals and 

nn represents the time dependence of the nucleation process (i.e. either sporadic or 

instantaneous).162 The value of n lies between 1 and 4 depending on the mutual behavior 

of the nucleation and crystal growth processes. As a typical example, the linearized 

double-logarithmic plot of PEG(S-6000) at TC = 45 °C is shown in Figure 3.8. 

 

Figure 3.8: Evaluation of n and k from the Avrami plot of PEG(S-6000) at TC = 45 °C. 

For the calculation of k and n, one has to perform a linear fit to the initial linear part of 

the plot as the observed change in slope later in the measurement represents the onset 

of the secondary crystallization process.165 Typically, secondary crystallization occurs 
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when the sample is completely comprised of spherulites and these spherulites begin to 

start impinging on each other. This later increase in crystallinity usually involves the 

crystal thickening and/or the development of entire new lamellae stacks from the 

amorphous regions within a spherulite.166 In their investigation, Lorenzo et al.162 

suggested that the selection of the relative degree of crystallinity range is critical for a 

good Avrami fitting of the data. The initial data points (Xt < 3%) can be ignored due to 

the experimental errors while towards the end of the crystallization process, the 

secondary crystallization process should also be avoided to prevent any errors in the 

values of n and k. Their study shows that considering the relative crystallinity values from 

3 to 20 % is sufficient for a good Avrami fit. Avrami plots of isothermal crystallization 

measurements of PEG(S-1000), PEG(S-2000) and PEG(S-6000) are shown in Figure 3.9, 

and corresponding values of k and n are given in Table 3.3. 

 

Figure 3.9: Double-logarithmic Avrami plots of the isothermal crystallization 

measurements of (a) PEG(S-1000), (b) PEG(S-2000) and (c) PEG(S-6000) networks. 
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From Table 3.3, it can be concluded that the values of the Avrami exponent n for all three 

types of PEG networks are similar in the range from 1.4 to 2.2. From these n values, it 

can be proposed that the crystallization morphology of all three PEG networks might be 

a mixture of one-dimensional needle-like and two-dimensional disk-like crystal 

structures. However, these crystalline entities are too small in order to be seen by the 

polarized optical microscopy. A typical behavior of Avrami rate constant k is also 

observed for all three PEG networks as it decreases with increasing crystallization 

temperature TC, indicating a slowing down of the overall crystallization process at higher 

TC.  

Table 3.3: Respective values of Avrami rate constant k at each crystallization 

temperature TC, Avrami exponent n, crystallization half time t0.5 and activation energies 

EA of PEG(S-1000), PEG(S-2000) and PEG(S-6000) networks. 

TC k n t0.5 EA 

°C min-1  min kJ/mol 

PEG (S-1000) 

1 1.9E-03 1.57 0.9 

–132 ± 15 

3 1.6E-03 1.5 1 

5 1.3E-03 1.4 1.4 

7 3.8E-04 1.5 2.5 

9 9.3E-05 1.6 5.4 

PEG (S-2000) 

25 7.4E-04 1.8 0.8 

−286 ± 33 

27 7.2E-04 1.6 1.1 

29 3.2E-04 1.6 2.2 

31 2.3E-04 1.4 4.4 

33 2.8E-06 1.8 12.4 

PEG (S-6000) 

37 8.9E-04 2.2 0.5 

−236 ± 32 

39 5.0E-04 2.1 0.5 

41 3.2E-04 2.0 0.8 

43 2.7E-04 1.8 1.2 

45 3.5E-05 1.8 3.6 
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At the two characteristic transition temperatures i.e. glass transition temperature Tg and 

equilibrium melting temperature 𝑇𝑚
𝑜  the values of the rate of crystallization of a polymer 

are vanishingly small and between these two temperatures, it forms a bell-shaped curve 

(see Figure 3.10 (a))  The specific shape of this curve is a result of the crystal growth 

being slowed by increasing viscosity at temperatures close to Tg, and by diminishing 

thermodynamic drive for the nucleation process, as the melting point is approached.  

 

Figure 3.10: (a) Schematic representation of a bell-shaped behavior of crystallization rate 

between Tg and 𝑇𝑚
𝑜  (b) Half-time of crystallization t0.5 vs the degree of undercooling ∆T = 

Tm
o  - Tc of PEG(S-1000), PEG(S-2000) and PEG(S-6000) networks. 

Half-time of crystallization t0.5 is also an important parameter for the discussion of 

crystallization kinetics and is defined as the time taken from the beginning of the 

crystallization process until 50 % of its completion. It can either be obtained from the 

time-dependent relative degree of crystallinity Xt isotherms (see Figure 3.7) or can be 

calculated using the following relation167 

 

 

𝑡0.5 = (
𝑙𝑛2

𝑘
)

1
𝑛

 
(3.6) 

 

The dependence of t0.5 on the degree of undercooling ΔT (i.e. ∆𝑇 = 𝑇𝑚
𝑜 − 𝑇𝑐) of PEG(S-

1000), PEG(S-2000) and PEG(S-6000) is shown in Figure 3.10 (b). As it can be seen from 
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Eq. 3.6 that the half-time of crystallization t0.5 is inversely proportional to the rate of 

crystallization k, so for all three PEG networks, values of t0.5 are higher for TC near 𝑇𝑚
𝑜  

(i.e. smaller undercooling temperatures) indicating a relatively slow crystallization 

process of the PEG networks. On the other hand, t0.5 values decreases gradually with 

increasing undercooling temperatures, exhibiting a faster crystallization process. 

However, t0.5 values also follow a similar but opposite trend with respect to TC, and t0.5 

values of all three PEG networks are expected to increase again with the further increase 

in undercooling temperatures and will have their maximum value near Tg.  

To further study the behavior of the Avrami rate constant k at different crystallization 

temperature TC, the Arrhenius relationship (Eq. 3.7) was used to determine the 

isothermal crystallization activation energy EA of PEG networks.168,169 

 
𝑘1/𝑛 = 𝑘𝑜𝑒𝑥𝑝 (−

𝐸𝐴

𝑅𝑇𝑐
) (3.7) 

or 

 𝑙𝑛𝑘

𝑛
= 𝑙𝑛𝑘𝑜 −

𝐸𝐴

𝑅𝑇𝑐
 (3.8) 

where ko is the temperature-independent pre-exponential factor, TC is the isothermal 

crystallization temperature, and R is the universal gas constant. From the slope of (lnk)/n 

vs 1/Tc plot, the value of EA can be obtained.  Figure 3.11 shows the plots of (lnk)/n vs 

1/Tc for PEG(S-1000), PEG(S-2000) and PEG(S-6000) networks and the Isothermal 

crystallization activation energies EA are tabulated in Table 3.3.  
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Figure 3.11:  Plots of (lnk)/n vs 1/Tc for PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

using linearized Arrhenius Equation (Eq. 3.8). 

It is important to mention here that the sign of the activation energy is only an indication 

of the initial state of the system before it crystallizes. The activation energy values are 

negative when crystallization is initiated by cooling the system from its melt state while 

it will be positive when crystallization begins by heating the system from its glassy 

state.170 It can be observed that for PEG(S-2000) and PEG(S-6000), the EA values are 

relatively large i.e. −286 ± 33 kJ/mol and −236 ± 32 kJ/mol while for the PEG(S-1000) 

network, it is much smaller i.e. -132 ± 15 kJ/mol. One of the apparent reasons for this 

lower EA value of PEG(S-1000) can be the smaller lamella thickness values of its 

crystallites. It has been a well-known fact that the smaller molar mass molecules (also 

for the lower molar mass PEG chains171) crystallize more easily with lower activation 

energy as compared to their higher molar mass (longer) counterparts. Although, PEG(S-

1000) has the highest cross-link density among the other PEG networks and due to which 

it is least crystalline and has smallest crystallite sizes (see WAXS discussion). Howover, 

on the other hand, these smaller size crystallites can be formed rather eas ily with low 

activation energy barrier as compared to the larger crystallites of other PEG networks.  

Apart from the relative crystal sizes, entanglements can also be regarded as a reason for 
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an increase in EA values for PEG(S-2000) and PEG(S-6000). It was reported172 earlier that 

the critical entanglement molar mass Me for a PEG chain is around Me ≈ 1600 g/mol and 

as the PEG(S-2000) and PEG(S-6000) has a longer chain length between the cross-links 

than this Me limit, these entanglements will also play their role in impeding the 

crystallization process and consequently, increasing the EA values for these networks. 

 

Equilibrium Melting Temperature 𝑻𝒎
𝒐 : The equilibrium melting temperature 𝑇𝑚

𝑜  of a 

polymer is defined as the melting temperature of an infinite stack of extended chain 

crystals which are large in perpendicular directions to the chain axis while the chain ends 

have established an equilibrium state of pairing with each other. 173 It is common for 

polymers that their experimentally observed melting temperatures Tm are a function of 

their TC  and as their crystallization process usually starts well below their 𝑇𝑚
𝑜 , 

extrapolation of experimental data is usually performed to obtain 𝑇𝑚
𝑜  values (Hoffman-

Weeks174 method). It is important to mention here that there is a persistent debate175–

178 about the validity of this method to calculate the equilibrium melting temperature 𝑇𝑚
𝑜  

of a polymer. Nevertheless, this method will be used to calculate the equilibrium melting 

temperature 𝑇𝑚
𝑜 , for the present PEG networks. Eq. 3.8 shows the Hoffman-Weeks 

relationship, 

 𝑇𝑚 =  𝛼𝑇𝑐 + (1 − 𝛼)𝑇𝑚
𝑜  (3.9) 

where 𝛼 is the stability parameter and its value depends upon the crystal size and its 

perfection. Its value lies between 0 and 1, where 𝛼 = 0 means that the crystal structure 

is perfect and there is no influence of crystallization temperature TC on the melting point 

Tm, i.e. Tm = 𝑇𝑚
𝑜 , whereas 𝛼 > 0 shows that the polymer crystals are more imperfect and 

unstable.179  In a typical Tm vs TC plot, a linear extrapolation of data to the Tm = TC line 

yields the equilibrium melting temperature 𝑇𝑚
𝑜  for a semicrystalline polymer. 

After isothermally crystallizing the PEG networks at different crystallization temperature 

TC, samples were reheated at 10 °C/min to record the respective melting endotherm for 

that particular TC. Hoffman-Weeks plots for PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

networks are shown in Figure 3.12 while the corresponding values of  𝑇𝑚
𝑜  and 𝛼 are 
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tabulated in Table 3.4. (DSC melting endotherms of PEG(S-1000), PEG(S-2000) and PEG(S-

6000) for different isothermal crystallization temperatures TC are shown in Figure A22 

(a-c) in the Appendix) 

 

Figure.3.12: Hoffman-Weeks plots of PEG(S-1000), PEG(S-2000) and PEG(S-6000). 

 

Table 3.4: Equilibrium melting point 𝑇𝑚
𝑜 , the stability parameter α and correlation 

coefficient of linear regression R2 of PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

networks. 

 𝑻𝒎
𝒐  (°C) 𝜶 R2 

PEG(S-1000) 25.3 0.23 0.996 

PEG(S-2000) 45.5 0.17 0.967 

PEG(S-6000) 61.6 0.11 0.965 

 

As it was mentioned earlier that smaller values of α represent a more stable and large-

sized crystal structure. Therefore, the smallest value of α for PEG(S-6000) suggests that 
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it contains relatively larger size crystals having more stability and regularity as compared 

to PEG(S-2000) and PEG(S-1000). This might be due to the decrease in the cross-linking 

density with the increase in chain length between the two cross-links, which makes the 

PEG chains in the networks more mobile and flexible, allowing them to form bigger and 

relatively more stable crystals. These results are also in good agreement with the SAXS 

results (discussed later), where only for the PEG(S-6000) network, higher order 

diffraction peaks are observed which indicates a relatively regular and ordered crystal 

structure.  

 

3.1.4 Non-isothermal Crystallization Kinetics 

For non-isothermal crystallization kinetic studies, PEG(S-1000), PEG(S-2000) and PEG(S-

6000) are crystallized at different cooling rates i.e. 20 °C/min, 10 °C/min, 5 °C/min and 

2.5 °C/min and their respective crystallization exotherms are shown in Figure 3.13. It can 

be observed that crystallization peaks of all PEG networks get broader and shifted 

towards lower temperatures with increasing cooling rates. This decrease in the non-

isothermal crystallization temperature TP with the cooling rates is due to the fact that at 

higher cooling rates, the PEG chains do not react fast enough to the change in 

temperature and as a result, they crystallize at relatively lower temperatures. 

S-shape plots of the relative degree of crystallinity Xt vs the crystallization time t for 

PEG(S-1000), PEG(S-2000) and PEG(S-6000) at different cooling rates are shown in Figure 

3.14. It can be observed that the higher the cooling rate, the shorter will be the time 

required to complete the crystallization process. This is an expected behavior for the PEG 

networks, as at slower cooling rates, more time is needed to complete the crystallization 

process and vice versa. 
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Figure 3.13: Non-isothermal crystallization exotherms of (a) PEG(S-1000), (b) PEG(S-

2000) and (c) PEG(S-6000) at different cooling rates obtained by DSC measurements. 

 

Figure 3.14:  Xt vs t plots for (a) PEG(S-1000), (b) PEG(S-2000) and (c) PEG(S-6000) at 

different cooling rates obtained by DSC measurements. 
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To analyze the non-isothermal crystallization kinetics, Ozawa180 modified the Avrami 

equation and presented a model where he assumes that the non-isothermal 

crystallization process contains infinitesimally small isothermal crystallization steps. He 

introduces the factor of cooling rate φ into the basic Avrami equation and defines time-

dependent relative crystallinity Xt at any given temperature T as  

 
𝑋𝑡 = 1 − 𝑒𝑥𝑝 [−

𝐾(𝑇)

ɸ𝑚
] (3.10) 

Linearization of Eq. 3.10 gives 

 𝑙𝑛[− 𝑙𝑛(1 − 𝑋𝑡)] = 𝑙𝑛𝐾(𝑇) − 𝑚𝑙𝑛ɸ (3.11) 

where m is the Ozawa exponent and K(T) is the cooling function which is influenced by 

the dimensionality of crystal growth and is a measure for the rate of the crystallization 

process. However, in various reported works163,181,167,182, this model is found invalid as it 

is unable to produce a linear ln[-ln(1-Xt)] vs lnφ plots, necessary to obtain the K(T) and 

m parameters.  

In pursuit of finding a workable method, Lui et al.183 combined the Avrami and Ozawa 

equations in order to evaluate the non-isothermal crystallization process. According to 

their model, in the non-isothermal crystallization process the relation between 

crystallization time t and temperature T can be written as 

 
𝑡 =

𝑇0 − 𝑇

|ɸ|
 (3.12) 

where, T is the temperature at any given time t and T0 is the initial temperature at which 

crystallization starts i.e. t0. As the Avrami equation relates Xt with time t while the Ozawa 

equation relates Xt with cooling rate φ, a correlation between φ and t could be made as 

follows 

 𝑙𝑜𝑔ɸ = 𝑙𝑜𝑔𝐹(𝑇) − 𝛼𝑂𝑙𝑜𝑔𝑡 (3.13) 

where F(T) is the rate parameter, and it equals to 
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𝐹(𝑇) = [

𝐾(𝑇)

𝑘
]

1/𝑚

 (3.14) 

where, K(T) is a rate constant from Ozawa equation (Eq. 3.10) and k, is the Avrami rate 

constant (Eq. 3.4). F(T) defines the value of the cooling rate required to reach a defined 

degree of crystallinity at unit crystallization time, while 𝛼𝑂 is the ratio of Avrami 

exponent n and Ozawa exponent m (𝛼𝑂 = n/m). Using Eq. 3.13, the plot of log(φ) vs log(t) 

for any specific degree of crystallinity value should be a straight line where values of F(T) 

and 𝛼𝑂 can be calculated from its intercept and slope, respectively. Figure 3.15 shows 

the log(φ) vs log(t) plots for PEG(S-1000), PEG(S-2000) and PEG(S-6000) networks for 

different degree of crystallinities using the combined Avrami-Ozawa approach. 

 

Figure 3.15: log(φ) vs log(t) plots of (a) PEG(S-1000), (b) PEG(S-2000) and (c) PEG(S-6000). 
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Table 3.5:  Xt, 𝛼𝑂 and F(T) values of PEG(S-1000), PEG(S-2000) and PEG(S-6000) networks 

together with the regression coefficient R2. 

Xt 
PEG(S-1000) PEG(S-2000) PEG(S-6000) 

𝛼𝑂 F(T) R2 𝛼𝑂 F(T) R2 𝛼𝑂 F(T) R2 

0.1 1.5 7.2 0.986 1.3 4.3 0.993 1.3 3.9 0.999 

0.2 1.6 10.1 0.996 1.3 5.9 0.994 1.3 5.0 0.997 

0.4 1.6 14.5 0.997 1.3 7.9 0.995 1.4 6.6 0.997 

0.6 1.6 18.6 0.999 1.3 10.0 0.997 1.4 8.5 0.996 

0.8 1.6 23.7 0.997 1.3 12.6 0.994 1.5 11.0 0.997 

 

The log(φ) vs log(t) plots show a linear behavior and from the slope and intercept values  

𝛼𝑂 and F(T) parameters are calculated and tabulated in Table 3.5. A good linearity of 

these plots (as observed from R2 values) shows the appropriateness of the combined 

Avrami-Ozawa method for these non-isothermal crystallization measurements. It can be 

observed in Table 3.5 that values of F(T) decreases as the molar mass between the 

crosslink increases, i.e. from PEG(S-1000) to PEG(S-6000). Thus, it means that less time 

was required for PEG(S-6000) network chains to reach any relative degree of crystallinity 

value Xt as compared to PEG(S-1000) network.184 For instance, for Xt = 0.2 (20 % 

crystallinity), F(T) value of PEG(S-1000) network was 10.1 while it decreases for PEG(S-

2000) to 5.9 and reaches the minimum value of 5.0 for PEG(S-6000). This behavior can 

be attributed towards the varying degree of cross-linking in PEG networks as the cross-

link density is highest in PEG(S-1000) network causing the PEG chains in the network to 

crystallize relatively slow along with the lower overall degree of crystallinity. As it was 

mentioned before that the parameter 𝛼𝑂 is the ratio of Avrami n and Ozawa m exponents 

and for all three PEG networks. This value remains close to unity and almost constant 

with respect to Xt. This implies that the kinetic model proposed by Liu et al.185 seems to 

be successful in describing the non-isothermal crystallization kinetics for these PEG 

networks.  
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3.1.5 Swelling Measurements 

For swelling measurements, PEG networks are vacuum dried overnight before being 

soaked in deionized water for the next 24 h. To track their swelling progress, samples 

were weighed after 1h, 2h, 4h, 8h and 24h, respectively. 

 

Figure 3.16: Degree of swelling Q of PEG(S-S), PEG(S-400), PEG(S-1000), PEG(S-2000) and 

PEG(S-6000) in water at 25°C. 

The degree of swelling Q is defined as 

where, 𝑚𝑠 is the mass of swollen network and 𝑚𝑑  represents the mass of dry network. 

As PEG is a hydrophilic and water soluble polymer it is expected that its networks would 

behave like a hydrogel and are able to absorb a large amount of water until the 

equilibrium swelling point is reached (see Figure 3.16). For instance, PEG(S-400) can 

absorb water about 8 times of its dry mass while for PEG(S-6000) the capacity of holding 

water within its structure goes up to about 20 times than its initial dry mass. 

The swelling phenomenon of polymer networks is often described by the Flory-Rehner 

theory.186 Their hypothesis states that thermodynamics of swelling of polymer networks 

is governed by two independent but opposite contributions. The first contribution comes 

from the osmotic pressure ∏mix which results from the polymer/solvent interaction while 

 𝑄 =
𝑚𝑠 − 𝑚𝑑

𝑚𝑑
 (3.15) 
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the other contribution comes from the elastic pressure ∏elas, caused due to the 

stretching of polymer chains in between two cross-links. Hence, in the absence of any 

other contributions (e.g. presence of ionizable functional groups or pH-value variations) 

the elastic forces balance out the osmotic pressure after a certain degree of swelling and 

from this maximum allowed swelling values, one can get some basic understandings 

regarding the internal structure of networks (Eq. 3.16). 

 ∏ 𝑒𝑥𝑡 =  ∏ 𝑚𝑖𝑥 + ∏ 𝑒𝑙𝑎𝑠 (3.16) 

where, ∏ext represents any external pressure apart from osmotic and elastic forces and 

it should be zero at equilibrium. The number average molar mass 𝑀𝑐
̅̅ ̅̅  between two cross-

links can be calculated from a modified version of Flory-Rehner theory, presented by 

Bray-Merrill135,8 for the systems where the gelation process conducted in solution. 

 1

𝑀𝑐
̅̅ ̅̅

=
2

𝑀𝑛
̅̅ ̅̅

−

𝑣1

𝑉1
[𝑙𝑛(1 − 𝑣2) + 𝑣2 + 𝜒12𝑣2

2]

𝑣2
1/3

− (
2
𝜙)𝑣2

 (3.17) 

Here, χ12 represents the polymer−solvent interaction parameter which has the value of 

0.426 for PEG187,188 in water, V1 is the molar volume of water, 𝑣1is the specific volume of 

polymer, and 𝜙 represents the functionality of the cross-linker (i.e. 𝜙 = 3). 𝑀𝑛
̅̅ ̅̅  represents 

the average molar mass of linear chains between the two cross-links and this also 

includes the two adjacent arms of the cross-linker unit (molar mass of one PEG arm of 

the cross-linker unit is about 300 g/mol). Thus, for the PEG(S-1000) network 𝑀𝑛
̅̅ ̅̅  is 

(300+1000+300) = 1600 g/mol. 𝑀𝑛
̅̅ ̅̅  values of other networks are given in Table 3.6. The 

equilibrium polymer volume fraction, 𝑣2, which is the ratio of the dry gel and swollen gel 

volume, can be calculated as 

 𝑣2 =  
𝜌𝑠

𝑄𝜌𝑝 + 𝜌𝑠
 (3.18) 

where ρs represents the density of solvent (water) and ρp is the density of the dry gel. 

For the density of networks, volume of the PEG networks was calculated by immersing a 

small piece of dry PEG network, of known mass, in a volumetric flask containig hexane. 
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As hexane and PEG are immiscible, probability of increase in volume of PEG networks 

due to swelling will be negligible. The increase in the volume of hexane due to the 

addition of PEG network was calculated and used later for the density calculations of 

PEG networks (density = mass / volume). Table 3.6 shows the values of 𝑀𝑐
̅̅ ̅̅  calculated 

with Eq. 3.17 and the degree of swelling Q using Eq. 3.15 for PEG(S-400), PEG(S-1000), 

PEG(S-2000) and PEG(S-6000) networks. 

 

Table 3.6: Precursor length 𝑀𝑛
̅̅ ̅̅ , Degree of swelling Q, density ρp and molar mass between 

the cross-links  𝑀𝑐
̅̅ ̅̅  of PEG(S-S), PEG(S-400), PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

networks. 

PEG 
Networks 

Precursor 
length 

Density 
Degree of 
swelling 

Molar mass 
between the 

cross-links 
𝑴𝒄
̅̅ ̅̅

𝑴𝑛
̅̅ ̅̅

× 100 

 𝑴𝒏
̅̅ ̅̅  ρp Q 𝑴𝒄

̅̅ ̅̅  

g/mol g/mL  g/mol % 

PEG(S-S) 600 0.7 8 267 ≈44 

PEG(S-400) 1000 0.73 9 443 ≈ 44 

PEG(S-1000) 1600 0.76 13 731 ≈ 46 

PEG(S-2000) 2600 0.79 16 1200 ≈46 

PEG(S-6000) 6600 0.72 21 2838 ≈43 

 

In an ideal end-linked polymer network, the molar mass between the cross-links  𝑀𝑐
̅̅ ̅̅  

calculated by the swelling experiments should be either equal to the theoretically 

expected values 𝑀𝑛
̅̅ ̅̅  or larger due to the presence of elastically inactive loops (discussed 

before). However, in our PEG networks, the  𝑀𝑐
̅̅ ̅̅  values are almost 45% of the initial 

precursor 𝑀𝑛
̅̅ ̅̅ , indicating a crosslink density much higher than expected for our system. 

These results are rather unexpected but in agreement with the finding of  Truong et al.146 

for their PEG networks. They also worked on similar PEG networks except they used a 

four-arm cross-linker unit instead of three-arm unit, as used in this study. The 𝑀𝑐
̅̅ ̅̅  values 

of their PEG cross-linked networks was also around 50 % of the theoretical value and 
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they found the reason for this unexpected high cross-linking density by performing cryo-

SEM measurements on their networks in the swollen state. They saw macroporous 

structures, where the pores become wider with the increase in precursor molar mass, as 

shown in Figure 3.17. They concluded that the main reason for this macroporous 

structure formation is due to the inherent heterogeneous network structure, formed as 

a result of   phase separation during gelation process. 

 

Figure 3.17: Cryo-SEM measurements performed by Truong et al146 to determine the 

macroporous structure of PEG hydrogels having variable chain lengths i.e. (a) PEG1k, (b) 

PEG2k, (c) PEG4k and (d) PEG6k, after swelling in phosphate buffered saline (PBS) 

solution of pH 7.4 for 24 h at 23 °C. 

Water is a relatively poor solvent for poly(ethylene glycol) as compared to alcohols and 

other chlorinated solvents and shows both upper and lower critical solution temperature 

(UCST and LCST) in water.189 Moreover, it has been known that a critical concentration 

of PEG in water exists and after this concentration limit, cluster formation occurs which 

remain stable and in equilibrium with free polymer chains in water.190 In our case, as the 
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network formation begins and the molar mass of PEG precursors start to increase, phase 

separation also begins. With time, the probability of an individually growing network 

structure to react with other growing structures decrease, and the chances of 

intramolecular reactions within the same growing structure increases. This phenomenon 

introduces an inter-woven organization of chains and entrapped physical cross-links in 

the network, which ultimately reduce the swelling and degree of  freedom of polymer 

chains. Thus, the introduction of these additional physical cross-links (entrapped 

entanglements) in the network structure is the primary reason for the observed lower 

𝑀𝑐
̅̅ ̅̅  values.  

 

3.1.6 Temperature Dependent Wide Angle X-ray 

Scattering (WAXS) 

Temperature dependent WAXS diffraction patterns of PEG(S-1000), PEG(S-2000) and 

PEG(S-6000) are shown in Figure 3.18. All diffractograms show the characteristic pair of 

scattering peaks at 2  = 19.35° and 23.54° which are associated with the (120) and 

(032)* Miller planes of the PEG monoclinic unit cell. It is comprised of four PEG chains 

with seven repeating units organized in a 72 helical structure.48 The diffraction peak at 

2 = 23.54° results not only from the (032) plane but also from the (1̅32), (112), (2̅12), 

(1̅24), (2̅04), and (004) planes as well.191  
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Figure 3.18: Temperature-resolved WAXS diffraction patterns of (a) PEG(S-1000), (b) 

PEG(S-2000) and (c) PEG(S-6000) 

The crystallinity of PEG networks is determined from WAXS diffraction patterns by 

comparing the area of diffraction peaks (after subtracting the amorphous halo) with the 

area of the entire diffractogram. X'Pert HighScore software program is used to calculate 

the amorphous halo from the spectra. Values of the degree of crystallinity from the 

WAXS diffraction patterns are compared with the DSC method and are presented in Table 

3.7. 

Table 3.7: Degree of crystallinity values obtained from DSC and WAXS methods.  

 

 

 

 

 

Sample 
XC 

(DSC) 
% 

XC 
(WAXS) 

% 

PEG(S-1000) 29 26 

PEG(S-2000) 35 36 

PEG(S-6000) 50 51 
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The degree of crystallinity values from both DSC and WAXS methods show a good 

agreement with each other. The degree of crystallinity values increase with increasing 

chain length between the two cross-links of the respective PEG network. Figure 3.19(a) 

shows the degree of crystallinity values as a function of temperature for PEG(S-1000), 

PEG(S-2000), and PEG(S-6000). It can be observed that during heating, the degree of 

crystallinity of PEG(S-6000) remains almost constant until its final melting, whereas, the 

crystallinity values of the PEG(S-1000) and PEG(S-2000) networks decrease continuously 

until their final melting temperatures. This behavior describes that both PEG(S-1000) and 

PEG(S-2000) networks possess a relatively larger distribution of crystal sizes, where the 

smaller size crystals melt at comparatively lower temperatures. This results in the 

continuous decrease of crystallinity during the entire heating process. However, In the 

case of PEG(S-6000), the crystal size distribution is comparatively narrow, which results 

in the constant crystallinity values until the final melt ing.  

 

Figure 3.19: (a) Change of the degree of crystallinity of PEG networks with temperature 

from the WAXS data. (b) WAXS diffraction patterns of PEG(S-1000), PEG(S-2000) and 

PEG(S-6000) at  –20 °C. 

Figure 3.19(b) shows WAXS diffraction patterns of all three PEG networks recorded at T 

= –20 °C and it can be noticed that the diffraction peaks of PEG(S-1000) are broader as 

compared to PEG(S-2000), and PEG(S-6000). This broadening of the Bragg reflections in 

a WAXS spectrum comes usually from both, the instrumental imperfections and the 

sample’s crystal structure itself. An imperfectly monochromatizd X-ray beam, variations 

in the configuration of slits used in the diffractometer or any other misalignment in the 
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diffractometer are some of the many instrumental factors which cause the broadening 

of the diffracted beam. A typical way to measure the instrumental broadening 

contribution is to measure first a near-perfect sample, whose broadening contribution is 

negligible in comparison. LaB6, BaF2 and KCl are some of the suitable materials for this 

purpose. Furthermore, the variations in the width of Bragg peaks comes also from the 

crystallite size of the sample as the peaks get broader with the decrease in crystallite 

size of the sample. In 1918, Scherrer presented an expression192 (Eq. 3.19, also known as 

Scherrer equation) to obtain the crystallite size of the sample using the width of the 

WAXS reflections.   

 
𝐿(ℎ𝑘𝑙) =

𝐾𝑠𝜆

𝛽(ℎ𝑘𝑙)𝑐𝑜𝑠𝜃
 (3.19) 

 

here, L(hkl) is the crystallite size obtained by using any particular reflection (hkl), Ks 

represents the Scherrer shape factor and its value is usually near unity (Ks = 0.9 for 

PEG),193,194 λ is the wavelength of the X-ray, θ is the Bragg diffraction angle, and β(hkl) is 

the measured full-width-half-maximum (FWHM) value. Although, for the determination 

of the more precise values, it is suggested195,196 that several reflections should be used 

for these calculations. However, in the WAXS spectra of all PEG networks only two 

prominent reflections are observed i.e. 2 = 19.2° (120) and 2 = 23.5° (032)*. Among 

them, only the (120) reflection can be selected for further calculations as  the (032)* 

reflection is an overlap of various reflections,191 with different Miller indices and it will 

not be helpful for obtaining any realistic values. Figure 3.20 shows the L(120) values for all 

PEG networks and their linear PEG precursors at different temperatures. 
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Figure 3.20: Crystallite size L(120) of PEG networks and of linear PEG chains at different 

temperatures.  

It is important to mention here that as the same diffractometer and temperature 

program is used for all the samples, peak broadening due to the instrumental 

imperfection is assumed to be constant for all samples. From Figure 3.20, it can be seen 

that the average crystallite size L(120) for all PEG networks is smaller than the linear PEG 

chains having comparable lengths. For instance at T = –20 °C, L(120) ≈ 150 Å for PEG(S-

1000) whereas for linear PEG(1000)  L(120) ≈ 300 Å. These lower crystallite sizes of PEG 

networks are mainly due to their cross-linked nature where the cross-links act as a 

geometrical constraint which hinder the crystallization process of the PEG chains in the 

network. Furthermore, among the PEG networks the L(120) values of PEG(S-6000) are also 

larger than the PEG(S-1000) values which can be explained by the fact that the PEG(S-

1000) has a higher cross-linking density than the PEG(S-6000), which allows only the 

smaller crystallites to form in the PEG(S-1000) network. Lastly, with an increase in the 

measurement temperature, an increase in the L (120) values is also observed for both, PEG 

networks and linear PEG chains. This is mainly due to the melting of smaller crystallites 

during heating, which results in an increase in the average value of crystallite sizes in 

both types of PEG systems.  
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3.1.7 Temperature Dependent Small Angle X-ray 

Scattering (SAXS) 

In order to study in more detail the nanoscale structural arrangement of PEG chains in 

the PEG networks, temperature dependent small angle X-ray scattering measurements 

(SAXS) are performed for PEG(S-1000), PEG(S-2000) and PEG(S-6000) networks (see 

Figure 3.21). SAXS traces of PEG(S-1000) and PEG(S-2000) show only a first order 

maximum 1q* at q = 0.83 Å-1 and q = 0.079 Å-1, respectively, whereas in the case of PEG(S-

6000), a small second order peak 2q* at q = 0.097 Å-1 is also observed along with the first 

order peak 1q* at q = 0.047 Å-1. Furthermore, the 2q* value of the second order peak 

was also found to be an integer multiple of first order peak at 1q*, which indicate that 

in PEG(S-6000) stacks of lamella are formed. Another important observation from the 

SAXS traces is the shift of 1q* towards lower q-values with increasing measurement 

temperature, for all the three samples.  

 

Figure 3.21: Temperature-resolved small angle X-ray scattering measurements (TR-SAXS) 

of PEG(S-1000), PEG(S-2000), and PEG(S-6000). 
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From the first order maximum 1q*, crystal-crystal distance d can be calculated using Eq. 

3.20. Although, in a regularly arranged lamellar system, crystal-crystal distance d can 

then be further used to calculate the lamella thickness values lc, however, the absence 

of higher order peaks indicates that the crystalline arrangement of PEG chains in the 

network is not a regular lamellar arrangement. Therefore, from these SAXS 

measurements, one can only find the values of average distances between the crystalline 

domains in the PEG networks, along with some qualitative assumptions. Values of 1q* 

and d from the SAXS diffractograms of PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

networks at different temperatures are presented in Table 3.8.  

 
𝑑 =

2𝜋

𝑞∗
 (3.20) 

 

Table.3.8: Values of the first order maximum 1q* and crystal-crystal distance d of PEG(S-

1000), PEG(S-2000) and PEG(S-6000) networks. 

T 1q* d 

°C Å-1 Å 

PEG(S-1000) 

-10 0.083 75.7 
0 0.076 82.6 

10 0.071 88.4 
20 -- -- 

PEG(S-2000) 

-10 0.079 79.5 
0 0.079 79.5 

10 0.075 83.7 
20 0.072 87.2 
30 0.065 96.6 
40 -- -- 

                                                    PEG(S-6000) 

-10 0.047 133.6 
0 0.047 133.6 

10 0.047 133.6 
20 0.047 133.6 
30 0.046 136.5 
40 0.043 146.0 
50 0.04 157.0 
60 -- -- 
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 At T = -10 °C, PEG(S-1000) and PEG(S-2000) have very similar 1q* values i.e. q = 0.083 Å-

1 and q = 0.08 Å-1, which corresponds to the crystal-crystal distance of d = 75.7 Å and d = 

79.5 Å, respectively. Although, the average crystal-crystal distance d in both networks 

are similar, however, the difference in the melting temperature and degree of 

crystallinity values of both networks indicates that the actual lamella thickness values 

cannot be the same. As the melting temperature Tm of a polymer crystal is a function of 

its lamella thickness, relatively higher values of Tm for PEG(S-2000) (Tm = 41 °C), as 

compared to PEG(S-1000) (Tm = 19 °C), indicate that it possesses crystals of a relatively 

larger lamellar thicknesses. Additionally, higher degree of crystallinity values for PEG(S-

2000) (XC = 35%) compared to PEG(S-1000) (XC = 29 %) indicate that it contains a larger 

number of crystallites per unit volume which consequently also results in a lower overall 

crystal-crystal distance d. In the case of PEG(S-6000), all values of d, Tm and XC are higher 

from the other two PEG networks. This suggests that it possesses the PEG crystals with 

the largest lamella thicknesses however they also separated from each other by 

relatively long distances.      

It is also observed from the SAXS diffraction patterns that the first order peak 1q* is 

shifted to smaller q-values during heating. This observation can be interpreted in two 

ways i.e. either it is due to increase in crystal-crystal distance d (Eq. 3.20) or increase in 

the lamella thicknesses during heating. It was observed previously in WAXS 

measurements that the degree of crystallinity XC of PEG networks decrease continously 

during heating, due to an early melting of relatively smaller sized PEG crystals (see Figure 

3.19(a)). The presence of this large distribution of crystal sizes in PEG networks is also 

evident from the DSC measurements (discussed previously in section 3.1.2.), where the 

melting endotherms of PEG networks are broader and at lower temperatures when 

compared to the linear PEG chains of comparative molar masses (c.f. Figure 3.5 (b)). 

Hence, an early melting of smaller PEG crystals during heating, results in the increase in 

amorphous region la which is later translated in SAXS measurements as a shift of 1q* to 

lower q-values. A schematic representation of an increase in the crystal-crystal distance 

d during heating is shown in Figure 3.22 (a).  
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Figure 3.22: Schematic representation of (a)Melting of smaller crystallites during heating 

process with the increase in crystal-crystal distance d (b) lamella thickening of PEG 

crystal during heating  

On the other hand, the shift of 1q* to lower q-values can also be a result of lamella 

thickening process of PEG crystals in the network. Entanglements in a network structure 

are one of the constraints which hinders the crystallization process. However, during 

heating, they get more mobile allowing the lamella thickening process in PEG crystals to 

happen. A schematic representation of a lamella thickening process of PEG crystal during 

heating is shown in Figure 3.22 (b). Hence, from these observations, it can be 

hypothesized that the shift of 1q* to lower q-values might be due to the simultaneous 

occurrence of both these affects.   
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3.2. Crystallization and Structural Studies of Linear 

Poly(ethylene glycol) Chains with a Well-

Defined Point Defect in the Middle of the 

Polymer Chain 

 

PEG11-TR-PEG11 is successfully synthesized by coupling PEG11-Alkyne and PEG11-Azide 

using Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC) click reaction. The product 

obtained and purified is a white waxy solid with a melting temperature of Tm = 22.8 

°C. For a detailed investigation of its crystallization process and a phase transition at 

higher temperatures, differential scanning calorimetry (DSC) measurements, 

temperature dependent small angle and wide angle X-ray scattering (SAXS and WAXS) 

measurements and polarized optical light microscopy (POM) measurements are 

performed and the results are discussed below.   

 

3.2.1 Crystallization of PEG11-TR-PEG11  

In order to study the effect of 1,4-disubstituted 1,2,3-triazole TR unit as a point defect 

in the middle of the PEG chain, PEG11-TR-PEG11 is investigated by the background 

corrected SAXS measurements as shown in Figure 3.23. After crystallizing PEG11-TR-PEG11 

at T = 0 °C, a first order peak 1q* at q = 0.0875 Å−1 is observed along with its second (2q*) 

and third (3q*) orders. Using the scattering function (Eq. 2.1; section 2.2.4) and the long 

period d (d = 2π/1q* = 71.8 Å), a lamella thickness value of lc = 32.6 Å is obtained. As this 

lc value is almost half of the long period d, it also supports the observation that the 

almost missing second-order peak in the SAXS trace (at T = 0 °C) suggests a similar length 

for both amorphous and crystalline regions (la ≈ lc). Furthermore, this lc value also agrees 

with the theoretical length of a PEG chain having 11−12 monomer units in a 72 helix.197 

This indicates that at T = 0 °C, one of the PEG11 chains of PEG11-TR-PEG11 crystallizes in 

an extended chain fashion, as it was previously reported for PEGs with molar masses 

below Mn ≤ 3000 g/mol.55,58 
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Figure 3.23:  Temperature dependent and background corrected SAXS traces of 

PEG11-TR-PEG11 after crystallization at T = 0 °C, the green line is the best fit of the 

data at T = 16 °C with the scattering function (Eq. 2.1; section 2.2.4).88 

During the course of heating, the long period d of PEG11-TR-PEG11 does not change 

significantly however, an increase in the intensities of peaks at 2q* and 3q* is observed, 

which indicates a change in the crystallinity of the overall system. By fitting the SAXS 

trace at T =16 °C with the scattering function (Eq. 2.1; section 2.2.4), an increase in the 

degree of crystallinity is confirmed due to the thickening of the crystalline layer i.e. lc = 

40.4 Å which is found to be significantly larger than the theoretical length of one arm of 

PEG11-TR-PEG11 (lc,th = 30.9 Å).197 From this observation, it might assumed that upon 

heating, the 1,2,3-triazole unit TR also becomes incorporated into the PEG lamellae. 

Theoretically, it is possible as the size of a triazole ring (2.12 Å;198 without substituents) 

is small as compared to the helix−helix distance (4.6 Å) in the monoclinic unit cell of PEG. 

These observations are completely different from the previous studies where the point 

defects, like the derivatives of phthalic acid, only manage to arrange themselve s 

perpendicular to the lamellar basal surface of a folded PEG chain crystal. 199 Lastly, the 

SAXS trace of PEG11-TR-PEG11 after the complete melting (at T =30 °C) shows no 

remaining peak which indicates the absence of any phase separation between the 
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triazole rings and PEG chains. This observation is also in agreement with the fact that the 

liquid 1,2,3-triazole is a good solvent for PEG and this is additionally verified 

experimentally using PEG22 and liquid 1,2,3-triazole. The mixture is homogeneous in the 

melt however, upon cooling shows an eutectic behavior (cf. Figure A23, Appendix).  

 

3.2.2 Structural Changes of PEG11-TR-PEG11 

Temperature dependent WAXS measurements (Figure 3.24 (a)) are carried out in order 

to obtain a more detailed understanding of the influence of the 1,2,3-tTriazole TR unit 

on the PEG crystallization in the PEG11-TR-PEG11 sample. 

After crystallization at T = −4 °C, the WAXS diffraction patterns of PEG11-TR-PEG11 (Figure 

3.24 (a)) shows the characteristic Bragg reflections of PEG (cf. Figure 3.24b), however, it 

is found that the (120) reflection of PEG11-TR-PEG11 appears at 2 = 19.37° (at T = −4 

°C)  which is slightly higher than the value for PEG22 at 2 = 19.15°( at T = −5 °C). This 

indicates that the 72 helices in the PEG unit cells of PEG11-TR-PEG11 are slightly closer 

to each other than in the PEG22 unit cell.48 The same shift is also observed for the 

(032)* reflection at 2 = 23.52° which is overlapped by the (1̅32), (112), (2̅12), (1̅24), 

(2̅04) and (004) reflections.191  

The degree of crystallinity XC at T = –4 °C is also calculated (XC = 41%) by comparing 

the area of WAXS diffractogram without an amorphous halo to the area including the 

amorphous halo. The XC value obtained by WAXS is slightly lower as compared to the 

XC value calculated from SAXS previously (XC ≈ 50%) and this might be due to the effect 

of diffuse and incoherent scattering on the total scattering intensity which was not 

adjusted in these calculations.200,201 It is important to mention here that an attempt 

to measure the degree of crystallinity from the DSC technique will not give any 

reliable values as the total melting enthalpy also contains the contributions from the 

newly formed C-H  interactions202  which cannot be calculated separately. 
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Figure 3.24. (a) Temperature dependent WAXS diffractograms of PEG11-TR-PEG11 from 

T = – 4 °C to T = 24 °C in steps of T = 4 °C. The arrow indicates an appearance of a new 

reflection during the heating process. (b) WAXS diffractogram of PEG22 at T = 25 °C. (c) 

Changes in the distances with temperature, calculated from the diffraction angle of the 

(120) and (032)* reflections as well as the reflection at 2 = 22.1° (full symbols) and their 

normalized integral intensities (open symbols) as function of the temperature of PEG 11-

TR-PEG11. (d) Changes in the distances with temperature, calculated from the diffraction 

angle of (120) and (032)* reflections of PEG22.88 

From the WAXS diffraction patterns of PEG11-TR-PEG11 two different changes can be 

observed during heating. First, both the (120) and (032)* reflections are shifted to higher 

diffraction angles, indicating a decrease in the distances of the respective Miller planes 

i.e. Δd ≈ 0.5 % (cf. Figure 3.24 (c)), during heating. However, no decrease in the distances 
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of the Miller planes of similar reflections is observed in the WAXS diffraction patterns of 

PEG22 during heating (see Figure 3.24 (d))). Secondly, above T ≥ 8 °C, an additional 

reflection in the WAXS diffraction patterns of PEG11-TR-PEG11 appears at 2θ = 22.1° 

(marked by an arrow in Figure 3.24 (a)) and its intensity increases until the final melting 

at T =24 °C (cf. open symbols in Figure 3.24 (c)). This additional reflection cannot be 

described either by the 72 helix based monoclinic unit cell of PEG or by the planar zigzag 

modification of PEG in a triclinic unit cell.51 To investigate these structural changes 

further, DSC and POM measurements are also performed and shown in Figure 3.25. 

 

 Figure 3.25. (a) DSC heating traces of PEG11-TR-PEG11 after isothermal crystallization at 

temperatures between – 4 °C ≤ T ≤ 8 °C, recorded with a heating rate of 1 °C/min. The 

inset shows the heating traces after crystallization at TC = – 4 °C (full line) and the 

reheating curve after isothermal annealing at T = 15 °C and cooling to T = – 20 °C (dotted 

line). (b-e) Spherulite morphology of PEG11-TR-PEG11 when crystallizes at (b) T = – 4 °C 

and during reheating at (c) T = 6 °C, (d) T = 12°C and (e) T = 16 °C, attained by POM 

technique. The white arrows in (c) and (d) show the emerging black regions 

(liquid/amorphous phase).88 

After isothermally crystallizing PEG11-TR-PEG11 at TC = −4 °C, the DSC heating trace (Figure 

3.25 (a)) shows an endothermal peak upon heating at T = 2 °C, indicating the incipient 

melting of the crystalline PEG chains of PEG11-TR-PEG11. It was mentioned before that 

the lamella thickness at T = 0 °C is equal to the length of one PEG11 arm whereas the TR 

rings are arranged on the surface of the PEG lamellae. Due of these facts, rearrangement 

processes become easily possible to stabilize the lamellae by attractive π−π interactions 
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of the TR rings combined with a larger lamella thickness. Furthermore, the exothermal 

peak with a minimum at T = 6.4 °C is also associated with these structural changes and 

is in perfect agreement with the WAXS measurements where the shift of the Bragg 

reflections was observed along with an appearance of a new reflection at 2θ = 22.1° upon 

heating. This type of DSC trace is typical for structural changes in polymers. For instance 

in the case of poly(1-butene), a 41 helix (orthorhombic crystals system) transforms into 

a 113 helix in a tetragonal unit cell203 or for paraffins were a chain defolding is observed 

during heating.204 Although, the latter can be excluded since the PEG11-TR-PEG11 

crystallizes in extended chain crystals ECCs. Moreover, additional isothermal 

crystallization experiments are performed to get a deeper understanding of the 

structural changes during heating (Figure 3.25 (a)). It is observed that the first 

endothermal peak during heating does not shift to higher temperatures when the 

crystallization temperature is varied below -4 ≤ TC ≤ 8 °C. However, it shifts to higher 

temperatures for TC ≥ −4 °C. In addition to this, the exothermal peak is also shifted with 

increasing TC, demonstrating that both processes are interrelated. Therefore, it can be 

stated that the incipient melting of one PEG11 arm of PEG11-TR-PEG11 is a prerequisite for 

the observed structural changes. These structural changes are also found to be 

irreversible in nature, since only the final melting endotherm is observed in the DSC 

reheating trace when the sample is heated and annealed at temperatures between 13 °C 

≤ T ≤ 17 °C and afterward cooled down to T = -20 °C prior to measurement (see the inset 

of Figure 3.25 (a)). 

These structural changes are also observable by the polarized optical microscopy (POM). 

After isothermally crystallizing PEG11-TR-PEG11 at TC = −4 °C, spherulites can be observed 

(cf. Figure 3.25 (b)). Similar to the temperature in the DSC measurements, black areas 

are observed within the spherulites at T = 6 °C (Figure 3.25 (c)) indicating an 

amorphous/liquid isotropic intermediate phase. The POM images change further during 

heating when the formerly black areas grow and become colored (Figure 3.25 (d)), 

indicating the recrystallization after the rearrangement processes. After the complete 

recrystallization process, the spherulites have the same appearance as prior to the 

structural changes but with slightly different color (see Figure 3.25 (e)) 
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Solid-state 13C MAS cross-polarization(CP) and single-pulse (SP) NMR measurements 

are also performed for PEG11-TR-PEG11 and a structural model is proposed where the 

reduced PEG helix-helix distances is explained by the attractive C-H interaction of 

the triazole rings within the lamella. However, the details of these studies are 

available elsewhere.88 

 

 

3.3. Solid-State Phase Transitions and Odd-Even 

Effect in Poly(ethylene glycol) Crystals Induced 

by Chain Defects of Variable Lengths 

 

In this work, two PEG11 chains are coupled with the homologous series of α,ω-diyne units 

via CuAAC click reaction in order to have two 1,4-disubstituted 1,2,3 triazole rings (TR), 

separated from each other by a different number of methylene units, in the middle of a 

PEG chain. The final product is abbreviated as PEG11-TR-(CH2)n-TR-PEG11, with n = 2-8. 

Their thermal behavior is investigated by differential scanning calorimetry (DSC) 

measurements where an interesting odd-even effect is observed in their melting 

temperatures. Besides, a solid-state phase transition during the crystallization of PEG11-

TR-(CH2)n-TR-PEG11 is also observed by temperature dependent wide angle X-ray 

scattering (WAXS) and solid state 13C  MAS cross-polarization (CP) and single-pulse (SP) 

NMR spectroscopy measurements. Polarized light microscopy (POM) studies are also 

carried out to further investigate their morphological behavior.  
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Figure 3.26: (a) DSC heating traces of PEG11-TR-(CH2)n-TR-PEG11 in the temperature range 

of –10 °C ≤ T ≤ 45 °C. (b) WAXS diffraction patterns of PEG11-TR-(CH2)n-TR-PEG11 (n = 2-8) 

before their final melting. As all diffraction patterns of PEG11-TR-(CH2)n-TR-PEG11 are 

similar after their crystallization from the melt, only the WAXS trace of PEG 11-TR-(CH2)2-

TR-PEG11 at T = – 10 °C is shown. For PEG11-TR-(CH2)4-TR-PEG11, two WAXS diffraction 

patterns are displayed i.e. at 16 °C and 22 °C due to the two different types of phase 

transitions observed during heating (see text for details) (c) Schematic model of the 

difference in the vectors of the terminal bonds for odd (left) and even (right) n-alkyl 

spacers between the TR rings. 

Figure 3.26 (a) shows the DSC traces of PEG11-TR-(CH2)n-TR-PEG11 samples with 2 ≤ n ≤ 8 

in the range of –10 °C ≤ T ≤ 45 °C, , after cooling the samples to TC = –40 °C with 1 °C/min. 

The samples with n = even display a higher melting temperature relative to its neighbors 

in the homologous series with n = odd. The melting behavior of the polymer with n = 4 

is more complicated because of the two melting endotherms separated by an exothermal 

peak. Additionally, the melting enthalpies also show this alternating behavior (see 

Appendix, Figure A24). Thus, at first glance, it might look as the n-alkyl moiety of the TR-

(CH2)n-TR chain defect induces an odd-even effect into the melting temperatures of the 
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polymeric system under investigation. The vectors of the terminal bonds of the even n-

alkanes are generally located parallel with respect to each other while for the respective 

odd n-alkanes they cross each other,205 as schematically shown for disubstituted TR-

(CH2)n-TR in Figure 3.26(c). This simple geometrical effect causes a reduction of the 

crystal density due to the packing impairment of the odd n-alkanes and thus, they have 

a lower melting temperature than the corresponding even n-alkanes.99 However, 

temperature dependent WAXS measurements challenge this simple assumption for the 

system under investigation. At low temperatures (T = –10 °C), the WAXS diffraction 

pattern for all samples show solely the Bragg reflections of a monoclinic unit cell of neat 

PEG, as shown in the lower trace of Figure 3.26 (b) where the WAXS diffractogram of 

PEG11-TR-(CH2)2-TR-PEG11 at T = –10 °C is shown as an example.  However, during heating, 

all the PEG11-TR-(CH2)n-TR-PEG11 samples exhibit solid-state phase transitions at higher 

temperatures before their final melting. These phase transitions can be observed in 

WAXS diffractogram either by the appearance of a new set of Bragg reflections during 

heating or by the shifting of existing low-temperature PEG reflections to smaller angles. 

The respective WAXS traces of PEG11-TR-(CH2)n-TR-PEG11 (n= 2-8) after their phase 

transition and prior to their final melting are shown in Figure 3.26 (b).  

According to the appearance of their solid-state phase transitions in the WAXS traces, 

PEG11-TR-(CH2)n-TR-PEG11 samples can be categorized into two main groups, except for 

n = 4.  For the samples with n = 2,3,5, completely new Bragg reflections appeared during 

heating, while for n = 6,7,8 the Bragg reflections are similar to that of neat PEG but they 

are shifted to smaller angles. The sample with n = 4 seems to be a mixture of both groups, 

i.e. in the range of the first melting endotherm at T ≈ 17 °C the pattern is similar to that 

of the samples with n = 2,3,5 and in the range of the second melting endotherm at T = 

22 °C the trace is similar to that of n = 6,7,8.  In order to understand the odd-even effect 

in the melting temperatures of the PEG11-TR-(CH2)n-TR-PEG11 samples, it is necessary to 

understand the crystallographic transformations of PEG as a function of temperature 

which must be influenced by the chain defects. Hence, at first, the phase transition in 

PEG11-TR-(CH2)n-TR-PEG11 with n = 2,3,5 will be discussed while afterward the phase 

transition in polymers with n = 6,7,8 will be described. At the end, the phase transitions 

in PEG11-TR-(CH2)4-TR-PEG11 will be discussed separately. 
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3.3.1 Phase Transitions in PEG11-TR-(CH2)n-TR-PEG11 

with n = 2,3,5 

Temperature dependent WAXS diffraction patterns of PEG11-TR-(CH2)n-TR-PEG11 with n = 

2,3,5 are shown in Figure 3.27 (a-c). For all three samples, the WAXS diffraction pattern 

at T = –10 °C clearly reveals the presence of two prominent reflections corresponding to 

the (120) and (032)* Miller planes (indexed as (032)* means an overlap of (032), ( 1 ̅32), 

(112), (2 ̅12), (1 ̅24), (2 ̅04), and (004)) of the monoclinic unit cell with four 72 helices 

known from PEG homopolymer.48 However, during heating, a new crystal system evolves 

for all the three samples with the disappearance of their initial low-temperature PEG 

reflections. In order to further investigate this type of phase transition, PEG 11-TR-(CH2)2-

TR-PEG11 is selected as a characteristic example from this group. 

 

Figure 3.27: Temperature dependent WAXS diffraction patterns of PEG11-TR-(CH2)n-TR-

PEG11 with (a) n = 2 (b) n = 3 and (c) n = 5, with temperature steps of ΔT = 2 °C. During 

heating, solid-state phase transition occurs at a particular temperature for individual 

samples (indicated by red arrow) resulting in an entirely new crystal system.   

The WAXS diffraction pattern of PEG11-TR-(CH2)2-TR-PEG11 at T = –10 °C clearly reveals 

the presence of two prominent reflections at 2 = 19.4° and 2 = 23.5°, corresponding 

to the (120) and (032)* reflections. The calculated degree of crystallinity from the WAXS 

traces at T = –10 °C is XC  44 % (see Table A1 in the Appendix). Thus, one may assume 
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that at T = –10 °C, one PEG11 chain belongs to the crystal structure while the other PEG11 

chain of the polymer remains in the amorphous state. During heating, the Bragg 

reflections of the monoclinic unit cell of PEG gradually disappear and new reflections of 

a different crystal system at 2 = 17.1°, 20.4°, 21.7°, 22.7°, and 23.8° are observed 

(marked by black dashed vertical lines) until the final melting of PEG 11-TR-(CH2)2-TR-

PEG11 at Tm  29 °C. Since PEG homopolymers do not show this kind of phase transition 

during heating, it will be reasonable to assume that only the chain defect is responsible 

for the change of the WAXS diffraction pattern of PEG11-TR-(CH2)2-TR-PEG11 as a function 

of temperature. 

 

Figure 3.28. (a) Comparison of CP (T = 15 °C) and SP (T = 30 °C) 13C MAS NMR spectrum 

of PEG11-TR-(CH2)2-TR-PEG11. The red dotted lines indicate the observed shift of the 

signals. (b) Normalized integral intensities (top) of the reflections at 2  = 17.1° (PEG-TR’’ 

phase) and 2  = 19.4° (PEG phase) and their respective lattice spacing (bottom) as 
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function of the temperature. (c) Temperature dependent background corrected SAXS 

traces during heating – 20 °C ≤ T ≤ 35 °C with temperature steps of ΔT = 5 °C.  The insets 

show the appearance of a shoulder at q’ = 0.152 Å-1
 which disappears later after the 

completion of the phase transition. (d) SAXS trace of PEG11-TR-(CH2)2-TR-PEG11 at T = 15 

°C; the red line represents the fitting of SAXS trace with the one-dimensional scattering 

function (Eq. 2.1). 

Solid state 13C magic angle spinning (MAS) cross-polarized (CP) and single-pulse (SP) NMR 

experiments are carried out to characterize the solid-state phase transition in more 

detail (Figure 3.28 (a)). The 13C MAS CP NMR spectrum, which detects relatively less 

mobile nuclei in the system of PEG11-TR-(CH2)2-TR-PEG11 shows two sharp resonances at 

 = 70.4 ppm and  = 56.9 ppm indicating that PEG11 chains with their endgroups at T = 

15 °C belong to the crystal system. Additionally, two sharp signals at  = 120 ppm and 

 = 146 ppm corresponding to the resonances of the TR rings and the signals from CH 2 

groups of the spacer unit at  = 21 ppm also appear in 13C MAS CP NMR spectrum. Hence, 

it can be assumed that the complete TR-(CH2)2-TR group probably be located in the 

crystalline phase, termed as PEG-TR’’. Furthermore, by comparing the chemical shifts of 

the 13C MAS SP NMR signals of molten PEG11-TR-(CH2)2-TR-PEG11 (T = 30 °C) and the 13C 

MAS CP NMR signals at T = 15 °C, a shift of the resonances of the TR rings and the CH2 

groups between them is observed. This indicates the - interactions between the TR 

rings in the crystal of the PEG-TR’’ phase.  Such behavior is also discussed for thiophene 

rings in poly(3-hexylthiophene) by Russell and coworkers.206 The assumption of 

incorporation of the complete TR-(CH2)2-TR defect upon heating is also supported when 

observing the temperature dependent intensity of the (120) reflection of the monoclinic 

PEG crystal and the reflection at 2 = 17.1° of the PEG-TR’’ crystal (Figure 3.28 (b)). The 

intensity of the (120) reflection of the PEG phase (black) starts to decrease at T ≈ – 8 °C 

indicating the incipient melting of the PEG phase whereas, at slightly higher 

temperatures, the intensities of the Bragg reflections of the PEG-TR’’ modification (blue) 

start to increase T ≈ – 6 °C. 

SAXS measurements as shown in Figure 3.28 (c) also indicate the incorporation of the 

TR-(CH2)2-TR defect into the crystal of PEG11-TR-(CH2)2-TR-PEG11 upon heating. After 
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crystallization at T = – 20 °C, the first order peak appears at 1q* = 0.101 Å–1 

corresponding to a long period d = 62.2 Å. Due to the absence of higher order peaks at 

nq*, no proper lamellar ordering is established, rather a small peak at q’ = 0.152 Å–1 

(d’ = 41.3 Å) indicates a more complicated structure. During heating of the sample, the 

formation of the new crystallographic structure also induces significant changes in the 

SAXS trace (10 °C ≤ T ≤ 30 °C). First, the first order peak (1q*) is shifted to the smaller q-

values indicating an increase of the long period during the phase transition (d = 69.6 Å; 

T = 15 °C), along with the vanishing of q’ peak. Secondly, several higher order scattering 

maxima appear up to the fifth order at 5q*. This confirms that a lamellar structure for 

the high-temperature modification is formed. As a simple rectangular two-phase model 

is not sufficient to describe the data, a slightly modified electron density profile was 

assumed (see Appendix, Figure A26). A layer of crystalline material (high electron 

density) is covered by an amorphous region (lower electron density) with additional 

slightly decreasing density towards its center (Figure 3.29). With this model, the 

thickness of the crystalline layer was determined by fitting the SAXS trace at T = 15 °C 

with the one-dimensional scattering function (Eq. 2.1), i.e. lc= 30.7 Å (see Figure 3.28 

(d)). This corresponds to the 44% volume fraction or approximately 46% crystallinity, 

which is similar to the value 48% obtained by WAXS (at T = 16 °C).  Along with the results 

obtained by 13C MAS CP and SP NMR spectroscopy, it can be concluded that the TR-

(CH2)2-TR unit is embedded in the PEG crystal after the phase transition. It should be 

noted that a quite similar effect was also observed in PEG11-TR-PEG11 (discussed in 

previous sections) where a highly oriented sample was obtained due to - 

interactions.88 The SAXS trace of the molten PEG11-TR-(CH2)2-TR-PEG11 shows no 

remaining correlation peak indicating the miscibility of PEG and TR-(CH2)2-TR which is 

also reported for PEG and 4,4-bis(1,2,3-triazole).207 Furthermore, as the WAXS diffraction 

patterns of the PEG phase and the PEG-TR’’ phase of PEG11-TR-(CH2)2-TR-PEG11 are 

completely different (cf. Figure 3.27 (a)), a change of the 72 helical conformations upon 

heating cannot be excluded per se. However, the ATR-FTIR spectra of the PEG-TR’’ phase 

show the characteristic bands of the 72 helix conformation.208 (cf. Appendix, Figure A28).  
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Figure 3.29: Schematic representation of a two-phase model of PEG11-TR-(CH2)2-TR-

PEG11 with amorphous PEG regions and crystalline PEG regions. The lengths are 

estimated from the simulation (see Appendix, Figure A26).  

Moreover, a structural model is proposed based on the 2D WAXS diffraction pattern of 

an oriented PEG11-TR-(CH2)2-TR-PEG11 sample as shown in Figure 3.30 (a). To get 

qualitative information, the azimuthal angle profiles are extracted from this pattern and 

shown in the Appendix, Figure A30 (c). The SAXS reflections center on the meridian of 

the pattern (cf. Figure 3.30 (a)) which indicates that the c-direction of the lamellae aligns 

nearly parallel to the meridian. The PEG-TR’’ phase has also a monoclinic symmetry since 

every reflection appears four times with similar intensity on a reflection ring (except for 

those in shear direction (hk0) which are observed twice). Thus, the space group P21/a of 

PEG is also not changed during the phase transition upon heating, since a chiral sorting 

of right and left handed PEG helices during the incorporation of the TR-(CH2)2-TR group 

into the crystal is highly unlikely. Comparing both, the angle of the reflections with 

respect to the meridian and their intensities, the typical PEG reflections (see the 

assignment in Appendix, Figure A30(a)) appear too in the PEG-TR’’ phase. Such strongly 

deformed PEG lattice is in agreement with FT-IR and NMR spectroscopy results, as 

discussed above. However, there are also some additional reflections (especially on the 

equator (hk0)) which do not belong to the PEG crystal system. The additional electron 

density in the PEG-TR’’ phase is then the result of the crystallized TR-(CH2)2-TR group.  
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Figure 3.30. (a) The 2D WAXS diffraction pattern of the PEG-TR’’ phase in the oriented 

PEG11-TR-(CH2)2-TR-PEG11 sample at T = 20 °C. The Miller indices are included for the 

observed reflections (for details see Appendix, Figure A30 (a)) (b) Structure model of the 

PEG-TR’’ phase of PEG11-TR-(CH2)2-TR-PEG11. (c) C-H  interactions between the TR-

(CH2)2-TR groups (magenta dotted lines). 

Using these reflections, we can assign a unit cell for the PEG-TR’’ phase. The lattice 

parameter c is calculated according to the method described by de Rosa and 

Auriemma209 and it is in good agreement with the approximated value of the lamella 

thickness from SAXS data (see discussion of Figure 3.28 (c)). The other unit cell 

parameters are refined using BIOVIA Materials Studio Reflex software. The parameters 

obtained are a = 10.11 Å, b = 13.02 Å, c = 36.34 Å, and  = 119.8°. The additional 

reflections at 2 = 21.7 ° and 2 = 22.8° belong to the (210) and (130) Miller planes, 

respectively. These reflections appear in a similar diffraction angle range as compared 

to the observed reflection in PEG11-TR-PEG11, which is caused by intermolecular C-H 

interactions of the TR rings. Thus, this can also be assumed for PEG 11-TR-(CH2)2-TR-PEG11 

since such interactions of the aromatic TR rings are also confirmed by 13C MAS CP NMR 

spectroscopy (see discussion above). The Bragg reflection at 2  20.4° is assigned to the 
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(200) Miller plane (at the equator) as well as from the (216̅) or (126̅) Miller planes (at 

approximately 55° with respect to the equator). Thus, the position of the TR-(CH2)2-TR 

group is refined to the intensities of these reflections using the same software. 

Figure 3.30 (b) shows the received structure. As assumed above, the (210) and (200) 

reflections result from the intermolecular distances of the TR-(CH2)2-TR groups. In 

contrast, the (130), (216̅), and (126̅) reflections are caused by intramolecular distances 

of the TR-(CH2)2-TR group, as shown in Figure A31 in the Appendix. However, 

intermolecular C-H interactions, one of the three known subtypes of - 

interactions,202,210 are also observed for the PEG-TR’’ phase of PEG11-TR-(CH2)2-TR-PEG11 

as shown in Figure 3.30 (c) which explains the strong deformation of the initial PEG 

lattice. These attractive interactions are the driving force for the observed phase 

transition as there are many difficulties to overcome during recrystallization. The 

monoclinic angle of  = 125.4° in the initial PEG lattice needs to be reduced so that the 

TR rings can interact optimally. This causes the large deformation of the  PEG lattice and 

it is obviously a slow process as discussed above. 

 

3.3.2 Phase Transitions in PEG11-TR-(CH2)n-TR-PEG11 

with n = 6,7,8 

 Temperature dependent WAXS diffraction patterns of PEG11-TR-(CH2)n-TR-PEG11 with n 

= 6,7,8 are presented in Figure 3.31 (a-c). In order to visualize the phase transition 

properly, zoomed sections (18° ≤ 2 ≤ 20°) of WAXS diffraction patterns of n = 7, 8, 

showing only the (120) reflections across a phase transition are shown in Figure 3.31 (b -

c) (for complete WAXS diffraction patterns see Appendix, Figure A32). The WAXS 

diffraction pattern at T = –10 °C of all three samples, clearly reveals the presence of two 

prominent reflections corresponding to the (120) and (032)* of the monoclinic unit cell 

with four 72 helices known from PEG homopolymer.48 However, during heating, a shift 

of both (120) and (032)* reflections to smaller diffraction angles is observed for all three 

samples. In order to further investigate this type of phase transition, PEG11-TR-(CH2)6-

TR-PEG11 is selected as a characteristic example of this group for any additional 

characterization. 
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Figure 3.31:  Temperature dependent WAXS diffraction patterns of PEG11-TR-(CH2)n-TR-

PEG11 with (a) n = 6. Zoomed sections of WAXS diffraction patterns (showing only the 

(120) reflection of both phases) for (b) n = 7 and (c) n = 8, with temperature step of ΔT = 

2 °C. The red arrow indicates the WAXS diffraction pattern where the phase transition is 

first observed.   

The WAXS spectrum of PEG11-TR-(CH2)6-TR-PEG11 at T = – 10 °C (Figure 3.31 (a)) shows 

the (120) and (032)* reflections of the PEG phase at 2 = 19.2° and 2 = 23.3°, 

respectively. This is identical to the WAXS image of PEG11-TR-(CH2)2-TR-PEG11 at T = –10 

°C. However, during heating a phase transition is noticed at around T  16°C (indicated 

by the red arrow in Figure 3.31 (a)) where the new Bragg reflections of PEG11-TR-(CH2)6-

TR-PEG11 appear at 2 = 18.9° and 2 = 22.9°. This is slightly different to the PEG 

structure at lower temperatures and therefore, the calculated distances are also slightly 

different (see Figure 3.32 (a)). This might indicate that instead of the complete TR-(CH2)6-

TR group, on TR ring and few adjacent CH2 groups of TR-(CH2)6-TR unit might 

incorporated into the crystal during this phase transition. This phase transition is much 

more comparable to the structural changes of PEG11-TR-PEG11, where one TR ring and 
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some adjacent CH2 groups were incorporated into the crystal and also a small 

deformation of the distances of the (120) reflection was detected.88 Such process is much 

more probable for the phase transition in PEG11-TR-(CH2)6-TR-PEG11, as a smaller crystal 

defect will deform the lattice less than a larger one. This will also be concluded by solid-

state 13C MAS SP and CP NMR spectroscopy and SAXS measurements; discussed in the 

sections below. Thus, later in the discussion, we will name this phase formed by the PEG 

phase upon heating as PEG-TR’ phase. A further characteristic observed for this phase 

transition is the coexistence temperature range of the PEG and PEG-TR’ phase. It can also 

be observed in Figure 3.32  (a) that both phases only coexist over a relatively small 

temperature range (Tcoex  4 °C). This observation also supports the proposed model 

for PEG-TR’ phase, since the incorporation of the one TR ring is less hindered as 

compared to a whole group containing two TR rings, as it was observed for the phase 

transition in PEG11-TR-(CH2)2-TR-PEG11.  

 

Figure 3.32. (a) Combined plot of the normalized integrated intensity of the (120) 

reflections for the PEG and PEG-TR’ phases (top) and the distance calculated from the 

diffraction angle of the (120) reflections as the function of the temperature of PEG 11-TR-
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(CH2)6-TR-PEG11 (bottom). (b) 13C MAS CP NMR spectrum at T = 15 °C and 13C MAS SP 

spectrum at T = 30 °C of PEG11-TR-(CH2)6-TR-PEG11. Black and red arrows represent the 

corresponding PEG and PEG-TR’ phases, respectively (see text for details) (c) Background 

corrected SAXS trace of PEG11-TR-(CH2)6-TR-PEG11 at T =20 °C. 

To get a deeper understanding of the PEG-TR’ phase of PEG11-TR-(CH2)6-TR-PEG11, it is 

also investigated by 13C MAS SP and CP NMR spectroscopy and a comparison of the CP 

spectrum at T = 15 °C (PEG-TR’ phase) and the corresponding SP spectrum at T = 30 °C 

(molten sample) is shown in Figure 3.32 (b). In analogy to the PEG-TR’’ phase of PEG11-

TR-(CH2)2-TR-PEG11, the CP spectrum of the PEG-TR’ phase of PEG11-TR-(CH2)6-TR-PEG11 

shows also pairs of resonances for the TR rings at  = 121.6 - 123.6 ppm and  = 146 - 

147.4 ppm. However, each pair consists of a sharp signal (marked by a red arrow) and a 

relatively broad signal (marked by a black arrow). The appearance of these pair of signals 

for both TR rings at different chemical shifts indicates that both TR rings are in a different 

chemical environment. This observation supports the proposed model for the PEG-TR’ 

phase of PEG11-TR-(CH2)6-TR-PEG11 where it is supposed that only one TR ring is 

incorporated into the crystal and the other one remains in the amorphous, but in a 

relatively ordered state, during the phase transition. This is also qualitatively supported 

by the comparison of the chemical shifts in the SP and the CP spectra. The broad peaks 

in the CP spectrum have the same chemical shifts as the corresponding SP signals 

confirming that these TR rings are in the same chemical environment i.e. in the 

amorphous(molten) state. In contrast, the sharp signals of the TR rings in the CP spectra 

have different chemical shifts, i.e. they are in a different chemical environment after 

incorporation into the crystal. Thus one can assume that they are stabilized by - 

interactions as reported by Russell et al. for poly(3-hexylthiophene).206 It should be 

noted that the line shape of signals in the CP spectrum of PEG11-TR-(CH2)6-TR-PEG11 also 

resembles that of PEG11-TR-PEG11 in the temperature range where the TR ring is 

incorporated into the crystal (during the incorporation process where some TR rings are 

amorphous and the other are in the crystalline part of the system88) which also supports 

the above-mentioned hypothesis. In general, 13C MAS CP NMR spectroscopy is not a 

quantitative method, i.e. there is no accurate information on the ratio of the integral 

areas of the two (sharp and broad) resonances. Furthermore, the resonances of the six 
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CH2 groups between the two TR rings show also a relatively complex line shape with 

sharp resonances and also broad components (20 ppm <  < 35 ppm) indicating that only 

a certain amount of CH2 groups are additionally incorporated into the crystal during the 

observed phase transition. This observation is also analogous to the structural changes 

observed previously in PEG11-TR-PEG11 where the TR ring and some adjacent CH2 groups 

are incorporated into its crystal structure.88 

Additionally, SAXS measurements of PEG11-TR-(CH2)6-TR-PEG11 are carried out and the 

corresponding SAXS trace of the PEG-TR’ phase at T = 20 °C is shown in Figure 3.32 (c). 

The first order maximum appears at 1q* = 0.081Å–1 and the corresponding long period 

is d = 77.5 Å. This value is slightly larger as compared to PEG11-TR-(CH2)2-TR-PEG11 which 

is not surprising since the number of the CH2 groups between the TR rings is increased 

and thus, also the total length of the molecule. The higher order maxima are also 

observed in the SAXS trace of PEG11-TR-(CH2)6-TR-PEG11 at integer multiples of 1q* 

confirming the lamellar structure of this PEG-TR’ phase. The observation of up to the 

sixth order maximum at 6q* (despite low crystallinity) also indicates perfectly arranged 

PEG chains in the lamella, which supports the postulated - interactions between the 

TR rings by means of 13C MAS CP NMR spectroscopy (see discussion above). The fitting 

with a lamellar electron density profile (see Appendix, Figure A27) lead to a crystalline 

volume fraction of 33% (i.e. ≈35% crystallinity, similar to 33% obtained from WAXS at T 

= 20 °C: c.f. Table A1 Appendix), which is covered by an additional thin layer with 

intermediate electron density followed by the amorphous region (Figure 3.33). The 

intermediate layer is necessary to fit the SAXS profile and is assumed to contain some 

non-embedded TR groups. Temperature dependent SAXS traces of PEG11-TR-(CH2)n-TR-

PEG11 with n = 2-8 are shown in the Appendix, Figure A29. 
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Figure 3.33: Schematic representation of a three-phase model of PEG11-TR-(CH2)6-TR-

PEG11 with amorphous PEG region (low electron density), amorphous spacer region 

(intermediate electron density) and crystalline PEG + spacer region (high electron 

density). The lengths are estimated from the simulation (see Appendix; Figure  A27).  

      

3.3.3 Phase Transitions in PEG11-TR-(CH2)4-TR-PEG11 

Figure 3.34(a) depicts the temperature dependent WAXS diffraction patterns of PEG 11-

TR-(CH2)4-TR-PEG11. In agreement with the other PEG11-TR-(CH2)n-TR-PEG11, the known 

PEG modification is observed in the WAXS diffractogram after crystallization at 

T = – 10 °C. During heating, two phase transitions are observed. The first transition 

occurs at T = 0 °C where PEG11-TR-(CH2)4-TR-PEG11 begins to convert into the PEG-TR’’ 

modification (cf. Figure 3.34 (b)) as known for the other PEG11-TR-(CH2)n-TR-PEG11 with 

n ≤ 5. This is confirmed by both, the position of the appearing Bragg reflections (see 

Figure 3.34 (a) and (b)) and the 13C MAS CP NMR spectra (cf. Figure 3.34 (c) and (d)). 

However, this transition is not complete. At T = 16 °C, the integral intensity of the (120) 

reflection of the low-temperature PEG modification is not further decreasing with 

increasing temperature and simultaneously, the intensity of the reflection at 2 = 16.7° 
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of the PEG-TR’’ phase is approaches a constant value. This is also in agreement with the 

13C MAS CP NMR data since the broad signal of the amorphous TR rings ( = 121  ppm 

and  = 147 ppm, marked by black arrows) also remains together with sharp resonances.  

 

Figure 3.34. (a) Temperature dependent WAXS diffractograms of PEG11-TR-(CH2)4-TR-

PEG11 during heating – 10 °C ≤ T ≤ 26 °C with the temperature steps of ΔT = 2 °C. Red 

arrow indicates the spectrum where the PEG-TR’’ transition is start to observe (b) 

Combined plot of the DSC trace(top), normalized integrated intensity of the (120) 

reflections of the PEG and PEG-TR’ phases (middle) and the distance calculated  from the 

diffraction angle of the (120) reflections as the function of temperature of PEG 11-TR-

(CH2)4-TR-PEG11 (bottom). (c) Temperature dependent  13C MAS CP NMR spectrum in the 

temperature range of  – 10 °C ≤ T ≤ 20 °C in steps of T = 5 °C. Additionally, the 13C MAS 
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SP NMR spectrum at T = 15 °C is shown among the CP spectra. (d) Comparison of the 13C 

MAS SP spectrum with the 13C MAS CP NMR spectrum at T = 15 °C (top) and T = 25 °C 

(bottom), respectively. Blue and red arrows represent the corresponding PEG-TR’’ and 

PEG-TR’ phases, respectively (see text for details). The dotted lines highlight the 

observed shift of the NMR signals. 

The reason for this observed phenomenon might be found in the PEG-TR’’ phase of 

PEG11-TR-(CH2)4-TR-PEG11, since the distance of the Miller plane of the reflection at 

2 = 16.7° is significantly larger as compared to the other PEG11-TR-(CH2)n-TR-PEG11 with 

n ≤ 5 (cf. Figures 3.34 (b) and 3.28 (b) as well as Figures A33 (a-b) in the Appendix). This 

means, that the largest deformation of the initial PEG lattice is measured for PEG 11-TR-

(CH2)4-TR-PEG11, indicating large problems during packing of the TR-(CH2)4-TR group. 

Thus, this might be an explanation for the incomplete first phase transition. The second 

phase transition is observed at T ≈ 18 °C. The Bragg reflections of both, the remained 

PEG modification and the formed PEG-TR’’ phase disappear and new reflections of the 

PEG-TR’ phase gradually appear in the diffractogram (see Figure  3.34 (a)). This is in good 

agreement with the DSC trace, where an endotherm at T ≈ 17 °C followed by an 

exothermal peak is noticed (cf. Figure 3.34 (b)). Also, the 13C MAS CP NMR spectrum at 

T = 15 °C (see Figure 3.34 (d)) shows the characteristic resonances of the PEG-TR’ 

modification as observed for PEG11-TR-(CH2)6-TR-PEG11 (except the signals of the two 

missing CH2 groups, obviously). It should be noted that not all of the PEG11-TR-(CH2)4-TR-

PEG11 molecules are converted into the PEG-TR’ phase since the 13C MAS SP NMR 

spectrum of the PEG-TR’ phase (cf. dotted curve in Figure 3.34 (c)) shows also the signals 

of some molten molecules. This is a clear indication that only one of the two observed 

coexisting modifications (PEG or PEG-TR’’) is undergoing the second transition at 

T ≈ 17 °C. Thus, the question arises if the incomplete first phase transition is the reason 

for the observation of a second phase transition in PEG11-TR-(CH2)4-TR-PEG11, which is 

discussed below. 
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Figure 3.35. Polarized optical microscopy (POM) images of PEG11-TR-(CH2)4-TR-PEG11 

during (a) isothermal crystallization at T = 5 °C. (b) Spherulitic morphologies after 

complete crystallization. (c) Melting of one type of spherulites at T = 18 °C and (d) small 

crystallites are formed upon re-cooling to T = 5 °C.  

In order to characterize the phase transition in more detail, additional polarized optical 

microscopy (POM) studies of PEG11-TR-(CH2)4-TR-PEG11 were carried out (POM images of 

the other samples at TC = 5 °C are shown in Appendix; Figure A34). After crystallization 

at TC = 5 °C (the coexistence temperature of the PEG and PEG-TR’’ phases, cf. Figure 

3.34 (b)), the growth of two types of spherulites (see Figure 3.35 (a)) having a completely 

different morphology is observed. During heating, the melting of one spherulite type is 

observed and dark areas could be seen in the POM image at T ≈ 18 °C as shown in 

Figure 3.35 (c) which is in perfect agreement with the melting temperature of the PEG-

TR’’ phase. Spherulites of the other type remain at this temperature. However, after 

cooling back the sample to T = 5 °C, the dark areas become again colorful (see Figure 3.35 

(d)) indicating the crystallization of PEG11-TR-(CH2)4-TR-PEG11 in the PEG-TR’ modification 

which is also in agreement with the additional WAXS measurements performed to study 

the irreversibility of these phase transition (for details see the Appendix, Figure A35 and 

A36). Hence, these quite simple experiments demonstrate that only a solid-state phase 

transition from the low-temperature PEG modification is possible into the PEG-TR’ or 

PEG-TR’’ phases but not from the PEG-TR’’ into the PEG-TR’ modification. Furthermore, 

one of the important characteristics of the solid-state phase transition is an amorphous 

interphase during the transition process which is in the order of magnitude of about 10 –

6 to 10–11 % for the low molar mass molecules211,212 and up to a few percent for 

polymers.88,203,204 The assumption of solid-state transition from the PEG-TR’’ into the 

PEG-TR’ phase (during re-cooling to T = 5 °C, cf. Figure 3.35 (d)) needed the complete 
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melting of the whole PEG-TR’’ modification (100 %) before PEG11-TR-(CH2)4-TR-PEG11 can 

recrystallize into the PEG-TR’ modification, which cannot be assigned to a solid-state 

phase transition but it is more in agreement with the definition of a cold 

crystallization.213 Moreover, the assumption of the transition from PEG-TR’’ to PEG-TR’ 

phase is also not a thermodynamically favorable process as the removal of one TR ring 

from the crystal will also reduce the stability of the crystals by decreasing the - 

interactions. Hence, it is suggested that the melting of the PEG-TR’’ modification is the 

trigger for the transition of the remaining low-temperature PEG modification into the 

PEG-TR’ phase. 

 

3.3.4 The Odd-Even Effect 

As it was mentioned before that the DSC traces of PEG11-TR-(CH2)n-TR-PEG11 samples 

with n = 2-8 (Figure 3.26 (a)) show an odd-even effect in their final melting temperature. 

The samples with n = even display a higher melting temperature and melting enthalpy as 

compared to its neighbors with n = odd. However, this odd-even effect cannot be simply 

assumed due to the crystallization of the TR-(CH2)n-TR chain defect because (i) the defect 

provides only 14.7 to 22.0 vol. % of the samples based on the van der Waals radii214 which 

makes it unlikely that the new crystal structure for the samples with n = 2,3,5 is formed 

without contributions of the PEG11 chains, (ii) the enthalpies of melting (see Appendix, 

Figure A24) are also too large in order to originate from the spacer a lone without PEG11 

contributions, and (iii) the diffraction patterns for the samples with n = 6,7,8 are very 

similar to that of neat PEG. Additional WAXS and solid state NMR spectroscopy 

measurements revealed solid-state phase transitions in all samples under investigation 

prior to the final melting, as summarized Figure 3.36. The designation of the phases was 

done in agreement with both, WAXS and 13C MAS CP NMR spectroscopy, where the black 

bars represent the PEG phase while the blue and red bars represent the PEG-TR’’ and 

PEG-TR’ phases, respectively.  

Apart from the odd-even effect in the final melting temperatures of PEG11-TR-(CH2)n-TR-

PEG11 (black dashed line in Figure 3.36), the temperature where the incorporation of the 
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spacer in PEG crystal begins also follows an odd-even pattern (blue dashed line in 

Figure 3.36). The polymers having spacers with an odd number of CH2 units incorporate 

at lower temperatures as compared to their neighboring analogs. The odd-samples have 

the lowest incorporation temperatures since they get easily mobile upon heating 

whereas the even samples need more energy for this process, resulting in a relatively 

higher incorporation temperature. Likewise, the melting temperature of the initial low-

temperature PEG phase (black bars) also shows a zig-zag pattern (orange dotted line), 

where the PEG phase in the odd-samples melts at lower temperatures compared to their 

next member in the series, except between n = 2 and 3.  

Figure 3.36. Bar scheme of the observed phases in the homologous series of PEG11-TR-

(CH2)n-TR-PEG11 obtained from WAXS and 13C MAS CP NMR data (see text for details).  

Proposing any single factor responsible for these odd-even effects and the solid-state 

transitions in PEG11-TR-(CH2)n-TR-PEG11 will not be correct, as there are several 

influencing factors affecting the system in different ways. For instance, the melting of 

the PEG-TR’’ phases (blue bars in Figure 3.36) in PEG11-TR-(CH2)n-TR-PEG11 with n ≤ 5, did 

not show this expected alternation of the melting points. In contrast, they only show a 

steady decreasing tendency of Tm with the increasing number of CH2 groups. This is a 

clear indication that the melting temperature of the PEG-TR’’ phase was dominantly 
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influenced by - interactions as revealed by 13C MAS CP and SP NMR spectroscopy. With 

increasing number of CH2 groups, the length of the TR-(CH2)n-TR group was extended and 

thus, the crystal stabilizing - interactions are reduced, resulting in a lower melting 

temperature. This phenomenon was also observed for the melting points of the PEG-free 

Me-TR-(CH2)X-TR-Me model compounds (see Appendix, Figure A37). This can also be the 

reason why the PEG-TR’’ phase is not formed for n > 5.  

PEG-TR’ phase (red bars in Figure 3.36) is the high-temperature phase for samples n = 4, 

6-8, and for this phase a structural model was proposed where one PEG11 chain, one TR 

ring and some adjacent CH2 groups were crystalline while the remaining CH2 groups and 

the TR ring of the TR-(CH2)n-TR defect are amorphous but in a relatively ordered state. 

Although, the melting of PEG-TR’ phase is influenced by - interactions, but one can 

also hypothesize that the exact number of CH2 units incorporated in the PEG crystal might 

also has an affect. The incorporation of either even or an odd number of CH2 unit in a 

PEG crystal structure will affect the crystal density of the new crystal system in a 

different way, resulting in an alternating behavior of melting temperature for PEG 11-TR-

(CH2)n-TR-PEG11, n = 6-8. Unfortunately, from the present experimental data, it is not 

possible to find the exact number of CH2 units incorporated in the PEG crystal structure. 

However, additional measurements are now being performed to further investigate this 

matter. Hence, at this moment, it can be concluded that for PEG11-TR-(CH2)n-TR-PEG11, 

the odd-even pattern in the temperature of final melting, temperature of incorporation 

of spacer in PEG crystal, and in the temperature of melting of PEG phase is observed due 

to the mutual influences of - interactions, spacer length and by the odd or even 

number of CH2 units incorporated in the PEG crystal (PEG-TR’ phase).  
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4. Conclusions 

In the first part of this thesis, well-defined poly(ethylene glycol) (PEG) networks were 

synthesized using copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) click reaction. 

Two types of PEG end-linked networks were prepared (i) type A: by connecting three-

arm PEG star units with another three-arm PEG star and (ii) type B: by connecting three-

arm PEG star units with bifunctional linear PEG oligomers of different molar masses. End-

group functionalization of PEG oligomers with azide and alkyne moieties was successfully 

performed using sodium azide and propargyl bromide, respectively. For the CuAAC 

reaction, the catalytic system of CuSO4 and sodium ascorbate in an aqueous environment 

was used. The successful conversion of the precursors and the formation of the networks 

were confirmed by 13C-MAS NMR and FT-IR spectroscopy. DSC studies show the decrease 

in the melting temperature and the degree of crystallinity values for the PEG networks 

compared to their linear analogs. Isothermal crystallization kinetic studies of the PEG 

network were also performed and the activation energy of isothermal  crystallization of 

PEG networks was evaluated using the Arrhenius relationship. WAXS measurements at 

different temperatures show only the PEG reflections (monoclinic lattice) and the degree 

of crystallinity values obtained from these measurements were found to be in good 

agreement with the values obtained from the DSC measurements. From the temperature 

dependent SAXS measurements on the PEG networks, a random arrangement of PEG 

crystals was found as the SAXS traces either show no or very weak higher order peaks. A 
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shift of the first order peak to smaller q-values during the course of heating shows the 

increase in the average crystal-crystal distances because of the melting of smaller 

crystallites along with the possibility of lamella thickening process during heating. 

Swelling and 1H double quantum NMR spectroscopy measurements reveal the presence 

of inhomogeneities and network defects like multiple links and dangling chain ends in all 

types of polymer networks. 

In the second section, the synthesis of a linear PEG11-TR-PEG11 chain was performed 

where a 1,4 disubstituted 1,2,3 triazole ring was placed in the middle of the chain as a 

point defect. Temperature dependent SAXS measurements reveal that initially, at lower 

temperatures, one arm of PEG11-TR-PEG11 was crystallized and that the lamella thickness 

increased with the measurement temperature. Temperature dependent WAXS 

measurements revealed not only a reduction in the PEG helix-helix distance but a new 

Bragg peak appeared as the sample was heated. Additionally, in the DSC trace, an 

exothermal transition was observed during heating which coincides with the 

temperature range of the structural changes observed in the WAXS diffraction pattern. 

Moreover, before the exothermic transition in the DSC trace, a small endotherm is also 

observed indicating a liquid/amorphous phase, which was later also confirmed by POM 

where black regions are observed within the spherulites at these temperatures.  

In the last part, a series of PEG11-TR-(CH2)n-TR-PEG11 (n = 2-8) samples having two TR 

rings, separated by n-alkyl spacers of different length in the center of the chain were 

synthesized and investigated for their crystallization and structural behavior. The DSC 

measurements showed an alternating pattern for the melting temperatures and molar 

enthalpies of PEG11-TR-(CH2)n-TR-PEG11, reminiscent of the classical odd-even effect of 

n-alkanes. However, additional WAXS, SAXS and solid state 13C MAS CP and SP NMR 

spectroscopy measurements revealed a solid-state phase transition in all samples, prior 

to their final melting. Based on the appearance of their solid-state phase transitions in 

the WAXS traces, PEG11-TR-(CH2)n-TR-PEG11 samples were divided into two main groups, 

with the exception of n = 4. Samples with n = 2,3,5, shows completely new Bragg 

reflections during heating, while for the samples with n = 6,7,8, the Bragg reflections are 

similar to pure PEG but slightly shifted to smaller angles at higher temperatures. The 
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sample with n = 4 seems to be a mixture of both groups. After crystallizing the samples 

from the melt, one PEG11 chain of all PEG11-TR-(CH2)n-TR-PEG11 samples crystallized in 

the known monoclinic 72 helix structure, whereas the TR-(CH2)n-TR group and the second 

PEG11 chain remain amorphous. Upon heating, PEG11-TR-(CH2)n-TR-PEG11 with 

n = 2, 3 or 5 shows a phase transition (PEG-TR’’) which was attributed to the 

incorporation of the whole TR-(CH2)n-TR group into the crystal. However, PEG11-TR-

(CH2)n-TR-PEG11 with n  6 undergoes a different phase transition during heating where 

it is assumed that only one TR ring and some adjacent CH2 groups of the corresponding 

alkyl spacer were incorporated into the crystal structure (PEG-TR’ phase). PEG11-TR-

(CH2)4-TR-PEG11 shows both types of solid-state phase transitions during heating. The 

first phase transition is similar to that of PEG11-TR-(CH2)n-TR-PEG11 with n ≤ 5, i.e. the 

PEG-TR’’ phase. However, before the completion of the first phase transition, a second 

transition is noticed where the untransformed PEG phase was converted into the PEG-

TR’ phase. Polarized optical microscopy was also used to visualize this unique phase 

transition. Along with the odd-even effect in the final melting temperatures of PEG11-TR-

(CH2)n-TR-PEG11, the temperature of incorporation of spacer groups in the PEG crystal 

and temperature of melting of the low-temperature PEG phase also follows an odd-even 

pattern.   
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6. Appendix 

 

Figure A1:  1H NMR spectrum of PEG(300)-Alkyne in DMSO-d6 (400 MHz, 27 °C).152 

 

Figure A2:  1H NMR spectrum of PEG(1000)-Alkyne in DMSO-d6 (400 MHz, 27 °C).152 
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Figure A3:  1H NMR spectrum of PEG(2000)-Alkyne in DMSO-d6 (400 MHz, 27 °C).152 

 

Figure A4:  1H NMR spectrum of PEG(6000)-Alkyne in DMSO-d6 (400 MHz, 27 °C).152 
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Figure A5:  1H NMR spectrum of PEG(S)-Alkyne in DMSO-d6 (400 MHz, 27 °C).152 

 

Figure A6:  13C NMR spectrum of PEG11-TR-PEG11 in CDCl3 (100 MHz, 27 °C).88 

 

 



134 

 

 

Figure A7:  1H NMR spectrum of PEG11-TR-(CH2)2-TR-PEG11 in DMSO-d6 (500 MHz, 27 °C). 

 

Figure A8:  Comparative 13C NMR spectra of PEG11-TR-(CH2)2-TR-PEG11 (top) and PEG11-

Azide (bottom) in DMSO-d6 (125 MHz, 27 °C).  
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Figure A9:  1H NMR spectrum of PEG11-TR-(CH2)3-TR-PEG11 in DMSO-d6 (500 MHz, 27 °C). 

 

Figure A10:  Comparative 13C NMR spectra of PEG11-TR-(CH2)3-TR-PEG11 (top) and PEG11-

Azide (bottom) in DMSO-d6 (125 MHz, 27 °C).  
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Figure A11:  1H NMR spectrum of PEG11-TR-(CH2)5-TR-PEG11 in DMSO-d6 (500 MHz, 27 °C). 

 

Figure A12:  Comparative 13C NMR spectra of PEG11-TR-(CH2)5-TR-PEG11 (top) and PEG11-

Azide (bottom) in DMSO-d6 (125 MHz, 27 °C).  
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Figure A13:  1H NMR spectrum of PEG11-TR-(CH2)6-TR-PEG11 in DMSO-d6 (500 MHz, 27 °C). 

 

Figure A14:  Comparative 13C NMR spectra of PEG11-TR-(CH2)6-TR-PEG11 (top) and PEG11-

Azide (bottom) in DMSO-d6 (125 MHz, 27 °C).  
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Figure A15:  1H NMR spectrum of PEG11-TR-(CH2)8-TR-PEG11 in DMSO-d6 (500 MHz, 27 °C). 

 

Figure A16:  Comparative 13C NMR spectra of PEG11-TR-(CH2)8-TR-PEG11 (top) and PEG11-

Azide (bottom) in DMSO-d6 (100 MHz, 27 °C).  
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Figure A17:  1H NMR spectra of Me-TR-(CH2)n-TR-Me (n = 4-6) in D2O (400 MHz, 27 °C). 
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Figure A18:  FT-IR spectra of (a) PEG(S-S), (b) PEG(S-300), (c) PEG(S-1000), (d) PEG(S-

2000) and (e) PEG(S-6000).152 

 

(a) (b) 

(c) (d) 

(e) 
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Figure A19:  FT-IR spectra of PEG11-TR-PEG11, PEG11-Alkyne and PEG11-Azide.152 

 

Figure A20: DSC traces of (a) PEG(S-S), (b) PEG(S-300) and (c) PEG(S-400)   

(a) (b) 

(c) 
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Figure A21: A combined DSC plot of (a) PEG(S-2000) and PEG(2000) and (b) PEG(S-6000) 

and PEG(6000).  

 

Figure A22: (a-c) DSC melting endotherms of PEG(S-1000), PEG(S-2000) and PEG(S-6000) 

after crystallization at different isothermal crystallization temperatures TC 
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Figure A23. Phase diagram of mixtures of PEG22 and 1,2,3-triazole where w is the mass 

fraction of 1,2,3- triazole. The melting temperatures of the mixtures were obtained by 

DSC. It should be noted that the mixtures with intermediate concentrations (0.45 ≤ w ≤ 

0.90) showed no crystallization during cooling to T = – 40 °C but also a homogeneous 

phase in the optical micrographs.88 

  

Figure A24: Molar enthalpy of melting ΔmHM and molar entropy of melting ΔmSM of 

PEG11-TR-(CH2)n-TR-PEG11 where n = 2-8. 
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Table A1: XC values of PEG11-TR-(CH2)n-TR-PEG11 , where n = 2-8,  

n T X
C
 

  °C % 

2 
  

-10 44 

16 47 

3 
  

-10 39 

16 32 

4 

-10 41 

14 35 

20 35 

5 
  

-10 41 

14 30 

6 
  

-10 43 

20 33 

7 
  

-10 39 

6 38 

8 
  

-10 39 

26 33 

 

 

Small Angle X-ray Scattering (SAXS) 

1. PEG11-TR-(CH2)2-TR-PEG11 

 

  

Figure A26: (a) SAXS trace of PEG11-TR-(CH2)2-TR-PEG11 at T = 15 °C; the red line 

represents the fitting of SAXS trace with the scattering function (Eq. 2.1, see main text 
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for details). (b) Electron density profile of a two-phase model, consisting of a crystalline 

layer, and amorphous part with decreasing electron density to its center.  

A constant electron density in the amorphous part was not sufficient to describe the 

data. Absolute values of electron density of crystalline (𝜌𝑐  = 0.405 e-/Å³) and amorphous 

part (𝜌𝑎  = 0.369 e-/Å³) are values of neat PEG215 and not varied during fitting. Fitting 

results with crystallinities above 50% were neglected. The form factor of this model is:  

𝐹(𝑛) =  ((𝜌𝑐 − 𝜌𝑎) 𝑠𝑖𝑛(𝑛 ∙  𝜋 ∙  𝑎) + 2𝜀
1 − cos(𝑛 ∙  𝜋 ∙  𝑎)

𝑛
)

2

/𝑛² 

with the density decrease height  within the amorphous phase. Free fit factors are 𝑎 

(volume fraction of amorphous phase),  and from the structure factor q*, width w, 

amplitude a and Debye-Waller-factor u².  

 

2. PEG11-TR-(CH2)6-TR-PEG11 

 

 

Figure A27: (a) SAXS trace of PEG11-TR-(CH2)6-TR-PEG11 at T = 20 °C; the red line 

represents the fitting of SAXS trace with the scattering function (eq. 2.1, see main text 

for details) using (b) electron density profile of a three-phase model, consisting of a 

crystalline layer, transition region and amorphous part.  

A decrease of the electron density in the amorphous part was not necessary to fit the 

data, but a density profile without the additional transition region was not sufficient to 
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describe the data. Absolute values of electron density of crystalline (c = 0.405 e-/ Å³) 

and amorphous part a = 0.369 e-/ Å³) are values of neat PEG215 and not varied during 

fitting. Fitting results with crystallinities above 50% were neglected. The form factor of 

this model is: 

𝐹(𝑛) =
 ((𝜌𝑐 − 𝜌𝑡) 𝑠𝑖𝑛(𝑛 ∙  𝜋 ∙  (𝑡 + 𝑎)) + (𝜌𝑡 − 𝜌𝑎) 𝑠𝑖𝑛(𝑛 ∙  𝜋 ∙  𝑎))

2

𝑛2
 

with volume fraction 𝑡 and electron density 𝜌𝑡  of the transition phase. Free fit factors 

are 𝑎,𝑡  and 𝜌𝑡 and from the structure factor q*, width w, amplitude a and Debye-

Waller-factor u².  

 

 

 

 

Figure A28: IR spectrum of the PEG-TR’’ phase of PEG11-TR-(CH2)2-TR-PEG11 at T = 20 °C. 

The spectra of crystalline PEG22 and molten PEG11 are also shown for comparison. The 

arrows show the respective vibration modes at different wave number.  
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Figure A29: Temperature dependent SAXS traces of PEG11-TR-(CH2)n-TR-PEG11 for n = 3-8  
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Figure A30: (a) The 2D-diffraction pattern of PEG11-TR-(CH2)2-TR-PEG11. (b) Refinement 

of the WAXS diffractogram of PEG11-TR-(CH2)2-TR-PEG11 at 18 °C with the 72 helix 

structure containing additionally the TR-(CH2)2-TR defect in the monoclinic unit cell (see 

main text for details) (c) Azimuthal intensity profiles of different reflections obtained 

from the oriented 2D WAXS pattern of PEG11-TR-(CH2)2-TR-PEG11 at T = 18 °C. 
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Figure A31: Intramolecular distances of the TR-(CH2)2-TR group 

 

 

Figure A32: Temperature dependent WAXS diffraction pattern of PEG11-TR-(CH2)n-TR-

PEG11 where (a) n = 7 and (b) n = 8 with the temperature step of ΔT = 4 °C. 
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Figure A33: Normalized integral intensities (top) of the (120) reflection of low-

temperature PEG phase and PEG-TR’’ phase along with their respective interplanar 

distances (bottom) for PEG11-TR-(CH2)n-TR-PEG11 where, (a) n =3, (b) n = 5. 
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Figure A34: POM images of PEG11-TR-(CH2)n-TR-PEG11 where, n =2,3,5,6,7,8, isothermally 

crystallizes at T = 5 °C 

 

Irreversible phase transition in PEG11-TR-(CH2)n-TR-PEG11 (n = 2, 4) 

1. PEG11-TR-(CH2)2-TR-PEG11 

Temperature dependent wide angle X-ray scattering measurements were performed 

to observe an irreversible phase transition in PEG11-TR-(CH2)2-TR-PEG11 sample (see 

Figure A35).  It can be observed that initially at –10 °C, only two characteristic 

diffraction peaks of PEG monoclinic system was observed i.e. at 2 = 19.4° (120) and 

2 = 23.5° (032)*. However upon heating, (120) reflection at 2 = 19.4° of low-

temperature PEG phase starts to diminish and disappeared completely at around T = 

16 °C., In the meanwhile, a new reflection at 2 = 17.1°, belongs to the (120) reflection 

of modified monoclinic system (see main text for detailed description) starts to 

appear at T ≈ -4 °C and continuously grow in intensity until the final temperature . The 

second PEG diffraction peak (032)* at 2 = 23.5° was also split upon heating into four 

new reflections which belong to the PEG-TR’’ phase i.e. 2 = 21.7° 2 = 22.7° and 2 = 

23.8° along with a new reflection at 2 = 20.4° belongs to TR-(CH2)2-TR unit. (see main 

text for details). This final PEG-TR’’ phase remains intact upon cooling back the 

sample to –10 °C and later reheating it to the complete melting of the sample. This 

simple experiment shows that the phase transition from initial low-temperature PEG 

monoclinic system to the modified PEG-TR’’ monoclinic system is an irreversible 

phase transition process. The irreversibility of the phase transition could be 

attributed to the kinetic effect as PEG-TR’’ phase requires more time to form as 

compared to PEG phase when the sample was initially crystallized from its molten 

state. One can also hypothesize that the formation of initial PEG phase might be a 

requirement or an assistance to the formation of final PEG-TR’’ phase. 



152 

 

 

Figure A35: Temperature dependent wide angle X-ray scattering measurements were 

performed to observe an irreversible phase transition in PEG 11-TR-(CH2)2-TR-PEG11 

sample. After crystallization at –10 °C, (a) the sample was first heated to T = 26 °C 

where the initial PEG phase is completely transformed into the new PEG -TR’’ phase, 

while the sample is still not melted then, (b) the sample was cooled again to –10 °C 

and (c) reheated until its complete melting.  

 

1. PEG11-TR-(CH2)4-TR-PEG11 

Temperature dependent wide angle X-ray scattering measurements were performed 

to observe an irreversible phase transition in PEG11-TR-(CH2)4-TR-PEG11 sample (see 

Figure A36). It can be observed that initially at – 10 °C, only two characteristic 
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diffraction peaks of PEG monoclinic system was observed i.e. at 2 = 19.5° (120) and 

2 = 23.6° (032)*. However, upon heating, both (120) and (032)* reflections of low-

temperature PEG phase start to shift to lower 2 values (i.e. 2 = 19.1° and 

2 = 23.3°)  which belong to the (120) and (032)* reflections of the high-temperature 

PEG-TR’ phase. During this phase transformation process, at T = 2 °C an additional 

reflection at  2 = 16.7° also starts to appear however, it disappears at T = 16 °C 

before the low-temperature PEG phase completely transform into PEG-TR’ phase (see 

main text for the detailed description of this phenomenon). On cooling the system to 

T = -10 °C again, the final PEG-TR’ crystal system remains stable and it stays intact 

until the complete melting of the sample. This simple experiment shows that the 

phase transition from initial low-temperature PEG monoclinic system to the modified 

PEG-TR’ monoclinic system is an irreversible solid -solid phase transition process. The 

irreversibility of the phase transition could be attributed to the kinetic effect as the 

formation of PEG-TR’ phase, during the initial crystallization of sample from the 

molten state, is comparatively slower as compared to the formation of simple PEG 

phase. One can also have hypothesized that the formation of initial PEG phase might 

be an essential or act as an assistance to the formation of final PEG-TR’ phase. 
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Figure A36: Temperature dependent wide angle X-ray scattering measurements were 

performed to observe an irreversible phase transition in PEG11-TR-(CH2)4-TR-PEG11 

sample. After crystallization at – 10 °C (a) the sample was first heated to the 

temperature where the initial PEG phase was completely transformed into the new 

PEG-TR’ phase while the sample was still not melted i.e. T = 20 °C. (b) The sample was 

then cooled again to – 10 °C and later(c) reheated until its complete melting.  
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Figure A37: Melting temperatures (Tm) of Me-TR-(CH2)n-TR-Me (n = 4-6) units. 

 

 

Figure A38: (a) MALDI-ToF mass spectrum and polydispersity index Ð of PEG11-TR-(CH2)4-

TR-PEG11, (b) A zoomed version of MALDI-ToF mass spectrum of PEG11-TR-(CH2)4-TR-

PEG11 for two chain lengths differing by one monomer unit. (c) MALDI-ToF mass spectrum 

and polydispersity index Ð of PEG11-TR-(CH2)3-TR-PEG11 and (d) PEG11-TR-(CH2)6-TR-

PEG11.  
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The polydispersity index Ð is calculated as 

 

Ð =
𝑀𝑤

𝑀𝑛
 

with 

𝑀𝑛 =  
∑ 𝑛𝑖 ∙ 𝑀𝑖

∑ 𝑛𝑖
 

𝑀𝑤 =  
∑ 𝑛𝑖 ∙ 𝑀𝑖

2

∑ 𝑛𝑖 ∙ 𝑀𝑖
 

where, Mn is the number average molar mass, Mw is the weight average molar mass, Mi 

represents the mass of polymer chain with i units while ni represents the number of 

chains of i units. 
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