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SUMMARY 

This thesis is concerned with the separation and characterization of the molar mass and molar 

mass distribution and molecular structure in details of different types of branched polymers 

(methacrylate branched polymers and polyolefins). It is divided into two basic chapters. Each 

chapter contains the synthetic route and characterization methods for all obtained branched 

polymers. 

Chapter 1 focuses on the preparation of two types of methacrylate’s branched polymers. The 

first type is star-branched methacrylate polymer which was prepared by group transfer 

polymerization in tetra hydro furan (THF) as a solvent. While the second type linear 

methacrylate’s short chain branching polymers was prepared by solution-free radical 

polymerization in toluene as solvent. The specific refractive index increment for some of the 

prepared star-branched and linear methacrylate samples were determined in THF at 25 °C using 

a refractive index (RI) detector Optilab T-rEX operating at 660 nm. The molar mass and molar 

mass distributions, and branching studies for all the prepared methacrylate’s branched polymers 

were determined by size exclusion chromatography with a multi-angle light scattering detector 

DAWN NEON, an RI detector Optilab NEON and an online viscometer ViscoStar NEON. 

 

Chapter 2 is mainly dedicated to the monitoring of the chemical composition distribution of 

polyolefins. The separation and monitoring methyl (CH3–) and methylene (–CH2–) groups of 

series of ethylene/1-alkene and ethylene-propylene-diene copolymers (polyolefins) by high 

temperature-size exclusion chromatography with a filter-based infrared detector (IR5). Many 

plots of ratio of CH3/CH2 against the molar masses were created and investigated. The 

correlation between the ratio of CH3– to –CH2– groups and the average chemical composition 

of the investigated series of polymer samples as well as the reproducibility of the measurements 

and the limit of detection of the SEC-IR5 measurements are evaluated. 
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INTRODUCTION: TARGETS OF DISSERTATION 

This thesis focused on the determination and studying the molecular structure 

of synthesized different branched methacrylate polymers via group transfer 

polymerization and solution free radical polymerization and different polyolefin 

samples. During its elaborating, it was necessary to accomplish the following 

tasks to achieve the planned targets: 

• Introduction and literature review about synthesis of branched polymer and 

different characterization methods of branched polymers and their 

importance and applications in our life. 

• Laboratory preparation of star-like polymers with different molar masses 

and lengths of arms by group transfer polymerization and preparation of 

linear polymethacrylates with different lengths of branches by solution- 

free radical polymerization. 

• Description of chromatographic methods (SEC-MALS-Visco and HT 

SEC-IR5) used for characterization and investigation of prepared branched 

polymers. 

• Determination of molar mass and molar mass distributions. 

• Studying in detail the molecular structure of the prepared star-like polymers 

and the effect of short chain branching length for linear polymethacrylate 

polymers using SEC-MALS-Visco. 

• Carbon fibre reinforced polymer (CFRP) composites. 

• Monitoring the chemical composition distribution of a series of ethylene/1-

alkene and ethylene-propylene-diene copolymers as polyolefins examples 

using HT SEC-IR5. 

• Repeatability and limit of detection of filter-based IR (IR5) detector. 
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CHAPTER 1 

SYNTHESIS AND CHARACTERIZATION OF MOLECULAR 

STRUCTURE AND DILUTE SOLUTION PROPERTIES OF 

METHACRYLATE POLYMERS 
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1.1. Introduction  

Branched polymers have attracted increasing interest due to their numerous and various 

applications originating from a large variety of available polymer topologies, compositions, or 

morphologies for phase separating systems, as emulsifier and interfacial compatibilizers, 

enhancing mechanical properties of composites, or for surface modification properties. 

Branching can be also used for modifying properties used for drug delivery as the branched 

structure is capable of incorporating better the active pharmaceutical ingredients and the degree 

of branching also affects the rate of biodegradation. Star-like polymers (as a type of branching 

polymers) have been widely studied because of their unique topological structures and 

attractive physical and chemical properties. Therefore, a number of researchers have focused 

on star polymers to design various advanced materials for biomedical applications, including 

drug and gene delivery, diagnosis, antibacterial and antifouling coatings, and implanted medical 

devices [1–5]. 

Branching can affect various chemical and physical properties of polymers, such as 

thermodynamic interactions between the polymer and the solvent [6–8], rheological properties 

[9,10], glass transition temperature [11], melting behavior and crystallization [12], phase 

separation of polymer blends [13,14], mechanical properties, solubility, chemical stability, and 

solution viscosity. In some cases, branching can have opposite effects; for example, the change 

in glass transition temperature with increasing degree of branching is the result of two effects: 

The increased number of end groups increases chain mobility and free volume, while the 

introduction of branching points decreases chain mobility and free volume. Typical features of 

randomly branched polymers are the broadening of the molecular mass distribution compared 

to the corresponding distribution without branching and a significant fraction of linear 

molecules even in highly branched samples [15]. In randomly branched polymers, the number 

of branching units in a polymer chain increases with increasing molar mass, and branching 

leads to a high molecular weight tail of the molar mass distribution [16]. 

The classical branching paper by Zimm and Stockmayer [17] offers the following equations 

relating the number of arms ( f )  with the branching ratio ( g ) : 

𝑔 =
6𝑓

(𝑓+1)(𝑓+2)
        (1) 

𝑔 =
3𝑓−2

𝑓2
                              (2) 



 
 

4 
 

Equation 1 was derived for star polymers where the arm length is polydisperse, i.e., the arms 

are not of equal length, whereas Equation 2 was derived for the stars with equal arm length. 

The branching ratio (contraction factor) is defined as the ratio of the mean square radii of 

branched (br) and linear (lin) molecules of the same molar mass ( M ) : 

𝑔 = (
𝑅𝑏𝑟

2

𝑅𝑙𝑖𝑛
2 )

𝑀

      (3) 

Where R is the root means square (RMS) radius (radius of gyration), and the subscript M 

indicates that the comparison is performed for the macromolecules of equal molar mass. A 

general limitation of the above equations is that they are valid for theta conditions, whereas the 

SEC measurements are typically performed in thermodynamically good solvents. As the 

thermodynamic quality of the solvent decreases with increasing degree of branching, the 

expansion of the branched macromolecules in thermodynamically good solvent is less than that 

of linear polymer chains. Consequently, the experimental values of g become smaller compared 

to the theta state. 

Alternative branching ratio based on the intrinsic viscosity ([η]) was suggested by Zimm and 

Kilb [18]: 

𝑔´ = (
[𝜂]𝑏𝑟

[𝜂]𝑙𝑖𝑛
)

𝑀
      (4) 

The two branching ratios are related by a simple equation: 

𝑔´ =  𝑔𝑒      (5) 

The main limitation is given by the fact that the relation of g´ to the number of arms in star 

polymers or number of branch units in randomly branched macromolecules is less certain as it 

is via the parameter e which is related to the drainability of polymer chains. The draining 

parameter e is supposed to fall in the range of 0.5–1.5, yet the exact value is mostly unknown. 

The detailed discussion of hydrodynamic properties of branched polymers can be found in 

papers by Kurata et. al. [19,20] and Lederer et. al. [21]. 

Literature offers several equations relating the number of arms directly with the intrinsic 

viscosity-based branching ratio [18,22,23]: 
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𝑔´ =
(2 𝑓⁄ )1.5[0.396(𝑓−1)+0.196]

0.586
                     (6) 

𝑔′ = (
3𝑓−2

𝑓2 )
0.58 0.724−0.015(𝑓−1)

0.724
               (7) 

𝑙𝑜𝑔 𝑔´ = 0.36 − 0.8 𝑙𝑜𝑔 𝑓     (8) 

The importance of short chain branching (SCB) in the properties of polymers is well-known. 

Stiffness, ductility, tear strength, clarity, and softening temperature are among the many 

performance characteristics affected profoundly by structure, frequency, and distribution SCB 

[24, 25]. Sun et al. [26] the short branch effect in α-olefin copolymers on root mean square 

(RMS) radius and intrinsic viscosity [η] in trichlorobenzene at 135 °C. This study of the effect 

of SCB on series of homopolymers of methacrylate and their copolymers with different alkyl 

groups was inspired by Sun et al. [26]. 

1.2. Theoretical part and literature review 

1.2.1. Branched polymers and their structure 

Branched polymers have side chains or branches growing out from the main chain as shown 

in Figure 1. The side chains or branches are made of the same repeating units as the main 

polymer chains. The branches may result from side reactions during polymerization or are 

created purposefully. For a polymer to be classified as a branched polymer the side chains or 

branches should comprise of a minimum of one complete monomer unit, but typically this work 

talks about branching when the branch includes at least four monomer units. One of the most 

common examples is low-density polyethylene (LDPE) which has applications ranging from 

plastic bags, containers, textiles, and electrical insulation to coatings for packaging materials. 

Branched polymers display lower density as a consequence of reduced ability to crystallize. 

The length of the side chains or branches differentiates between long-chain or short-chain 

branched polymers. In the case of long chain branching (LCB) the length of branches is 

comparable with the main chain. Long branches can have comb-like, random, or star-like 

structures. The branches may be further branched (branch on branch), yet they do not connect 

to another polymer chains [27–29]. Some examples of branched polymers are listed below and 

represented in Figure 1. 
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Figure 1 Branched polymer and different types of branched polymers (1) branched polymer, 

(2) star-like polymer, (3) comb polymer, (4) brush polymer, (5) graft polymer and (6) 

network polymer. 

1.2.2. Star-like polymer 

Star polymers are branched polymers consisting of several linear chains attached to a central 

core and can be subclassified depending on the nature of the different branches. If the branches 

are identical linear chains they are named “symmetric stars” and if the branches have different 

molecular weights or topology they are named “asymmetric stars”, or “miktoarm stars” if the 

branches are chemically different. In all cases, these arms can be constituted by one-block or 

multiblock copolymers. This special category of polymers has become popular in different 

research areas (chemistry, physics, biochemistry, and engineering) due to their unique 

mechanical, rheological, as well as biomedical properties that are unattainable for linear 

polymers [30–32]. In general, star polymers are characterized by a compact structure, 

presumably with a globular shape, with a large surface area, and increased concentrations of 

functional end groups when compared to polymers of similar molar mass (M).  
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Two major strategies have been widely applied for the synthesis of star polymers: the core-

first approach and the arm-first approach [32]. The “core-first” approach is based on the use of 

a multifunctional initiator as a core that initiates the polymerization of several arms 

simultaneously. Equally reactive initiating sites are crucial to control polymerization and to 

synthesize homogeneous constructs, and this also requires that the initiation step must be always 

faster than the propagation step. Historically, the major disadvantage of this methodology is the 

difficulty in the characterization of the polymers obtained, as the arm molar mass cannot be 

directly measured. Nevertheless, advances in characterization techniques are progressively 

solving this problem and this strategy is the most widely used in the synthesis of star 

polypeptides [33]. Alternatively, the “arm-first” approach consists of the reaction of living 

macroinitiators (MI) (also named macromonomers) with multifunctional molecules acting as 

cross-linkers giving rise to stars-like architectures known as core cross-linked star polymers. 

The main advantage of the “arm-first” approach is the relative ease of characterization since 

the living arms can be characterized in a previous step before linkage [34,35]. 

1.2.3.  Synthesis of branched polymers 

In polymer chemistry, branching occurs by the replacement of a substituent, e.g., a hydrogen 

atom, on a monomer subunit, by another covalently bonded chain of that polymer; or, in the 

case of a graft copolymer, by a chain of another type. Branched polymers have more compact 

and symmetrical molecular conformations and exhibit intra-heterogeneous dynamical 

behaviour with respect to unbranched polymers. 

Branched polymers can be synthesized through various routes such as free radical 

polymerization, group transfer polymerization, ring opening polymerization, condensation 

polymerization, etc. 

1.2.3.1. Free radical polymerization 

Branching occurs in some free-radical polymerizations of monomers like ethylene, vinyl 

chloride, acrylates, and vinyl acetate in which the macroradicals are very reactive. So-called 

self-branching can occur in such polymerizations because of atom transfer reactions between 

such radicals and polymer molecules. In the chain transfer mechanism, the active center of the 

growing chain is transferred to another molecule. The transferred active center is not terminated 

during migration and has the potential to initiate either another polymer chain or a branch on 

an existing polymer chain. Chain transfer is a chain breaking step and decreases the average 
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length of the propagating chain, significantly applicable to biomedical drug delivery 

applications. The molecule receiving the active center may or may not initiate the growth of 

another polymer chain depending on its reactivity [36]. The chain transfer mechanism is very 

helpful in the formation of graft copolymers. 

1.2.3.2. Condensation or Step-Growth Polymerization  

Condensation polymerization is the second most common mechanism for polymerization. 

In this mechanism, the reaction between the repeating units and the growing chain results in the 

release of a small molecule (condensate) such as water or hydrochloric acid as a byproduct 

[37,38]. Branching can be produced by condensation bi-functional monomer (e.g., dicarboxylic 

acids) with another polyfunctional monomer (polyamines). Branching also occurs naturally 

during enzymatically catalyzed polymerization of glucose to form polysaccharides such as 

glycogen (animals), and amylopectin, a form of starch (plants). 

1.2.3.3. Group Transfer Polymerization (GTP) 

Group transfer polymerization (GTP) was invented at DuPont over 30 years ago [39]. It is a 

popular method to control the molecular weight and molecular weight distribution of acrylic 

polymers during chain growth. Like other living polymerization methods, GTP allows for the 

preparation of polymers with low polydispersity and with well-defined architecture such as 

block copolymers and star-like polymers. However, unlike conventional anionic 

polymerization, methyl methacrylate (MMA) can be polymerized at above ambient 

temperature. Thus, the temperature can be controlled with simple water-cooled reflux 

condensers, rather than with more expensive refrigeration units. Furthermore, the process 

typically uses initiators and catalysts of low toxicity which can be readily removed from the 

product by filtration,[39] and thus can be reused and are not a source of undesirable 

discoloration or odor. A major drawback of GTP is the sensitivity of the catalysts to protonic 

impurities (moisture, alcohol etc.) which renders the initiator inactive and causes loss of 

molecular weight control. Thus, to achieve low dispersity and high molecular weights, all 

ingredients including monomer, solvent and catalyst have to be carefully purified [40, 41]. 

Chain growth is started by intermolecular Michael’s addition of the ester enolate group of a 

silyl ketene acetal (SKA) to the vinyl group of a monomer catalyzed by a nucleophilic anion or 

Lewis acid [42]. Early studies indicated that the trimethylsilyl group (TMS) remains with the 

growing chain centre during polymerization which is only possible if the TMS group is 



 
 

9 
 

transferred to the incoming monomer [43–45]. A possible mechanism of TMS transfer is shown 

below in Scheme 1. The TMS transfer can be explained by a concerted rearrangement of double 

bonds. The process is repeated in each vinyl addition step.  

Although GTP was developed for living polymerization of methacrylates, other monomers 

such as alkyl acrylates, N,N-dimethylacrylamide, acrylonitrile, methacrylonitrile, and vinyl 

ketones can be polymerized as well [41,44]. 
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Scheme 1 A possible mechanism for group transfer polymerization technique.  
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1.2.4. Application of branched polymers with the focus on star-like polymer 

While many studies have been published regarding star-like polymers, their commercial 

applications are limited, but growing constantly as research expands. Some commercial 

applications of star-like polymers include: 

Asymmetrical star-like polymers have been found to be effective thermoplastic elastomers 

[46]. Their morphologies contribute favourably to mechanical properties such as toughness, 

stretch recovery, transparency, and thermostability. 

Use as viscosity index improvers in car engine lubricating oils [47]. Star-like polymers 

generally have lower internal viscosities than their linear analogues due to their smaller 

hydrodynamic radii and radii of gyration. This makes them favourable for use in fluids that 

require low viscosity such as lubricating oils in car engines. 

The architecture of photoresists has typically been dominated by linear polymers. Star-like 

polymers, however, have been shown to display more advantageous properties when compared 

to their linear analogues. They are able to decrease roughness of photoresist sidewalls without 

a decrease in sensitivity or resolution. This is due to star-like polymers' decreased tendency to 

form chain entanglements relative to their linear analogues of similar molecular weights, which 

leads to insolubility and increased roughness [48]. 

Miktoarm polymers that form core-shell-corona micellar structures have been proved to 

uptake and release small molecules in different biological conditions [49]. Small molecules 

associate with certain polymer arms that form the interior of the micellar structure during 

transport. When they are exposed to conditions that cause the interior arms to become solvated, 

the small molecules are released. Specifically, successful encapsulation of the anti-cancer agent 

doxorubicin hydrochloride has been achieved [50]. 

The low gelation concentration of telechelic and semitelechelic star-like polymers has made 

them useful in the development of new hydrogels for biomaterial applications [50]. This low 

gelation concentration is caused by an increased number of intermolecular interactions relative 

to linear analogues due to star-like polymers' increased number of functional groups in a given 

volume. 
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1.2.5.  Characterization of branched polymers 

Branching is an important structural parameter of many synthetic and natural polymers. It can 

influence the mechanical and thermodynamic properties of polymers, and also affect the 

viscosity and rheological behaviour of polymer solutions and melts. 

It is well known that the dilute solution properties of a branched polymer are influenced by its 

molecular weight distribution and branching distribution thus the characterization of branched 

polymers are very important to utilize the molecular structure of branched polymers. There are 

several methods used for separation and characterization of branched polymers. 

1.2.5.1. Basic principles of branching characterization 

Branching is widely recognized as relevant to synthetic polymers but has more recently become 

relevant to natural polymers. For example, hyaluronic acid, an important biopolymer with 

numerous medical and pharmaceutical applications, was believed to have a linear structure until 

multi-angle light scattering (MALS) analysis proved otherwise [51]. The most common method 

of separating polymers in solution is size-exclusion chromatography, also called gel permeation 

chromatography (SEC/ GPC) coupled with different detectors. For example, SEC–MALS is a 

well-established technique for the absolute characterization of typical polymers; however, large 

and highly branched polymers can exhibit abnormal conformation plots in SEC [23]. 

1.2.5.2. Separation techniques 

SEC and asymmetrical flow field-flow fractionation (A4F) are the most common separation 

techniques used for the characterization of polymers. Coupling these separation techniques with 

different advanced detectors such as multi-angle light scattering, viscometer, and infra-red 

detector, provides full characterization of polymers, specially branched polymers. 

 Size Exclusion Chromatography (SEC) 

Size exclusion chromatography (SEC), known also by its original name as gel permeation 

chromatography (GPC), represents undoubtedly one of the most frequently used analytical 

methods for the characterization of synthetic and natural polymers. The history of SEC/GPC in 

the area of synthetic polymers started by a paper by Moore [52] who described for the first time 

the separation of polystyrene samples of various molar mass on columns packed with a porous 

swollen styrenedivinylbenzene gel. From its inception, the main application of SEC was the 

determination of molar mass distribution and molar mass moments. The main limitation of SEC 
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has always been given by limited availability of narrow well characterized polymer standards 

and by the dependency of the obtained results on various operational conditions [53]. Narrow 

polystyrene standards prepared by anionic polymerization represent the most frequently used 

standards in the case of synthetic polymers. 

 Asymmetric Flow Field Flow Fractionation (A4F)  

Although SEC can separate many synthetic and natural polymers with very sufficient 

resolution, it may fail in the case of some polymers such as: 1) branched polymers when the 

steric separation is affected by the anchoring of the branches in the pores of column packing 

[23]; 2) polymers containing polar functional groups when the steric separation is affected by 

enthalpic interactions of polymer molecules with column packing [53]; 3) polymers containing 

ultra-high molar mass fractions that can be degraded by shearing forces in the SEC columns 

[54]; and 4) polymers containing aggregates and nanogels that can be completely retained by 

the packed columns.  

All these polymers can be mostly well separated by asymmetric flow field flow fractionation 

(A4F), which currently represents the most instrumentally developed type of field flow 

fractionation with readily available instrumentation and numerous applications covering 

synthetic polymers, natural polymers, colloidal particles, proteins, vaccines, various biological 

materials, and environmental samples. Due to the recent development of a new generation of 

A4F instruments, the method has finally achieved the mature state where it can be used as 

routinely as SEC [55,56]. 

 Combination of SEC with multi-angle light scattering detector (SEC-MALS) 

Combination of SEC with the multi-angle light scattering (MALS) detectors not only free SEC 

from the column calibration completely but allow the determination of true molar mass, and the 

root mean square (RMS) radius, often called radius of gyration, as another important parameter 

characterizing the size of macromolecules in solution. The simultaneous measurement of molar 

mass and RMS radius provides information about the polymer chain conformation and allows 

detection and characterization of long chain branching. Here, without any further details, let us 

briefly mention that the intensity of light scattered by macromolecules in dilute solution is 

directly proportional to the product of molar mass and concentration according to Equation (9) 

[57]: 
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𝑅𝜃

𝐾∗ 𝑐
 = 𝑀𝑃(𝜃) + ⋯                                                 (9) 

Where Rθ is the intensity of scattered light related to the intensity of the incident light and 

geometry of the instrument; K* is the optical constant including the refractive index of the 

solvent, wavelength of the incident light in vacuum and specific refractive index increment of 

a given polymer in a given solvent, c is the concentration of polymer molecules eluting in a 

given elution volume from SEC columns; M is their molar mass; and P(θ) is the particle 

scattering function describing the decrease of the scattered light intensity with angle of 

measurement θ Equation (10): 

𝑙𝑖𝑚
𝜃→0

𝑃 (𝜃) = 1 −
16𝜋2

3𝜆2
 𝑅2𝑠𝑖𝑛2 (𝜃/2)                                      (10) 

where R is the RMS radius and λ is the wavelength of the incident light in a given solvent. At 

low concentrations typical for SEC analysis the other terms in Equation (9) can be neglected 

and thus the molar mass equals the left side of Equation (9) at zero angle where P(θ) becomes 

unity, and the RMS radius is obtained from the slope of the angular variation at zero angle.  

Combination of SEC with multi-angle light scattering detector and viscosity detector 

(SEC-MALS-Visco) 

Most applications of viscometric detection have involved one of two topics: Either the 

determination of absolute, calibrant-independent molar mass averages and distributions, based 

on applying Benoit’s concept of universal calibration, and/or the use of online viscometry to 

establish the presence of long-chain branching in macromolecules. The realized potential of 

viscometry, however, greatly exceeds just these two applications. 

The intrinsic viscosity [η] represents one of the most important variables describing the 

behavior of a dilute polymer solution as it offers exceptional insight into the structure of 

synthetic and natural polymer molecules. It is a measure of the hydrodynamic volume occupied 

by a macromolecule in solution and therefore a reflection of its size. The relation between the 

intrinsic viscosity and molar mass (called Mark-Houwink or Mark-Houwink-Kuhn-Sakurada 

relation): 

[𝜂] = 𝐾 × 𝑀𝑎 

provides direct information about the configuration and conformation of polymer chains in 

a dilute solution under given conditions (i.e., solvent and temperature). The Mark-Houwink 
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plots of linear polymers are linear over the entire molar mass range while curved plots indicate 

branched structure. 

A reliable and fast way to generate the Mark-Houwink plot is to couple an SEC instrument 

to MALS and a viscosity detector. The coupling SEC-MALS-Visco technique yields molar 

masses and intrinsic viscosities for narrow fractions eluting from SEC columns with the 

limitations discussed in relation to complex polymers [58]. 
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1.3. Experimental 

1.3.1.  Materials 

n-butyl methacrylate (BMA), Methyl methacrylate (MMA), Benzyl methacrylate (BZMA), 

Ethylene Glycol Dimethacrylate (EGDMA), Lauryl methacrylate (LMA) and 2-ethyl hexyl 

methacrylate (2-EHMA) were purchased from Sigma-Aldrich, United States. Tetrahydrofuran 

(THF) (99.8%) and n-hexane were purchased from VWR Chemicals, United States. Methyl 

trimethylsilyl dimethyl ketene acetal (Me initiator), azobisisobutyronitrile (AIBN) and 

tetrabutylammonium acetate (tBuAAc) were purchased from Sigma-Aldrich. 

1.3.2. Synthesis of star-like polymers 

Before starting the polymerization process all monomers and solvents were purified by 

passing through a column filled with alumina to remove inhibitors (see Figure 2) while the 

initiator and catalyst were used without further purification. 

 

Figure 2 Drying system for solvent and monomers. 
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The polymerizations were carried out in 250 mL round-bottom flasks, fitted with rubber 

septa (see Figure 3). The reactions were carried out at ambient temperature (25 °C) without 

thermostatic polymerization reactor. The polymerization exotherm was monitored by 

thermometer and was used to follow the progress of the reaction. A scavenger (N,N-

Diethyltrimethylsilylyamine)  was transferred to the flask, which was purged with dry nitrogen.  

 

Figure 3 Three neck bottom flask system for star-like polymer synthesis. 

Freshly distilled THF was subsequently transferred directly from the still into the flask via a 

syringe. Then, the methyl trimethylsilyl dimethylketene acetal initiator (Me initiator) and 

Tetrabutylamonium acetate catalyst were added, followed by the slow addition of monomer to 

form the arm or macromolecular initiator. After finishing the addition of monomer, arm solution 

let stirring for 20 min. then a 10 mL of arm solution was removed for further characterization. 

After that, the synthesis was completed by the addition of EGDMA cross-linker. Finally, the 

polymerization was terminated by adding commercial methanol (see scheme 2). The molar 

ratios of particular reagents for all prepared star-like samples are listed in Tables 1–3. 
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Scheme 2 Synthesis procedures of methacrylate star-like polymers.  
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Table 1 Molar ratios of reagents used for PBMA star-like synthesis. 

 

 

 

 

 

 

 

 

 

Sample Monomer 

Molar ratio 

Initiator Monomer EGDMA 

B1 BMA 1 49 2.3 

B2 BMA 1 49 3.7 

B3 BMA 1 49 2.8 

B4 BMA 1 49 1.7 

B5 BMA 1 49 3.3 

B6 BMA 1 49 2.5 

B7 BMA 4 49 3.8 

B8 BMA 4 49 6.9 

B9 BMA 4 49 6.4 

B10 BMA 4 49 9.3 

B11 BMA 4 49 8.4 
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Table 2 Molar ratios of reagents used for PMMA star-like synthesis. 

Table 3 Molar ratios of reagents used for PBZMA star-like synthesis. 

Sample Monomer 

Molar ratio 

Initiator Monomer EGDMA 

M1 MMA 1.0 30 1.3 

M2 MMA 1.0 30 1.8 

M3 MMA 1.0 30 1.5 

M4 MMA 1.0 30 1.0 

M5 MMA 2.5 30 1.2 

M6 MMA 2.5 30 1.6 

M7 MMA 2.5 30 2.3 

M8 MMA 2.5 30 2.0 

M9 MMA 2.5 30 2.7 

M10 MMA 2.5 30 4.0 

Sample Monomer 

Molar ratio 

Initiator Monomer EGDMA 

BZ1 BZMA 1.7 17 1.4 

BZ2 BZMA 1.7 17 2.0 

BZ3 BZMA 1.7 17 2.5 

BZ4 BZMA 1.7 17 1.5 
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1.3.3. Synthesis of linear homo and co polymethacrylates 

Linear homo- and co-polymethacrylates were prepared by solution free radical 

polymerization using azobisisobutyronitrile (AIBN) as initiator. About 50 mL of 50% solution 

of monomer in toluene was placed into a 100 mL closed vial and heated at 80 °C for 8 hr. 

(Tables 4 and 5). Scheme 3 shows the preparation steps of Linear methacrylate polymers. After 

completing the polymerization, the polymer solution was left to cool overnight. The polymers 

were precipitated by n-hexane and dried in a vacuum oven at 40 °C to a constant weight.  
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Scheme 3 Preparation of PMMA by free radical polymerization in Toluene. 

Table 4 Synthesis of linear homo polymethacrylate samples 

Sample Monomer 
Initiator 

(wt%) 

Monome

r 

(mol%) 

Solid 

(%) 

PMMA LMA 0.1 100 40 

PBMA BMA 0.1 100 32 

PLMA LMA 0.5 100 44 

P2-EHMA 2-EHMA 0.1 100 32 

PBZMA BZMA 0.1 100 33 
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Table 5 Synthesis of linear polymethacrylate copolymer samples. 

1.3.4. Instrumentation for SEC-MALS-Visco 

The molar mass distributions, the conformation plots (RMS radius versus molar mass), and 

the Mark-Houwink plots were determined by SEC with a multi-angle light scattering (MALS) 

detector DAWN NEON, an RI detector Optilab NEON and an online viscometer ViscoStar 

NEON (all detectors from Wyatt Technology) (Figure 4). The SEC system consisted of a 1200 

Series isocratic pump and autosampler with two Mixed-C 300 × 7.5 mm 5 μm columns (all 

Agilent Technologies) using THF as the mobile phase at a flow rate of 1 mL/min. Samples were 

Sample Monomer 
Initiator 

(wt%) 

Monomer 

(mol%) 

Solid 

(%) 

P[MMA/1 BMA] 

MMA/BMA 

0.1 99/1 36 

P[MMA/3 BMA] 0.1 97/3 36 

P[MMA/5 BMA] 0.1 95/5 35 

P[MMA/10 BMA] 0.1 90/10 31 

P[MMA/20 BMA] 0.1 80/20 33 

P[MMA/1 2-EHMA] 

MMA/2-EHMA 

0.1 99/1 32 

P[MMA/3 2-EHMA] 0.1 97/3 29 

P[MMA/5 2-EHMA] 0.1 95/5 27 

P[MMA/10 2-EHMA] 0.1 90/10 28 

P[MMA/20 2-EHMA] 0.1 80/20 29 

P[MMA/1 LMA] 

MMA/LMA 

0.1 99/1 27 

P[MMA/3 LMA] 0.1 97/3 26 

P[MMA/5 LMA] 0.1 95/5 22 

P[MMA/10 LMA] 0.1 90/10 10 
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prepared at concentrations of ≈2.5 mg/mL (stars and linear homopolymers), ≈5 mg/mL (long 

arms), and ≈10 mg/mL (short arms). The samples were filtered with 0.45 μm syringe filters and 

injected in the amount of 100 μL. The data collection and processing were performed by Wyatt 

Technology software ASTRA. In addition to the calculations and plots provided by ASTRA, 

the data were exported from ASTRA as csv files for additional processing in Excel. 

 

Figure 4 Photo of size exclusion chromatography coupled with multi-angle light scattering and 

an online viscometer.  

1.3.5. Determination of specific refractive index increment 

The specific refractive index increment (dn/dc) was determined in THF at 25 °C using a 

refractive index (RI) detector Optilab T-rEX operating at 660 nm (Wyatt Technology). The 

determination was performed off-line by injecting six THF solutions of concentration ranging 

from ≈0.3 mg/mL to ≈5 mg/mL. Each sample was measured about 4–5 times and then the dn/dc 

average was taken. The stars for the dn/dc measurements were isolated from the unreacted arms 

by the precipitation of THF solutions resulting from GTP by n-hexane and subsequent drying 

in a vacuum oven at 40 ◦C. The arms were isolated by drying the solutions obtained after the 
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first polymerization step before addition of EGDM. The star purity was checked by 

conventional size exclusion chromatography (SEC) with an RI detector. An Alliance e2695 

Separation Module with a 2414 RI detector (both Waters) and two Agilent Mixed-C 300 × 7.5 

mm 5 μm columns with THF at 1 mL/min were used for this purpose. All stars contained less 

than ≈2 wt% of remaining arms. 
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1.4. Results and discussion 

This chapter focuses on the preparation of different linear and star-like methacrylate 

polymers by solution free radical polymerization and group transfer polymerization, 

respectively. Studying the complete characterization of the molecular structure for all the 

prepared samples is investigated by using SEC-MALS-Visco system. 

1.4.1.  Molar mass and molar mass distribution determination 

Figures 5–7 depicts typical molar mass versus elution volume plot of one of star-like PBMA, 

Star-like PMMA with low and high molar mass of arms and Linear homopolymers and 

copolymers. The data proves the ability of modern MALS detectors to yield sufficient signal to 

determine the molar mass down to proximity of a thousand g/mol. It must be emphasized at this 

point that flushing the SEC columns for at least several hours is of utmost importance to 

minimize the noise caused by the particles bleeding from column packing. Proper flushing is 

necessary after each restart of the pump since pressure change releases the particles that were 

trapped in the columns during the previous runs. 
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Figure 5 Molar mass versus elution volume plots of star-like PBMA with long arms (top) and 

with short arms (bottom). MALS @ 90° (—, solid) and RI (---, dashed) 

chromatograms are overlaid. 
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Figure 6 Molar mass versus elution volume plots of star-like PMMA with long arms (top) and 

with short arms (bottom). MALS @ 90° (—, solid) and RI (---, dashed) 

chromatograms are overlaid. 
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Figure 7 Molar mass versus elution volume plots of linear homopolymers (top) and 

P[MMA/BMA] copolymers (bottom). MALS @ 90° (—, solid) and RI (---, dashed) 

chromatograms are overlaid. 
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The number-average (Mn) and the weight-average (Mw) molar masses, the values of 

dispersity (Đ), and the weight-average intrinsic viscosities ([η]w) of arms and stars, and the star 

fractions in the final polymerization products for all prepared star-like polymers are listed in 

Tables 6–8. And the same values for linear methacrylate polymers are listed in Table 9. 

Table 6 The values of Mn, Mw, Đ, [η]w, and star fraction for star-like PBMA.  

sample 

Mn 

(kg mol-1) 

Mw 

(kg mol-1) 
Đ 

[η] 

(mL/g) 
Star 

fraction 

(%) arm star arm star arm star arm star 

B1 6.2 159 6.3 201 1.02 1.45 5.4 10.3 55 

B2 8.9 550 9.3 1132 1.05 2.06 6.1 13.6 74 

B3 8.8 377 9.9 610 1.12 1.62 6.5 13.0 68 

B4 7.3 61 7.7 111 1.06 1.81 5.7 10.7 62 

B5 7.7 332 8.3 642 1.07 1.93 6.7 13.4 78 

B6 8.3 194 8.7 346 1.05 1.78 6.9 12.9 74 

B7 3.1 42 3.3 59 1.07 1.41 4.5 7.7 59 

B8 2.3 220 2.5 1029 1.10 4.67 4.1 10.2 79 

B9 2.3 94 2.5 305 1.12 3.26 4.2 8.5 78 

B10 2.4 237 2.7 1712 1.11 7.22 3.8 12.8 87 

B11 2.5 117 2.7 329 1.10 2.83 3.8 9.1 82 

Table 7 The values of Mn, Mw, Đ, [η]w, and star fraction for star-like PMMA. 

Code 

Mn 

(kg mol-1) 

Mw 

(kg mol-1) 
Đ 

[η] 

(mL/g) 
Star 

fraction 

(%) arm star arm star arm star arm star 

M1 6.5 66 6.9 102 1.07 1.54 6.1 11.2 77 

M2 6.4 273 6.9 606 1.08 2.22 6.1 12.4 76 

M3 6.5 147 7.0 267 1.08 1.82 6.1 11.7 73 

M4 6.1 68 6.6 114 1.08 1.67 6.8 11.3 64 

M5 2.1 12 2.2 17 1.08 1.44 4.5 6.9 59 

M6 1.5 11 1.7 25 1.15 2.36 4.2 6.0 58 

M7 1.9 21 2.1 47 1.09 2.28 3.7 6.6 76 

M8 1.6 14 1.8 30 1.09 2.14 4.3 6.4 73 

M9 1.6 28 1.8 101 1.09 3.63 4.3 7.2 77 

M10 1.9 84 2.1 388 1.07 4.62 3.8 8.9 87 
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Table 8 The values of Mn, Mw, Đ, [η]w, and star fraction for star-like PBZMA. 

Code 

Mn 

(kg mol-1) 

Mw 

(kg mol-1) 
Đ 

[η] 

(mL/g) 
Star 

fraction 

(%) arm star arm star arm star arm star 

BZ1 2.9 69 3.5 123 1.22 1.78 4.1 8.8 50 

BZ2 2.4 29 2.8 59 1.19 1.99 4.0 7.1 74 

BZ3 2.4 79 2.8 242 1.19 3.08 3.9 9.0 77 

BZ4 2.3 75 2.9 275 1.23 3.69 3.9 8.7 71 

Table 9 The values of Mn, Mw, Đ, [η]w for linear methacrylate polymers. 

Polymer 
Mn 

(Kg mol-1) 

Mw 

(Kg mol-1) 
Mw/Mn 

[η]w 

(mL/g) 

PMMA 164 310 1.92 70.9 

PBMA 215 497 1.68 80.8 

PBZMA 234 428 1.83 64.1 

P2-EHMA 265 478 1.81 67.5 

PLMA 124 260 2.10 43.1 

P[MMA/1 BMA] 165 310 1.88 71.1 

P[MMA/3 BMA] 155 302 1.96 70.8 

P[MMA/5 BMA] 167 305 1.82 72.5 

P[MMA/10 BMA] 179 320 1.80 79.4 

P[MMA/20 BMA] 164 294 1.80 75.0 

P[MMA/1 2-EHAMA] 163 307 1.89 71.2 

P[MMA/3 2-EHMA] 169 308 1.83 72.9 

P[MMA/5 2-EHMA] 180 321 1.79 75.9 

P[MMA/10 2-EHMA] 173 309 1.79 75.5 

P[MMA/20 2-EHMA] 177 311 1.76 76.0 

P[MMA/1 LMA] 164 311 1.90 72.3 

P[MMA/3 LMA] 176 319 1.82 76.3 

P[MMA/5 LMA] 179 330 1.84 80.9 

P[MMA/10 LMA] 175 350 2.00 86.4 
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1.4.2. Determination of specific refractive index increment (dn/dc) 

As the specific refractive index increment is needed for the accurate calculation of molar 

mass from the combined MALS and RI detection and for the determination of intrinsic viscosity 

from RI detector and viscometer, its accurate determination is paramount. Figure 8 shows an 

example for measuring the dn/dc plot for star-like polymer where Figure 9 represented example 

for linear polymer. 

The average of dn/dc of selected star-like polymers and their corresponding arms with high 

and low molar masses are listed in Table 9 while the dn/dc for linear polymers are listed in 

Table 10. The values for linear polymers are well comparable with those reported previously 

[21,22]. The highly dense structure of star-like polymers does not have a significant impact on 

dn/dc. As expected, the dn/dc values are lower for the arms as a consequence of their low molar 

mass. Where the dn/dc value of PBZMA star-like polymer is less than the value given in the 

literature [59. Detailed information on how the literature value was determined is not given and 

thus the difference can be explained by the experimental uncertainty or by the sample purity in 

the sense of for instance possible content of residual solvent. 
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Figure 8 Measuring of specific refractive index increment (dn/dc) of B3 pure star-like sample 

in THF, 25 ̊ C, λ 658 nm. Differential refractive index as a function of time (top). The 

first and last plateaus correspond to solvent without added polymer. Differential 

refractive index as a function of polymer sample concentration (bottom). 
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Figure 9 Measuring of specific refractive index increment (dn/dc) of linear PBMA in THF, 25 

˚C, λ 658 nm. Differential refractive index as a function of time (top). The first and 

last plateaus correspond to solvent without added polymer. Differential refractive 

index as a function of polymer sample concentration (bottom). 

 

 



 
 

33 
 

Table 10 Specific Refractive Index Increments in THF at 25 °C of pure arm and star polymers. 

Polymer Mw (Kg/mol) dn/dc (mL g-1)* 

B1 & B3 star 201&610 0.080 ± 0.002 

B3 arm 9.9 0.074 ± 0.001 

B10 arm 9.3 0.069 ± 0.001 

M7 & M10 star 47&388 0.820 ± 0.002 

M7 arm 1.8 0.074 ± 0.001 

M1 arm 6.9 0.077 ± 0.001 

BZ2 & BZ3 star 59&242 0.134 ± 0.001 

BZ3 arm 2.8 0.136 ± 0.001 

*The uncertainty is based on standard deviation and the uncertainty reported by ASTRA 

software. 

 

Table 11 Specific Refractive Index Increments in THF at 25 °C of linear polymers. 

Polymer Mw (Kg/mol) dn/dc (mL g-1)* 

Linear PMMA 310 0.084 ± 0.001 

Linear PBMA 497 0.077 ± 0.002 

Linear PLMA 260 0.074 ± 0.001 

Linear PBZMA 428 0.150 ± 0.002 

*The uncertainty is based on standard deviation and the uncertainty reported by ASTRA 

software. 

1.4.3.  Solution properties of star-like polymers 

The GTP arm-first strategy that is used in the preparation of methacrylate star-like polymers 

allows the stars to be well separated from the original arms which allows their quantification 

and characterization without isolation from the remaining arms. The conformation and Mark-

Houwink plots of some selected star-like polymer samples are shown in Figures 10–12. 
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Figure 10 Conformation plot (top) and Mark-Houwink plots (bottom) determined by SEC-

MALS-Visco for star-like PBMA with long and short arms. 
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Figure 11 Conformation plot (top) and Mark-Houwink plot (bottom) determined by SEC-

MALS-Visco for star-like PMMA with long and short arms. 
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Figure 12 Conformation plot (top) and Mark-Houwink plot (bottom) determined by SEC-

MALS-Visco for star-like PBZMA. 
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Data from Figure 11 as a selected PMMA star-like polymer samples yield the molar mass 

dependency of the ratios g and g´ shown in Figure 13. The draining parameter e can be 

calculated by comparing the branching ratios g and g´ at the same molar mass. The relation 

between the parameter e and molar mass is described in Figure 14 together with that obtained 

for one of star-like PBMA. The values of e from ≈ 0.5 to ≈ 1.2 fall in the expected range and 

confirm the dependence of the draining parameter on molar mass. The increase of parameter e 

with molar mass indicates increasing drainability of large star-like macromolecules. 
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Figure 13 Branching ratios g (□, blue) and g´ (○, magenta) versus molar mass plots of star-like 

PMMA (sample M2). 
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Figure 14 Draining parameter e versus molar mass plots of star-like PMMA (1 ○, magenta) 

and PBMA (2 □, blue) (samples M2 and B2). 

The conformation plot is the most direct way to branching information. However, it has two 

limitations. It cannot be applied to polymers composed of the majority of molecules with RMS 

radii below ≈ 7 nm. Moreover, for many branched polymers it is strongly affected by the 

delayed elution of branched macromolecules as described for example in Reference [23].  

The size limit applies to most of the prepared samples due to very high molecular 

compactness. In contrast to the conformation plot, the Mark-Houwink plot can be reliably 

measured with practically no size limit. In addition, it is markedly less affected by the delayed 

elution of the branched macromolecules [60]. 

Mark-Houwink plots of several star-like PMMAs composed of different arm length are 

compared in Figure 15. The slope (Mark-Houwink exponent) of the plots of star-branched 

polymers consisting of long arms is close to zero at the region of lower molar masses, which 

indicates sphere-like structure. Towards the high molar masses, the slope increases to the value 

of ≈ 0.28. The slope of the plots of samples consisting of short arms starts at ≈ 0.1 and increases 

to the same value as that of the stars from long arms. At lower molar masses, the plots of stars 

created by short arms are shifted to lower intrinsic viscosities which can be explained by higher 
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number of arms at the same molar mass and thus more compact molecular structure. The 

difference diminishes towards high molar masses. The increase of the Mark-Houwink exponent 

towards high molar mass suggests the transition of the molecules from sphere-like structures to 

more expanded structures. One can imagine that the molecules of high molar mass consist of 

several compact EGDMA cores which are connected by less compact links. 
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Figure 15 Mark-Houwink plots of star-like PMMAs with arm Mw ≈ 2100 g/mol (○, blue) and 

≈ 6900 g/mol (□, magenta). 

 

The obtained data allow testing various g–versus–f equations since the true number of arms 

at each molar mass can be calculated from the slice molar mass and molar mass of the arm 

prepared in the first reaction step. Instead of explicitly expressing the f as a function of g or g´, 

Equations 1, 3, 6–8 were entered into Excel, and g or g´ were calculated for the stepwise 

increasing f, and then the experimental values of g or g´ were matched in regular intervals with 

f. Figure 16 depicts various plots of the number of arms per molecule against molar mass for 

star-like PMMA sample for which the determination of the RMS radius was possible and which 

did not show a significant tendency to the delayed elution and such allowed testing also the 

Equations 1 and 3. The conclusion from Figure 16 is that none of the equations allow accurate 

determination of the number of arms from the ratios g or g´. However, a very good agreement 

between the plot obtained using Equation 6 and that calculated from the slice molar mass was 



 
 

40 
 

obtained for stars created by short arms as shown in Figure 17. The modification of Equation 6 

in the sense of using exponent 1.6 instead of 1.5 gives good agreement for the stars consisting 

of long arms as shown in Figure 18. Similar results are obtained for star-like PBMA, i.e., 

Equation 6 markedly overestimates the number of arms per molecule in the case of long arms, 

whereas markedly better agreement is obtained for polymer consisting of short arms as shown 

in Figure 19. The polymer consisting of long arms requires increasing the exponent to the value 

of ≈ 1.7 as demonstrated in Figure 20. Comparison of samples M2 (arm Mw ≈ 6900 g/mol) and 

B2 (arm Mw ≈ 9300 g/mol) indicates that longer arms require higher exponent. 
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Figure 16 Plots of number of arms per molecules versus molar mass calculated by the division 

of slice molar mass by Mw of arms (●) and estimated from Equations 1, 2, 6, 7, and 

8 for star-like PMMA with arm Mw ≈ 6900 g/mol (sample M2). 
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Figure 17 Plots of number of arms per molecule versus molar mass calculated by the division 

of slice molar mass by Mw of arms (●) and estimated from Equations 6, 7, and 8 for 

star-like PMMA with arm Mw ≈ 2100 g/mol (sample M10). 
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Figure 18 Plots of number of arms per molecule versus molar mass for two star-like PMMAs 

consisting of arms having Mw ≈ 6900 g/mol calculated by the division of slice molar 

mass by Mw of arms (●) and estimated from Equation 6 using the exponent 1.6 

instead of 1.5 (○, magenta; samples M1 top and M2 bottom). 
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Figure 19 Number of arms per molecule versus molar calculated by the division of slice molar 

mass by Mw of arms (●) and estimated using Equation 6 for star-like PBMA with 

arm Mw ≈ 9300 g/mol (top, sample B2) and Mw ≈ 2700 g/mol (bottom, sample B10). 
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Figure 20 Plots of number of arms per molecule versus molar mass for star-like PBMA 

consisting of arms having Mw ≈ 9300 g/mol calculated by the division of slice molar 

mass by Mw of arms (●) and estimated from Equation 6 using the exponent 1.6 (○, 

magenta) and 1.7 (□, blue), (sample B2). 

The molar mass distribution exported from ASTRA to Excel can be converted to the 

distribution of arms per molecule by dividing the molar mass axis by the molar mass of arm. 

The plots obtained for various PMMA and PBMA star-like polymers are shown in Figure 21.  

Exporting the slice molar masses and the slice concentrations permits the calculation of the 

number-average (fn) and the weight-average (fw) arms per molecule using the equations 

equivalent to those for the calculation of molar mass moments: 

𝑓𝑛 =
1

∑
𝑤𝑖
𝑓𝑖

      (11) 

𝑓𝑤 = ∑ 𝑤𝑖𝑓𝑖       (12) 

where fi is the number of arms in molecules eluting at the i-th elution volume Vi and wi is the 

weight fraction of molecules eluting at that Vi calculated as the slice concentration ci divided 

by the sum ∑ 𝑐𝑖. 
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Figure 21 Cumulative distribution of arms per molecule for PMMA star-like polymers with 

long (samples M1○, green; M2 □,blue and M3 ●, red) and short (sample M10 ■, 

magenta) arms; and for PBMA star-like polymers with long (samples B2 □, blue; B3 

●, red and B4 ○, green) and short (sample B10 ■, magenta) arms. 

 

The results for samples shown in Figure 21 are listed in Table 11. Table 11 is further 

completed by the values of g´(Mw). The average branching ratio g´(Mw) is the ratio of the 

experimental weight-average intrinsic viscosity of the branched polymer divided by the 

intrinsic viscosity of a hypothetical linear polymer that would have the same Mw as the polymer 
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requiring analysis. This ratio can be used for mutual comparison of different samples for which 

the molar mass of arms is unknown. 

 

Table 12 Number-average and weight-average arms per molecule and g´(Mw) for samples 

shown in Figure 21. 

Sample fn fw g´(Mw) 

M1 9 24 0.326 

M2 35 80 0.103 

M3 19 35 0.173 

M10 35 163 0.101 

B2 52 110 0.069 

B3 33 56 0.105 

B4 8 13 0.300 

B10 77 582 0.048 

 

 

1.4.4.  Short chain branching of linear methacrylate polymers 

The RMS radius conformation plots (i.e., log-log relation RMS radius–molar mass) and 

Mark-Houwink plots (log-log relation intrinsic viscosity–molar mass) measured by SEC-

MALS-Visco give valuable information about the molecular structure and dilute solution 

properties of the prepared linear homopolymers and PMMA with different comonomers. All 

conformation plots for homopolymers and copolymers are shown in Figures 22 and 23. 
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Figure 22 Conformation plots of PMMA, PBMA, PBZMA, PLMA and P2-EHMA 

homopolymers (a), P[MMA/BMA] copolymers (b), P[MMA/2-EHMA] copolymers 

(c) and P[MMA/LMA] copolymers (d) with slope ~ 0.6 for all plots. 
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Figure 23 Mark-Houwink plots of PMMA, PBMA, PBZMA, PLMA and P2-EHMA 

homopolymers (a), P[MMA/BMA] copolymers (b), P[MMA/2-EHMA] 

copolymers (c) and P[MMA/LMA] copolymers (d) with slope ~ 0.7 for all plots. 
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The slope of the conformation plots and the Mark-Houwink plots represented in Figure 22 

and Figure 23, respectively, of the homopolymers and copolymers are approximately the same 

(b ~ 0.6 slope of conformation plots and a ~ 0.7 slope of Mark-Houwink plots) indicating that 

the power law exponents of each relation are insensitive to the comonomer content. Also, the 

intercept of the Mark-Houwink plot of PMMA and PBMA homopolymers are very close, and 

the intercept of PBZMA, P2-EHMA and LMA homopolymers are approximately identical 

(Figure 22 (a) and Figure 23 (a)).  The intercept is slightly shifted only when the side chains 

increase from C4 to C12, or when they are aromatic rings as evident from comparing PMMA 

and PBMA with LMA and PBZMA as shown in Figure 22 (a) and Figure 23 (a). 

1.4.5.  Carbon fibre reinforced polymer (CFRP) composites 

 

Due to the important role of stare-like polymers in the application of automotive composite 

components related to durability and crashworthiness. Star-like polymers can be used as 

important components of fiber reinforced composites in the automotive industry. Therefore, 

some of the prepared star-like polymers were studied as additives to the epoxy matrix 

(Bisphenol-A) and carbon fibre composites with the cooperation of SYNPO, Czech Republic, 

and the Department of Mechanical Engineering, Kaunas University of Technology, Kaunas, 

Lithuania. Tensile and impact tests were performed to analyze the effect of matrix modification. 

Tensile tests performed on epoxy with various weight fractions of PBMA star-like polymer 

showed that the addition of 1 wt.% is optimum. The tensile strength was improved from about 

35 MPa (for pure epoxy) to about 80 MPa (for 1 wt.% modified epoxy). Carbon fibre was 

reinforced with 1 wt.% and 3 wt.% star-like polymer-modified epoxy matrixes. By comparing 

the pure CFRP composites and CFRP composites modified with 1wt% and 3wt% of star-like 

polymer, it showed that the 1 wt.% star-like polymer sample absorbed more energy while 

having lower deflection, compared to 3 wt.% star-like polymer samples showing scope for 

further energy absorption. Both 1 and 3 wt.% modified CFRP composites samples exhibited 

brittle modes of failure with evident fibre pull out without dimpling. 1 wt.% of star-like polymer 

CFRP samples showed good adhesion, and wettability and several cases of matrix bridging 

were observed while CFRP samples modified with 3 wt.% star-like polymers exhibited stiffness 

and cracks throughout the cured matrix. The details of this study have been already published 

in reference [61]. 
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1.5. Conclusion 

As expected, based on the literature, it is possible to prepare various star-like methacrylate 

polymers and their corresponding linear polymers.  

The arms prepared at the first step were found very narrow. The star-like structures 

synthetized in the second step are polydisperse as the prepared macromolecules differ in the 

number of arms. For the first time, the star-like polymers were studied in detail by the 

combined SEC-MALS-Visco technique. Using the data from commercially available software 

ASTRA it is possible to determine the distribution of arms in a given sample and to calculate 

the various averages of the number of arms per molecule. This calculation has not been 

reported previously.  

Most of the literature equations provide values of arms per molecule far from the true ones. 

The only exception is Equation (6) which is approximately valid for polymers consisting of 

short arms. In the case of long arms, Equation (6) needs to be slightly modified by increasing 

the exponent 1.5 to the values of 1.6–1.7. The obtained data suggest that the longer arms 

require a higher exponent. However, this finding is of limited practical meaning for polymers 

of unknown arm length that can be only compared mutually using the average ratio g′(Mw). 

The draining parameter of the star-like methacrylate polymers was found to be molar mass 

dependent within the expected range of about 0.5–1.2. 

Very surprising information is that in contrast to published results for short-chain branched 

polyethylene, the short chains in PMMA-based copolymers do not affect the intercept of the 

Mark-Houwink plots as described in reference [26]. 

The obtained values of dn/dc were well consistent with the literature data. The dn/dc of 

PLMA was reliably determined for the first time as well as the fact that the extremely compact 

structure of star-like polymers do not affect their dn/dc compared to linear analogues.  

The results of using a selected star-like sample as an additive for epoxy matrix (bisphenol-

A) and carbon fiber composites showed the potential of star-like polymers as powerful 

additives with strong influence on the impact properties of carbon fiber reinforced polymer 

composites. 
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It proves that, beside the high energy absorbing of stars, they can also offer good prospects 

for application in automotive composite components in terms of durability and 

crashworthiness. 
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2.1. Introduction 

Polyolefins constitute about 60% of the annual polymer production worldwide [1]. 

Polyolefins (PO) are of enormous economic importance and the most important ones, 

polypropylene, and polyethylene, by volume represent most of the total polymer market. Most 

PO of industrial interest are copolymers, comonomers like (ethylene-propylene-diene-

monomer (EPDM), Polypropylene (PP), High-density polyethylene (HDPE), ⍺-olefins [1-3] 

etc.) are introduced to modify the final material properties from that of the homopolymer [2], 

and present heterogeneity in their chemical composition, and therefore, they should be also 

described by their chemical composition distribution (CCD) along with their molar mass 

distribution (MMD) [4]. Studying the molar mass distribution (MMD), long chain branching, 

and short chain branching distribution of polyolefins is very important to understand their 

chemical and physical properties during processing and applications. The catalyst type used in 

the preparation of polyolefins has an important effect on the final properties of polymers. 

Metallocene and Ziegler–Natta catalysts have been widely employed for the in-situ 

polymerization of polyolefins [5]. Polyolefins produced by Metallocene catalysts, also called 

single-site catalysts, systems have long been claimed to produce polymers with narrow MMD 

or copolymers with uniform comonomer distribution [6,7] while Polyolefins made with 

Ziegler–Natta catalysts have non-uniform distributions of molar mass and chemical 

composition distribution [8]. 

Basic macromolecular characteristics of polyolefins like molar mass distributions (MMD) 

information on long-chain branching, can be addressed with high-temperature size-exclusion 

chromatography (HT-SEC). Hyphenation of infrared detection to size exclusion 

chromatography (SEC) expands possibilities of SEC even more and allows to reveal 

comonomer incorporation across molecular weight and thus help in the study of catalytic 

systems used in polyolefin synthesis. Coupling HT SEC with filter-based infra-red (IR) detector 

gives an easy and fast access to so-called SCB distribution vs MMD. 

In this chapter the new model of the filter-based infra-red (IR5) detector described by Ortin 

et al. [9–11] was applied for the high-temperature SEC for studying and characterization CCD 

along the MMD of various polyolefin copolymers. 
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2.2. Literature review 

2.2.1. Polyolefins 

Polyolefins, also called polyalkenes, are the largest class of commodity thermoplastics. They 

are polymers of simple alkenes such as ethylene, propylene, butenes, and pentenes, and 

copolymers thereof. Polyethylene (PE) and isotactic polypropylene (PP) are the most important 

of polyolefins and are widely used in our everyday life [12,13]. They can be processed by 

common forming techniques such as injection molding, blow molding, extrusion and 

thermoforming, using standard thermoplastic equipment. PE and PP rank as the least expensive 

polymers to produce and stand out because they are far less toxic compared to many other 

commodity plastics [14]. Polyethylene was first made as a commercial product in the late 1930s 

[15], but the polyolefins did not begin their rise to prominence until the 1950s, after Karl Ziegler 

of Germany and Giulio Natta of Italy developed a series of catalysts (now known as Ziegler-

Natta (ZN) catalysts) that made it possible to manufacture the polymers to precise specifications 

and at low cost [16]. Polyolefins are either produced by a free radical process (Low density 

polyethylene: LDPE) or using coordination catalysis (Low linear density polyethylene 

(LLDPE), high density polyethylene (HDPE), and PP). 

2.2.2. Characterization of polyolefins 

Many properties of polyolefins are determined by the complicated interaction of molecular 

weight distribution, average chemical composition, and chemical composition distribution. The 

average chemical composition can be determined by spectroscopic methods (e.g., infrared (IR) 

and Nuclear Magnetic Resonance (NMR)) and the molecular weight distribution can be 

analyzed by gel permeation chromatography (GPC) [17]. GPC, also known as size exclusion 

chromatography (SEC), operated at high temperature, is routinely used for MMD 

determination, in most cases coupled to multiple on-line detectors [18,19]. 

Three types of coupling high temperature (HT) SEC to IR detection approaches for PO 

analysis have been described in literature:  

(i) Off-line coupling to Fourier-transform infrared (FTIR), in which the eluent from the 

GPC is deposited on a rotating germanium disk, and the solid obtained after solvent 

evaporation is subsequently analyzed off-line by FTIR for branching content [20].  

(ii) On-line coupling to FTIR where branching levels in eluent are measured in a heated 

flow-through cell placed inside an FTIR spectrometer [21–25].  
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(iii) On-line coupling to a filter-based IR detector [10, 26–28].  

The on-line FTIR method mostly used because may have some advantage in sensitivity when 

liquid nitrogen is used to cool down the detector, although it tends to be less practical than the 

filter-based IR detector, because it is not fully automated, recalibration is laborious, and data 

treatment may be complex. 

The interaction of both micro structural features (molar mass distribution and chemical 

composition distribution) is required to fully characterize PO resins by a bivariate MMD x 

CCD. The techniques based on crystallization (Temperature Rising Elution Fractionation 

(TREF) [29], Crystallization Analysis Fractionation (CRYSTAF) [30], and Crystallization 

Elution Fractionation (CEF) [31]), or more recently high temperature interaction 

chromatographic methods [32–35], are used for CCD analysis. Most comprehensive 

characterization of the bivariate MMD x CCD requires preparative fractionation, followed by 

analysis of the fractions by NMR, SEC, TREF, and other techniques. However, these 

approaches are not always convenient due to the high cost of time, equipment, and other 

resources [1,36]. 

2.2.2.1. HT SEC coupling with filter-based IR detector 

When applied IR spectroscopy to the characterization of PO, some specific bands help identify 

and quantify different α-olefins used as a comonomers. In the filter-based IR detector specific 

narrow band-pass optical interference filters allow the collection of absorbance chromatograms 

at the methyl and methylene peaks. Even if these absorbance peaks are overlapped, the ratio of 

methyl over methylene detector signals is approximately proportional to the methyl group 

frequency in PO. 

Studies comparing FTIR and filter-based IR detectors have concluded that both can be used 

successfully for studying chemical composition heterogeneity along the MMD in PO [25,37]. 

Coupling of a filter-based IR detector to HT-GPC for the analysis of SCB, as a function of 

molar mass, results in a very practical alternative to the use of FTIR detectors in both off-line 

and online modes has been described by Ortín et al [10]. 
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2.3. Experimental 

2.3.1.  Polymer samples 

The polymer samples were obtained from our partners working in universities, research 

institutes or industry. A part of these samples has been described before (see references in 

Tables 13–17). Where average molar masses and/or dispersities were not known from previous 

investigations, they were evaluated based on current SEC-IR5 measurements and are given as 

polyethylene-equivalent molar masses. 

For determinations of reproducibility and the limit of detection, an ethylene/1-butene 

copolymer sample (Basell, Ludwigshafen, Germany) containing 5.2 wt. % 1-butene was used. 

Table 13 Characteristics of ethylene-propylene copolymers synthetized with metallocene 

catalyst:  average chemical composition, weight-average molar mass Mw, dispersity 

Đ.  

Content of ethylene 

[mol %] 

Mw  

 [kg/mol] 

Đ Reference 

18.6 180 2.0  

33.2 1405 2.1 

     [38] 

42.5 2270 2.0 

45.2 1160 1.9 

48.2 405 3.2 

50.1 2075 2.2 

52.8 755 2.2 

57.8 1530 2.1 

60.5 290 2.2 

63.4 1585 1.9 

65.9 650 2.0 

73.7 2075 1.9 
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Table 14 Characteristics of ethylene-propene copolymers synthesized with metallocene 

catalyst. 

Content of ethylene 

[mol %] 

Mw 

[kg/mol] 
Đ Reference 

1.50 166.9 3.8 

 

[39] 

6.34 150.2 3.4 

7.90 105.0 4.7 

8.50 124.4 3.9 

13.20 92.9 4.0 

36.00 63.2 4.2 

58.70 83.1 3.8 

77.78 144.4 3.5 

90.53 198.2 3.4 

97.84 370.1 7.0 

 

 

Table 15 Characteristics of ethylene-propene copolymers synthesized with ZN catalyst. 

Content of ethylene 

[mol %] 

Mw  

[kg/mol] 
Đ Reference 

0.00 652.1 7.4 

[39] 

5.63 557.3 5.5 

20.57 465.6 6.9 

30.07 503.8 8.4 

43.34 456.9 9.1 
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Table 16 Characteristics of ethylene-1-hexene copolymers.  

Content of 1-hexene  

[mol %] 

Mw  

[kg/mol] 
Đ Reference 

1.0 160 2.0 

[40] 

1.2 56 2.0 

1.4 278 2.0 

2.8 58 2.2 

4.3 123 2.2 

5.8 112 2.0 

6.2 280 2.0 

7.0 52 2.1 

8.4 223 2.2 

12.8 24 2.0 

 

 

 

Table 17 Characteristics of ethylene-propylene-2-ethylidene-5-norbornene terpolymers. 

ENB  

[wt. %] 

ethylene  

[wt. %] 

propylene 

[wt. %] 

Mw 

[kg/mol] 
Ð Reference 

0.0 49.2 50.8 332 2.4 

[41] 

5.2 47.9 46.9 353 2.6 

7.1 50.6 42.3 503 2.7 

9.8 48.2 42.0 394 2.7 

14.5 47.8 37.7 395 2.6 
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2.3.2.  High-temperature size exclusion chromatography with a filter-

based multiple band IR detector (HT SEC-IR5) 

HT SEC-IR5 measurements were performed using a PolymerChar GPC-IR® (PolymerChar, 

Valencia, Spain), equipped with a 200 µL sample loop, at 150 °C. The mobile phase was 1,2,4-

trichlorobenzene (TCB) (Across Organics, Schwerte, Germany) containing 0.5 g/L 

butylhydroxytoluene (BHT, Merck, Darmstadt, Germany). The mobile phase flow rate was 1 

mL/min.  Three POLEFIN linear XL analytical columns, 300 x 8.0 mm (Polymer Standards 

Service, Mainz, Germany) were used for the analysis. Detection was performed with a filter-

based multiple band IR detector (model IR5-MTC, PolymerChar, Valencia, Spain) featuring a 

thermoelectrically cooled mercury-cadmium-telluride (MCT) sensor (see Figure 24). The IR5 

detector includes two narrow band filters tuned to the adsorption region assigned to 

  ̶CH3 (at 2960 cm-1) and ̶ CH2 ̶ (2920 cm-1) groups, as well as a broader filter used to collect 

absorbance from all C-H bonds in a polymer [9,10,26]. The heated flow-through cell volume 

and the path-length are 13 µL and 1.8 mm, respectively.  The cell is equipped with sapphire 

windows. 

The MMD was evaluated using a polystyrene (PS) calibration (EasiCal PS-1, Agilent, 

Waldbronn, Germany) and WinGPC software version 8 (Polymer Standards Service GmbH, 

Mainz, Germany). The molar masses of PS standards were transferred to polyethylene (PE) 

equivalents using the following Mark-Houwink coefficients from the literature: K: 3.8 x 10-2 

mL/g, α: 0.73 for polyethylene and K: 1.26 x 10-2 mL/g, α: 0.702 for poly styrene [42].  

For each measurement, approx. 12 mg polymer were automatically mixed with 6 mL mobile 

phase. Simultaneously, the vials were flushed with nitrogen. Each sample was dissolved under 

shaking in the autosampler for 1 h at 150 °C before injection. 



Figure 24 Photo of high-temperature size exclusion chromatography coupled with a filter-

based multiple band IR detector (IR5). 
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2.4. Results and discussion 

2.4.1.  SEC-IR5 of ethylene-alkene copolymers 

The IR5 detector monitors the presence of methyl and methylene groups, as well as the 

overall polymer concentration in the eluate [9,26]. The corresponding absorbances change with 

the elution volume in SEC (Figure 25) and thus with the molar mass of the sample. 
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Figure 25 Chromatograms of an ethylene/propylene copolymer containing 52.8 mol % 

ethylene (Table 13).  

The CH3/CH2 ratio reflects changes in the chemical composition of a polymer with the 

elution volume as is illustrated in Figure 26a and b, i.e., it reflects CCD of the polymer along 

its molar axis (Figure 26c and d). As shown in Figure 26, the baseline and both edges of the 

peaks yield scattered values CH3/CH2 because the signal intensity in these regions is very low 

(i.e., it is the noise of measurement). Most of the ethylene/propylene (EP) samples (Table 13) 

exhibit a constant CH3/CH2 ratio along the molar mass axis (Figure 26c and d), indicating that 

most of these samples (Table 13) are chemically homogeneous along the molar mass axis. The 

EP sample containing 48.2 mol % ethylene shows the largest decrease in the CH3/CH2 ratio 

with increasing molar mass. 
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Figure 26 a,b) CH3/CH2 ratios as a function of elution volume of ethylene/propylene 

copolymers (Table 13). c,d) CH3/CH2 ratios as a function of equivalent 

polyethylene (PE) molar mass. 
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Plotting the CH3/CH2 ratios which correspond to the top of the peaks of the elugram against 

the average chemical composition of the samples enables to obtain a calibration line (Figure 

27). The quality of any calibration depends on the chemical homogeneity of the samples. We 

have deliberately not removed any samples from the series, which were outliers according to 

the SEC-IR results. In difference to the paper by T. Frijns-Bruls et al. [11], this work will focus 

on differences in the shape of the CH3/CH2 relation. 

Surprisingly, the point corresponding to the most chemically nonhomogeneous sample (48.2 

mol %, Figure 26b) in this series fits into the linear calibration (Figure 27) quite well. Although 

the concentration of components was the primary changed parameter in the synthesis, several 

of the sample’s manifest inhomogeneity (especially sample 48.2 mol %) - probably an 

experimental parameter was not controlled enough throughout the synthesis. 

 

 

 

Figure 27 Dependence of CH3/CH2 ratio on the average content of ethylene in EP copolymers 

(Table 13). 

 

Such a calibration line may be used to evaluate changes in the chemical composition 

distribution. It shows that the chemical composition of the sample with 48.2 mol % ethylene 

decreases from 59 to 39 mol % with increasing molar mass (Figure 26d), i.e., considerably.  
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Another type of CH3/CH2 profile was found in another series of EP copolymers (Table 14) 

synthesized also with a metallocene catalyst (Figure 28). 

While the EP sample containing 58.3 mol% ethylene shows a substantial decrease in the 

CH3/CH2 ratio with increasing molar mass, the EP sample with 13.2 mol% shows an increasing 

CH3/CH2 ratio (Figure 28). According to the calibration for these copolymer samples (Figure 

29), the content of ethylene in the sample with 58.3 mol % decreased from 73 mol % to 52 mol 

%, while in the sample with 13.2 mol% it increased from 13 mol % to 16 mol% ethylene.  

Samples with increasing or decreasing CH3/CH2 ratios were found also in other series of EP 

copolymers as shown in Figure 30a synthesized with metallocene catalysts. While the majority 

of samples showed a constant or almost constant CH3/CH2 ratio, similar deviations were found, 

as described previously. On the other hand, in some series of EP copolymers synthesized with 

metallocene catalysts (Figure 30b) all samples had constant or nearly constant CH3/CH2 ratios. 

The CH3/CH2 profiles of EP copolymers synthesized with ZN catalysts (Table 15) are shown 

in Figure 31. 
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Figure 28 CH3/CH2 ratio as a function of equivalent PE molar mass of EP copolymers (Table 

14). 
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Figure 29 CH3/CH2 ratio as function of the average content of ethylene in EP copolymers 

(Table 14). 
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Figure 30 CH3/CH2 ratios as a function of elution volume of ethylene/propylene copolymers 

with a different content of ethylene (mol%) synthesized with metallocene catalysts. 
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Two samples exhibit almost constant CH3/CH2 ratios, the CH3/CH2 rations of two samples 

are decreasing and the EP sample containing 43 wt.% ethylene shows a pronounced increase as 

well as a decrease of the CH3/CH2 ratio. Taking the corresponding calibration (Figure 31b) into 

account, the ethylene content in the samples with 20 wt. % and 30 wt. % varies in the range of 

15 wt. %, while it varies in the range of 25 wt. % in the sample with 43 wt. % ethylene.    

Various trends in CH3/CH2 profiles were found also for ethylene/1-butene, ethylene/1-

hexene and propylene/4-methyl-pentene copolymers. For example, from the plots in Figure 32 

shows that the CH3/CH2 ratio is decreasing for samples containing 5.8, 7.0 and 12.8 mol % 

hexene in EH copolymers (Table 16) while the CH3/CH2 ratio of the sample with 6.2 mol % 

hexene is increasing with increasing molar mass. The remaining samples show a homogeneous 

chemical composition as the CH3/CH2 ratio is constant along the molar mass. 

Thus Figure 32 is an example of considerable diversity in the CH3/CH2 profiles. While 

samples in the range of 1 – 4 mol % 1-hexene exhibit flat profiles, the CH3/CH2 ratio of samples 

containing 6.2 and 8.4 mol % 1-hexene increases and the CH3/CH2 ratio of samples containing 

5.8, 7.0 and 12.8 mol % 1-hexene decreases. The sample containing 12.8 mol % is the most 

inhomogeneous (composition between 8 and 15 mol % 1-hexene). The chemical inhomogeneity 

of the samples is apparently the reason for the substantial scattering of data points around the 

calibration line in Figure 32b. This substantially decreases the quality of the calibration curves 

in comparison to previously reported ones (e.g., Frijns-Bruls et al. [11]). Considering the 

calibration line, the ethylene content in the sample containing 12.8 mol % ethylene decreases 

from 20 mol % to 9 mol % with increasing molar mass, while in the sample containing 6.2 mol 

% ethylene it increases from 7 mol % to 17 mol %. These are substantial changes in the 1-

hexene content along the molar mass axis. 
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Figure 31 a) CH3/CH2 ratio as function of equivalent PE molar mass, b) CH3/CH2 ratio as 

function of the average content of ethylene in EP copolymers (Table 15). 
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Figure 32 a) CH3/CH2 ratio as function of equivalent PE molar mass. b) CH3/CH2 ratio of the 

top of peaks as function of the average content of ethylene in ethylene/1-hexene 

copolymers (Table 16). 
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An overlay of calibrations, as created from the provided data regarding the average 

composition of EP and EH samples, is shown in Figure 33.  

The majority of points fall onto the same line, but the calibration line of one set of EP 

copolymers is shifted. A disagreement found in the past for other series of copolymers when 

data were provided by different laboratories. Due to significant differences in ethylene content 

for the same CH3/CH2 ratio (a difference of 10 mol % ethylene) the ethylene content presented 

by Chitta et al. [43] should be evaluated again.   
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Figure 33 CH3/CH2 ratio at the top of the peaks as a function of the average content of ethylene 

in ethylene/propene and ethylene/1-hexene copolymers. 

The conclusion is that EP copolymers prepared with metallocene catalysts yield more 

homogeneous CH3/CH2 profiles than EP samples prepared with ZN catalysts. However, in both 

groups, examples of profiles indicating SCB distribution inhomogeneity along the molar mass 

axis were found. Similarly, CH3/CH2 profiles were constant or increased or decreased with the 

increase of molar mass for series of EB and EH copolymers. Such nonhomogeneous samples 

may mix randomly with homogeneous samples or there may be a systematic trend, this may be 

related to experimental parameters, which were eventually not sufficiently controlled during 

the synthesis of the samples. Consequentially, the incorporation of comonomers changed with 

the molar mass of the copolymers – as shown, often substantially. When CH3/CH2 ratios are 
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not monitored, then these trends may not be recognized. If they were recognized, it could help 

to increase the quality (homogeneity) of the synthesized copolymers. 

2.4.2.  SEC-IR5 of ethylene-propylene-diene terpolymers 

Tackx and Bremmers [44] have shown that SEC-FTIR using the LC-Transform approach 

enables profiling the distribution of methyl and diene along the molar mass in ethylene-

propylene-diene (EPDM) samples. SEC-IR5 was applied for the analysis of 6 EPDM samples 

(Table 17) and the ratios of CH3/CH2 of ethylene-propene-ethylidene-norbornene are shown in 

Figure 34a. An almost constant ratio of CH3/CH2 indicates homogeneity in most of these 

polymer samples. Only the EPDM sample containing 5.2 wt. % ENB manifests a drift in 

composition along the molar mass axis (Figure 34a).           

Although the plot in Figure 34a indicates that the majority of the samples is chemically 

homogeneous (except with the one containing 5.2 wt.% ENB), the CH3/CH2 ratio 

corresponding to the top of the peaks did not correlate linearly with either the average chemical 

composition of the EPDM (Figure 34b) nor with the average ethylene or propylene content. 

Apparently, the specific IR response of the diene must be taken into account, because the 

CH3/CH2 ratio does not reflect the presence of any monomer in EPDM alone. Thus, a linear 

calibration could not be established. However, the chemical inhomogeneity of the sample with 

5.2 wt.% ENB is reflected in the CH3/CH2 profile. An independent HPLC measurement showed 

[45] that just this particular sample exhibits a bimodal CCD. As shown, SEC-IR5 may reveal 

such a sample. 



 
 

82 
 

4 5 6

0.25

0.30

0.35

0.40

0.45

C
H

3
/C

H
2

log M

   0.0 wt.% ENB

   4.88 wt.% ENB

   5.2 wt.% ENB

   7.1 wt.% ENB

   9.8 wt.% ENB

 14.6 wt.% ENB
a)

 

0 2 4 6 8 10 12 14 16

0.360

0.365

0.370

0.375

0.380

0.385

C
H

3
/C

H
2

content of ENB (wt.%)

            

5,2 wt.%

4,88 wt.%

9,8 wt.%

14,6 wt.%7,1 wt.%

b)

 

Figure 34 a) CH3/CH2 ratio of EPDM terpolymers (Table 5) as a function of the equivalent PE 

molar mass). b) Relation between CH3/CH2 ratio of EPDM terpolymers and the 

average content of ENB.  
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2.4.3.  Repeatability, dependence on concentration and limit of detection 

With the aim to check the quality of measurements with the IR5-detector, 10 solutions of an 

ethylene/1-butene copolymer sample were prepared and. The solutions were prepared in similar 

concentrations (~1.0 and ~5.0 mg/mL). Moreover, solutions with the identical concentration (1 

and 5 mg/mL) were injected. The CH3/CH2 ratios corresponding to all measurements were 

calculated and the results are illustrated in Figure 35.  

Figure 35 shows that reproducibility of the measurements was smaller at smaller 

concentration and increased with increasing concentration. The noise in the data influences 

reproducibility of the IR5-measurements to a larger extent at smaller concentrations compared 

to larger concentrations. That is because the signal-to-noise ratio increases at higher 

concentrations. A comparison of Figure 26a‒d confirm that small variations of the 

concentration do not influence the reproducibility substantially. 

Injections of 10 solutions with different concentrations of the ethylene/1-butene sample 

exhibited linear dependences between the IR response and the polymer concentration, as 

illustrated in Figure 36.  

Taking the base line noise of the recorded IR5-concentration signal into account, the limit of 

detection (defined as 3 x noise) was calculated for the tested polymer sample (Table 18). The 

obtained results confirm high reproducibility, linear response, and suitable detection limit of 

the IR5-detector. The obtained results are similar to those obtained with different polymer 

samples by Ortin et al. [9]. Data confirm that changes in the CH3/CH2 profiles, which were 

described above, are many times larger than errors connected to the SEC-IR5 measurements. 
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Figure 35 Ratio CH3/CH2 obtained after SEC-IR5 analysis of 10 solutions of ethylene/1-butene 

containing 5.2 wt.% of 1-butene. 
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Figure 36 IR5 responses obtained after SEC-IR5 analysis of 10 solutions of EB (5.2 wt.% 1-

butene) with different concentrations.  

 

 

Table 18 Reproducibility and limit of detection data for the IR5. 

Sample 
Mean 

(CH3/CH2) 

Standard deviation 

(CH3/CH2) 

Limit of 

detection 

(mg/ mL) 

Linearity (R2) of 

concentration 

dependence 

EB  

(5.2 wt. % 

1-butene) 

0.14483 0.000638 0.09 0.997 
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2.5. Conclusion 

This chapter shows that the high temperature SEC-IR (with a filter-based infrared detector 

model IR5, PolymerChar, Valencia, Spain) technique is a powerful tool for monitoring the CCD 

as a function of the molar mass of various polyolefins. The monitoring of methyl and methylene 

groups can be performed as part of routine SEC measurements. Thus, in addition to the MMD, 

the CCD along the molar mass axis can be determined for many polyolefin materials. 

It was found that the ratio of the IR signals that correspond to methyl and methylene groups 

(CH3/CH2 ratio) along the molar mass axis of a polymer sample may be constant, increasing or 

decreasing with increasing molar mass. In some samples, first an increase and at lower molar 

masses a decrease was found. Such variations in CH3/CH2 profiles were found even within 

individual series of copolymers that were prepared with the same catalyst, including 

metallocene catalysts, which usually produce chemically very homogeneous polymers. It is 

hypothesized that one or several experimental parameters, which were eventually not strictly 

controlled during polymer synthesis, may cause such changes in CCD along the molar mass 

axis. Consequentially, some samples in a series exhibit different CH3/CH2 profiles. Monitoring 

the CH3/CH2 ratio through SEC measurements was, however, seldom performed in the past. 

That means the modern instrumentation can even change the generally accepted idea of 

molecular structure of industrial polyolefins. 

As it is illustrated in this work, the advanced HT SEC-IR5 instrument enables to reveal 

inhomogeneities in CCD of polyolefins and thus the HT SEC-IR technique is a useful tool for 

evaluating and understanding the molecular structure of polyolefins. 
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