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Dr. Wolfgang Radke

2022





”I have approximate answers and possible beliefs and

different degrees of certainty about different things,

but I’m not absolutely sure of anything”

— Richard P. Feynman





Acknowledgement

The research work of this thesis was realized in the group of Physical Chemistry of
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Gädt, Dr. Hela Bessaies Bey and Dr. Wolfgang Radke. I also want to thank Prof.

Dr. Ioannis Anastasopoulos, who was the chairman of the doctoral examination.

Moreover, I want to express my gratitude to Dr. André Striegel for reading my
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Abstract

P
oly(carboxylate ether) (PCE) superplasticizers have become an indis-

pensable part in modern concrete formulations. On the market, a

broad variety of chemically different PCEs is available. However, the

performance of a PCE does not exclusively depend on the chemical nature of the

monomers. Indeed, their molecular structure and dispersity have a significant impact

on performance and plasticizing abilities. To this date, a lot of research empirically

describes the impact of average molecular parameters on the performance of PCEs,

but falls short of predictive models considering parameter distributions. At the same

time, there is a lack of analytical protocols that enable a comprehensive analysis of

molecular dispersity.

Indeed, the notion ”dispersity” is often applied to acknowledge solely the width

of the molar mass distribution (MMD). However, PCEs are characterized by a high

degree of molecular heterogeneity. This means that dispersity is not restricted to

variations in molar mass, but also applies to distributions of the molecular parameters,

such as backbone length, grafting ratio and potentially side chain length.

A better understanding of dispersity is crucial for the prediction of structure-

performance relations of PCEs. This thesis draws attention to their complex

dispersity and reveals how molecular parameters affect the competitiveness of PCEs

for adsorption at the cement surface. More specifically, the thesis contributes to the

field of PCE research in four main aspects:

First of all, versatile protocols for the synthesis of PCE model structures with

low dispersity and systemic variations of the molecular parameters are presented.

Well-defined model structures are crucial for identifying structure-performance

relations, but also to develop analytical methods that allow to characterize molecular

heterogeneity.
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Subsequently, this thesis opts for a better use of liquid chromatography (LC)

for PCE analytics. LC-based protocols are developed that enable to investigate

molecular heterogeneity within PCEs. Such versatile and refined analytical tools

are essential to get an insight into the polymeric fractions of PCEs that ultimately

determine their qualities as superplasticizers.

For instance, size exclusion chromatography (SEC) with dual concentration

detection is suggested to quantify the comonomer composition of PCEs. While

common SEC analysis solely targets the MMD, the dual concentration method

gives information on the PCE composition in dependence on their molecular size.

Moreover, it is revealed how and to what extent the synthesis pathway affects the

chemical dispersity of PCEs.

Furthermore, reverse-phase high performance liquid chromatography (RP-HPLC)

with solvent gradients is presented as a suitable tool to separate PCEs according to

the grafting ratio. Thus, this method gives an insight into the chemical composition

distribution (CCD). Limitations of RP-HPLC are discussed, and complementary

SEC experiments allow a profound 2D-analysis of PCEs targeting the CCD in the

first and MMD in the second chromatography dimension.

Besides providing analytical tools to study dispersity, the effect of molecular

parameters on PCE adsorption and competition is studied. For this purpose, a

novel experimental approach is presented that enables to quantify the competitive

adsorption between PCE molecules of different molecular parameters, i.e. different

charge density, backbone length and side chain length. The presented results confirm

the existence of competitive adsorption phenomena among PCE molecules as a

consequence of their molecular characteristics. In this context, the impact of molecular

heterogeneity of PCEs is discussed. A thermodynamic framework is established to

interpret the results. It offers the first theoretical model capable to discriminate the

adsorption competitiveness of a PCE in relation to its molecular structure.

All in all, this thesis presents a comprehensive approach to synthesize and

analyze PCEs before investigating their adsorption behavior. Herein, the thesis

opts for a better use of polymer analytics and polymer physics in combination

with basic thermodynamics and fundamental cement chemistry to provide a better

understanding of competitive adsorption phenomena. Most importantly, it is

emphasized that reliable structure-performance relations can only be established

when the applied PCEs are well-characterized regarding their molecular parameters.
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Zusammenfassung

P
oly(carboxylate ether) (PCE) basierte Verflüssiger sind ein essenzieller

Bestandteil moderner Beton-Formulierungen. Tatsächlich ist heute eine

grosse Auswahl an PCEs erhältlich, welche sich in ihrer chemischen

Zusammensetzung unterscheiden. Die Leistung und Effektivität eines PCEs hängt

dabei nicht ausschliesslich von dessen chemischer Natur ab. Darüber hinaus haben die

molekulare Struktur und die Dispersität einen erheblichen Einfluss auf die Leistung

und Verflüssigungseigenschaften. In der Literatur findet man zahlreiche Arbeiten,

welche den Einfluss von gemittelten molekularen Parametern auf die Verflüssigung-

seigenschaften beschreiben. Hierbei ist auffällig, dass Parameter Verteilungen häufig

nicht genügend Beachtung geschenkt wird. Des Weiteren fehlt es an analytischen

Protokollen, welche eine umfassende Analyse der molekularen Dispersität ermöglichen.

In der Tat wird der Begriff ”Dispersität” häufig lediglich mit der Breite der

Molekulargewichtsverteilung (MMD, molar mass distribution) in Zusammenhang

gebracht. Allerdings zeichnen sich PCEs durch ein hohes Mass an Dispersität aus.

Dies bedeutet, dass Dispersität nicht auf Variationen der molaren Masse beschränkt

sind, sondern auch auf molekulare Parameter, wie beispielsweise Länge der Hauptkette

(engl. backbone), deren Pfropfdichte und möglicherweise auch Seitenkettenlänge

zutreffen.

Ein umfassender Einblick in die Dispersität ist essenziell, um Parameter-Wirkungs

Vorhersagen zu treffen. In der vorliegenden Dissertation wird der Fokus auf die

komplexe Dispersität von PCEs gelegt und dabei untersucht, wie sich molekulare

Parameter auf deren Kompetitivität bezüglich der Adsorption an der Zemento-

berfläche auswirken. In folgenden vier Punkten leistet diese Arbeit einen Beitrag zur

PCE-Forschung:

Zunächst werden Protokolle zur Synthese von PCEs vorgestellt, welche die

Herstellung von Modellstrukturen mit geringer Dispersität unter systematischer

Variation der molekularen Parameter ermöglichen. Modellstrukturen sind essenziell,
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um Parameter-Wirkungs-Vorhersagen (oder Struktur-Wirkungs-Vorhersagen) zu

treffen. Darüber hinaus spielen Modell-PCEs eine wichtige Rolle bei der Entwicklung

analytischer Methoden zur Charakterisierung molekularer Heterogenität.

Des Weiteren hat es sich diese Arbeit zum Ziel gesetzt, aufzuzeigen, wie Flüssigchro-

matographie (LC, liquid chromatography) optimal in der PCE-Analytik eingesetzt

werden kann. Deshalb werden im Zuge dieser Arbeit LC-basierte Protokolle en-

twickelt, welche die Untersuchung molekularer Heterogenität unter PCE-Molekülen

ermöglichen. Flexible und präzise Analysemethoden sind essenziell, um einen Einblick

in die PCE-Fraktionen zu erhalten, welche letztendlich deren Eigenschaften als

Verflüssiger bestimmen.

Zunächst wird Grössenausschluss-Chromatographie (SEC, size exclusion chro-

matography) mit dualer Konzentrationsdetektion vorgeschlagen, um die Comonomer-

Zusammensetzung von PCEs zu quantifizieren. Während in gewöhnlichen SEC Exper-

imenten lediglich die Molekulargewichtsverteilung bestimmt wird, ermöglicht es die

duale Konzentrationsdetektion, Informationen bezüglich der PCE-Zusammensetzung

in Abhängigkeit von der Molekülgrösse zu erhalten. Des Weiteren wird aufgezeigt,

inwiefern und in welchem Ausmass sich der Syntheseweg auf die chemische Dispersität

auswirkt.

Darüber hinaus wird Umkehrphasen-Flüssigkeitschromatographie (RP-HPLC,

reverse-phase high performance liquid chromatography) unter der Nutzung von

Lösungsmittelgradienten als Methode vorgestellt, welche es zulässt, PCEs nach deren

Pfropfdichte aufzutrennen. Folglich, ermöglicht diese Methode einen Einblick in die

chemische Zusammensetzungsverteilung (CCD, chemical composition distribution).

Limitierungen der RP-HPLC Methode werden diskutiert und ergänzende SEC

Experimente werden durchgeführt, um eine umfassende 2D-Analyse von PCEs zu

erhalten, welche einen Einblick in CCD und MMD gewährleistet.

Nachdem verschiedene analytische Methoden vorgestellt wurden, welche dem

Zweck der Charakterisierung von Dispersität dienen, wird die Auswirkung der moleku-

laren Parameter auf kompetitive Adsorption an der Zementoberfläche untersucht.

Hierzu wird ein neuartiger experimenteller Ansatz präsentiert, welcher es zulässt,

kompetitive Adsorption zwischen PCEs unterschiedlicher molekularer Parameter

(z.B. Pfropfdichte/Ladungsdichte, Hauptkettenlänge und Seitenkettenlänge) zu quan-

tifizieren. Die Resultate bestätigen die Existenz von kompetitiver Adsorption zwis-

chen PCE-Molekülen als Folge deren molekularer Eigenschaften. Im Zuge dessen wird
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auch die Rolle von Dispersität diskutiert. Des Weiteren wird ein thermodynamisches

Rahmenkonzept etabliert, welches die Interpretation der experimentellen Resultate

ermöglicht. Es ist das erste thermodynamische Modell, welches es ermöglicht, die

Affinität und Kompetitivität von PCEs im Hinblick auf deren molekulare Struktur

zu unterscheiden.

Die vorliegende Dissertation beinhaltet einen umfassenden Ansatz zur Synthese

und Analyse von PCEs, sowie eine Untersuchung deren Adsorptionsverhaltens.

Demnach hat es sich diese Arbeit zum Ziel gesetzt, Polymeranalytik und Poly-

merphysik in Kombination mit grundlegender Thermodynamik und Zementchemie

gezielt einzusetzen, um ein besseres Verständnis bezüglich kompetitiver Adsorption

zu erhalten. Hierbei muss betont werden, dass zuverlässige Aussagen bezüglich

Strukur-Wirkungs-Mechanismen nur getroffen werden können, wenn PCEs bezüglich

ihrer molekularen Parameter hinlänglich untersucht werden.
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Introduction

Chapter

0
0.1. Background Section

Water-soluble polymers are widely applied as dispersing agents for aqueous particle

dispersions, including gypsum [1], limestone [2], silica [3] and concrete [4]. Indeed,

in concentrated particle suspensions, the use of dispersants is essential to improve

the (colloidal) stability, but also to adjust the rheological behavior. A common

type of dispersants are comb copolymers based on poly(carboxylate ether) (PCE)

chemistry. The backbone of PCE combs is given by a poly(carboxylic acid) onto

which poly(alkylene glycol) side chains are grafted [5–7].

In the construction sector, PCEs belong to the broader family of chemical

admixtures referred to as superplasticizers (SPs) [4, 6]. Their usage has reached

an estimated volume of more than 3 million tons per year (based on 30 % liquid

concentration) [6, 8]. A particular benefit of using PCEs is that they facilitate

producing concrete with decreased environmental impact and improved rheology

without compromising the final performance and strength of the building material [9].

Due to the charged carboxylic acid groups along the backbone, the PCE molecules

tend to adsorb to the surface of mineral phases in cement [6, 10]. Upon adsorption,

interparticle attractions are reduced due to steric hindrance between the non-

adsorbing side chains, resulting in a decreased yield stress and improved fluidity [10–

12].

The relevance of PCEs as dispersants can only be understood by referring to the

extraordinary role of concrete as a building material. Each year, more than 10 km3

of concrete are used on construction sites all over the world [9]. According to the low

costs of its ingredients, its broad availability, and its convenient handling, it has not
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0. Introduction

been possible to replace concrete by any other building material so far. The most

common binder used in concrete production is Portland Cement (PC). During the

production of PC, an essential step involves limestone decarbonation, resulting in

the release of CO2 [9, 13].

Considering the amounts of cement produced, this explains why PC manufacturing

is responsible for about five percent of the man-made global CO2 emission per year.

A major way of mitigating this is to replace part of the “ordinary cement” by

“supplementary cementitious materials” (SCMs). The resulting materials are referred

to as blended cements and are essential to decrease the environmental impact of

concrete use. However, the extent of replacement is limited by several factors, in

particular the reduced early strength of blended cements. One way of compensating

for this is to reduce the amount of water, which has a negative impact on rheology,

but can be largely compensated by adding admixtures such as PCEs. Apart from

this, early hydration of blended cements can be boosted by adding activators and/or

accelerators [14–19].

Consequently, the formulation of modern cement with increased performance and

low environmental impact increasingly requires the use of admixture combinations.

This increases the risk of incompatibilities that might impair the performance of the

individual admixtures [20–26].

To reliably predict the performance of admixtures and their combinations, it is

therefore essential to precisely understand how they work on cement. In this regard,

while there has been extensive research focused on the working mechanisms of various

admixtures [11, 27], there is still a lack of reliable and scientifically based models that

enable to predict the performance of admixtures and their combinations. Indeed,

the choice and formulation of admixtures and their dosages often relies on empirical

data as well as simple trial and error [28].

PCEs have been subject to research for more than four decades. While the

main working mechanisms are understood, it is still challenging to correlate the

molecular structure of the comb copolymer with the macroscopic properties of

cement. In other words, it is difficult to draw conclusions on structure-function or

structure-performance relations.

One topic that has major consequences on rheological properties of concrete,

but also hydration kinetics, is competitive adsorption [23, 29–32]. This topic has

“haunted” the research community for the past decades. While a lot of progress
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has been made, there is still a lack of detailed quantitative studies, in particular, in

relation to competitive adsorption among PCE molecules with different molecular

structures. Indeed, this issue is highly relevant for the formulation of efficient

commercial products, a topic of which the sensitivity increases for blended cements.

In common studies, PCEs are compared by their ”performance”, meaning that

their ability to modify the rheological behavior of cementitious pastes is characterized

referring to their dosage in the paste [33–35]. In this course, the complex nature

of PCEs is often insufficiently characterized. Indeed, PCE characterization is often

restricted to determination of average values of molar mass and grafting density.

While being very useful, the molecular heterogeneity within a PCE, (i.e. variations

in grafting density, molar mass, and architecture) remains neglected.

This negligence is mainly due to a lack of versatile tools and characterization

methods that allow to elucidate information on parameter distributions. Size exclusion

chromatography (SEC) serves as method to approach the molar mass distribution

(MMD) of PCEs [36]. Here, the width of the MMD can be acknowledged by referring

to the dispersity index. Notably, the dispersity in molar mass can be affected by

variations in backbone length, grafting density or architecture. Hence, it is not enough

to refer to variations in molar mass. Indeed, two PCEs with identical comonomers

and identical average properties regarding grafting ratio and molar mass can be

composed by molecules with completely different composition. Thus, additional

methods are needed to precisely map the molecular heterogeneity.

0.2. Objective of the Thesis

This thesis embraces the idea that PCE performance may be predicted and optimized

through a more detailed understanding of its chemical structure - function relations.

More specifically, it tackles two poorly treated subjects: First the characterization of

molecular heterogeneity and second, the role of molecular structure and dispersity

on adsorption.

Despite the availability of many types of PCEs on the market, we have selected

to use MPEG-type PCEs that consist of a poly(methacrylic acid) (PMAA) backbone

and methoxy poly(ethylene glycol) (MPEG) side chains. The reasons for choosing

this PCE type are manifold. For instance, such polymers can be synthesized with

systemic variations in molecular parameters pursuing various synthesis strategies.

3
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Moreover, they have a good stability against hydrolysis at high pH. And most

importantly, over the last decades, their solution properties, i.e. the coil dimensions

in solution, have been thoroughly investigated.

The starting point of this thesis is focused on the development of versatile synthesis

protocols that allow the realization of PCE structures with defined characteristics

using various synthesis techniques, among them RAFT copolymerization. The

synthesis of model PCEs with well-characterized parameter averages is fundamental

for further method development and adsorption studies.

Subsequently, this thesis gives a deep insight into the molecular heterogeneity of

PCEs obtained from different synthesis pathways. For this purpose, different liquid

chromatography methods are applied. For instance, size exclusion chromatography

with dual concentration detection is used to elucidate information on the grafting

ratio in dependence on molecular size of PCEs.

The presented dual detection approach allows for the first time, to reveal and

quantify, how different synthesis routes can lead, for a same average composition,

to different distributions of molecular structures. This result is important for both,

academia and industry. While in the first case it will raise important questions in

terms of interpreting structure-function relations, in the second it will open new

means to optimize products by modifying structural dispersity.

Besides, the potential of reverse-phase liquid chromatography (RP-HPLC) using

solvent gradients to characterize PCEs regarding their grafting ratio is presented.

Hence, the chemical composition distribution of PCEs is targeted. Complementing

SEC experiments reveal the advantages of 2D-chromatography for a profound analysis

of MMD and CCD.

While the first part of this thesis is dedicated to the synthesis of PCEs and to

the analysis of molecular heterogeneity using LC-based methods, the second part of

this thesis is focused on adsorption of PCEs at the cement surface.

More specifically, this thesis aims to present a new experimental method that

reveals competitive adsorption between PCE molecules with different molecular

characteristics. Experimental results are interpreted by deriving a thermodynamic

model that allows to describe and predict the competitive adsorption behavior

between PCE molecules in dependence on molecular parameters. A combination of

basic thermodynamics and polymer physics is applied to show how and to what extent
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backbone length, grafting ratio and side chain length impact the competitiveness of

PCE molecules for adsorption at the cement surface. These results underline the role

of molar mass dispersity on adsorption, and point to the fact that chemical structure

dispersity may be equivalently important to consider.

All in all, this thesis aims to combine a thorough characterization of PCEs and

their molecular structure with applications in cement paste to study their adsorption

behavior. Thus, this work provides the means to study competition between PCEs

on a molecular level. This marks a milestone for admixture research on its way

towards reliable structure-performance predictions.

Hence, the main goal of this thesis is to combine fundamental polymer science and

thermodynamics with applied cement research, opting for a better use of analytical

methods in admixture research.

0.3. Structure of the Manuscript

Chapter 0 gives a general introduction to this thesis as well as objective and

structure of the manuscript.

Chapter 1 contains a comprehensive state-of-the-art laying the groundwork

for the research of this thesis. In the first part of the chapter (Section 1.1-1.6),

the research field of PCEs is introduced. After presenting general information on

PCEs, the topic of adsorption onto the cement surface and competitive phenomena

are presented. Moreover, the issue of dispersity and molecular heterogeneity are

highlighted. Information on the chemical variety of PCEs used in cement and concrete

technology is summarized, and different synthesis routes for the preparation of these

structures are presented. Subsequently, the second part of the chapter (Section 1.7-

1.10) elaborates on the characterization of molecular parameters and parameter

distributions by polymer chromatography. Besides size exclusion chromatography,

also the concepts of liquid chromatography at critical conditions and liquid adsorption

chromatography are described. All chromatographic techniques are introduced

regarding their relevance for PCE characterization. Finally, in Section 1.13, the

concept behind this work and its main goal is put in context with previous research.

Chapter 2 is focused on materials and methods regarding PCE synthesis and

characterization of average molecular parameters. Protocols for the polymerization
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of PCEs with different molecular design are described. More specifically, various

synthesis routes including RAFT (short for reversible-addition-fragmentation chain-

transfer polymerization) copolymerization, polymer-analogous esterification and free

radical copolymerization are pursued. The molecular parameters of PCEs were inves-

tigated by various techniques, among them size exclusion chromatography (SEC) and

1H-NMR. All characterization protocols are described in detail. However, Chapter 2

is not purely descriptive as the outcome of various synthesis and characterization

experiments is discussed. The synthesis of PCEs with systemic variations in molecular

parameters provides the basis for further research.

Subsequently, the main outcome of this PhD thesis is presented in Chapter 2-

Chapter 6. Parts of the these chapters were published in peer-reviewed research articles

with Stefanie Anne Weckwerth as a first author. Information on the publications is

given in Section 0.4.

Chapter 3 presents a method to investigate the PCE composition (i.e. grafting

ratio) of PCEs in dependence on their molecular size. More precisely, the addition

of a UV detector to a standard SEC device with refractive index detector allows

to monitor the grafting ratio along the elution axis in a SEC chromatogram. This

enables to compare the molecular heterogeneity of PCEs obtained from different

synthesis techniques. It is shown that the synthesis pathway has a significant impact

on the chemical heterogeneity within a PCE.

In Chapter 4, liquid adsorption chromatography using solvent gradients is

elaborated as a potential tool to reveal chemical heterogeneity in PCEs. Experiments

are carried out in reverse-phase mode. Thereby, the method is shown to separate

PCEs according to their grafting ratio. Limitations of the method and coelution

phenomena are addressed. Finally, the relevance of 2D-chromatography for precisely

mapping molecular heterogeneity and identifying different PCE species is pointed

out. Chapter 4 is concluded by giving an example how the molecular dispersity in

PCEs is likely to affect macroscopic properties (e.g. cement hydration retardation).

Chapter 5 presents a new experimental approach to measure competitive adsorp-

tion between PCE molecules of different molecular structure, i.e. different charge

density. The chapter includes a detailed materials and methods section. Subsequently,

a thermodynamic framework is established to interpret the results. It offers the first

theoretical model capable to discriminating a priori the adsorption competitiveness

of a PCE in relation to its molecular structure.
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In Chapter 6, the role of side chain length on competition between PCE molecules

for adsorption onto cement is revealed. The results are discussed referring to the pre-

viously established thermodynamic model. Thus, Chapter 6 presents complementary

information to the previous chapter.

In Chapter 7, the results achieved in this thesis are summarized and the thesis

is concluded by presenting an outlook regarding future developments in PCE

characterization and the relevance of scientifically based models to predict PCE

performance based on their physico-chemical parameters.

In Appendix A, the solubility behavior of PCEs in dependence on molecular

parameters is investigated using turbidity measurements. The grafting ratio is shown

to have a significant impact on the lower critical solution temperature (LCST).

Finally, a concept is presented that suggests temperature gradients to separate PCEs

within a chromatographic analysis by taking advantage of the LCST behavior.

0.4. List of Publications

Parts of the work presented in this monograph were published as research articles

in scientific journals or conference volumes, with Stefanie Anne Weckwerth as first

author. Connections between research papers and the underlying manuscript are

indicated at the beginning of each chapter.

“A Method for Characterizing the Chemical Heterogeneity of Comb-Copolymers and

its Dependence on Synthesis Routes”, Polymers 2021, 13(12):1921,

doi:10.3390/polym13121921

“Experimental Method and Thermodynamic Model for Competitive Adsorption

between Polycarboxylate Comb-Copolymers”, Cement and Concrete Research, 2022,

Volume 151, 106523,

doi:10.1016/j.cemconres.2021.106523

“Side Chains and the Competitive Adsorption between Poly(carboxylate ethers)”, ACI

Conference Paper, Supplementary Volume, SP-167, Milano, 2022, 13th International

Conference on Superplasticizers and Other Chemical Admixtures in Concrete
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Chapter

1
Parts of the present chapter were published in the Introduction and Background of the

research articles listed below. All elements that were taken from these publications

were entirely written by Ms. Weckwerth and revised by Prof. Flatt.

Weckwerth et al., Cement and Concrete Research, 2022, Volume 151, 106523,

doi:10.1016/j.cemconres.2021.106523

Weckwerth et al., Polymers, 2021, 13(12):1921,

doi:10.3390/polym13121921

1.1. Poly(carboxylate ethers)

1.1.1. Molecular Characteristics

The market of poly(carboxylate ether) superplasticizers (PCEs) has grown substan-

tially since their invention in the middle 1980s. Today, a variety of PCEs is commer-

cially available. In fact, the term PCE does not refer to one single type of polymer,

but a family of comb-shaped copolymers with a range of different chemistries [4, 6].

The backbone of the combs is usually comprised by a poly(carboxylate), whereas the

side chains of the PCEs are commonly given by a derivate of poly(alkylene glycol).

The archetype of PCE is given by a poly(methacrylic acid) (PMAA) backbone

onto which methoxy poly(ethylene glycol) (MPEG) side chains are grafted [10]. An

example for the molecular structure of a corresponding PCE is shown in Figure 1.1.

Due to the high pH in concrete (pH 13), the carboxylate groups of the backbone are

deprotonated and serve as anchor groups to adsorb onto positively charged cement

9
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grains, whereas the side chains are non-adsorbing and reach into solution inducing

steric hindrance [4, 10, 11].

COOH
OO

O

C

P

E

Figure 1.1. Molecular structure of a comb-shaped PCE featuring a PMAA backbone and
PEG side chains with P repeating units. C notes the number of MAA units in the backbone,
and E refers to the number of side chain bearing backbone units. Hence, the degree of
polymerization of a PCE is given by C+E. The repartition of C and E along the backbone
depends on the synthesis procedure and can be random-, gradient- or block-like.

1.1.2. Model of Gay and Raphael

From a molecular structure point of view, common PCEs comprise a poly(carboxylate)

backbone onto which side chains are grafted [4, 6]. Gay and Raphaël [37] suggested

a model to describe the solution conformation and thermodynamics of homopolymer

combs. This was also found to be applicable to comb copolymers such as PCEs [10,

36, 38]. Herein, the polymer backbone is defined as an assemblage of n structural

repeating units, each containing N monomers and one side chain of P monomers

(Figure 1.2a) Hence, the structural unit N can be taken as a measure for the grafting

ratio of the backbone. More precisely, N is equal to the average side-chain to side-

chain distance along the backbone. The number of groups between two side chains is

N-1, which in literature is also often termed C/E ratio, referring to the molar ratio

between carboxylic acid (C) units and esterified (E) units bearing side chains. The

molecular structure of the PCE presented in Figure 1.1 can be noted according to

Gay and Raphaël [37] as shown Figure 1.2b. However, the notation is only valid for

homogeneously grafted PCEs as gradients and irregularities of the grafting density

are not sufficiently considered [38, 39].

Considering a comb-like homopolymer in a good solvent, Gay and Raphaël [37]

derived various possible chain conformations, which are depicted in the phase diagram

shown in Figure 1.2c. Depending on the relative ratio between the molecular

aThe phase diagram presented in Figure 1.2c was reprinted from [10]
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1 2 … N

1
2
…

P n

(a)

N-1

P

n

O
O

O

COOH

(b)

(c)

Figure 1.2. PCE representation according to Gay and Raphaël [37]: (a) Schematic comb
copolymer (b) Molecular structure representation. (c) Phase diagram for comb polymers
in a good solvent according to Gay and Raphaël. The different domains are the following:
decorated chain (DC), flexible backbone worm (FBW), stretched backbone worm (SBW),
stretched backbone star (SBS), flexible backbone star (FBS).a

parameters N, P and n, different conformation regimes are distinguished, namely

decorated chain (DC), flexible backbone worm (FBW), stretched backbone worm

(SBW) and stretched backbone star (SBS).

Following thermodynamics, the core radius RC can be calculated by minimizing

the Flory free energy. Flatt et al. [10] extended the model to comb copolymers

making it applicable to PCEs. A corresponding expression for RC and the radius

of gyration RG is given in Equation 1.1-1.2. The expression was derived for flexible

backbone worms, which can be considered the most relevant conformation among

SPs. In this regime, the polymer chain behaves as an ideal chain of cores with radius

RC [10].
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RC =

((
aN
aP

)
(1− 2χ)

2

)1/5

aP · P 7/10N−1/10 (1.1)

RG =

((
aN
aP

)2 (1− 2χ)

2

)1/5

aP ·P 2/5N1/5n3/5 (1.2)

where aN represents the backbone monomer size (0.25 nm for methacrylates),

and aP the side chain monomer size (0.36 nm for ethylene oxide, EO). χ is the

Flory- Huggins- Parameter accounting for the solubility of the PCE (0.37 for PEO

at 25 °C) [10].

Gelardi [36] and Emaldi [38] recently validated the scaling laws by comparing

the predictions given by Equation 1.2 with measurements of the radius of gyration

obtained from SANS (short for small angle neutron scattering) and light scattering

experiments.

1.1.3. Dispersity of PCEs

PCEs are synthetic polymers. Unlike several biopolymers (e.g. proteins), synthetic

polymers are multicomponent materials. On the molecular level, they reveal

an assembly of macromolecules with different chain lengths. Consequently, the

molar mass of a PCE is not given by a distinct value but can be described by a

distribution [39–42].

The shape and width of the molar mass distribution (MMD) depend on the type

of reactants, polymerization mechanism, kinetics, and reaction conditions. PCE

synthesis commonly involves at least one step of free radical polymerization [4, 6] and

this type of polymerization is known to yield disperse polymers. For homogeneously

grafted PCEs, the dispersity of molar mass is mainly reflected in a distribution of

the backbone length. Many studies aiming to investigate the impact of molecular

structure and architecture of a PCE onto its performance reduce the dispersity to

the dimension of molar mass [4, 28, 38, 43–46].

However, PCEs are synthetic copolymers consisting of two comonomers. Hence,

the molecular complexity is extended by variations of the chemical composition.

More precisely, the number of charges and side chains per backbone varies within
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a certain range. Thus, also the C/E ratio is disperse. In addition to numerical

variations of C/E, also the repartition of charges and side chains along the backbone

varies. Besides a statistical distribution, gradient and block conformations exist

(Figure 1.3) [39, 47]. Moreover, it is worth noting that variations in the molecular

parameters and architecture do not solely affect molar mass, but also the dimensions

of the PCE coils in solution (i.e. radius of gyration RG and hydrodynamic radius

RH) [36, 38].

Looking at Figure 1.3, the multidimensional dispersity becomes clear. Indeed,

the most relevant parameters impacting the total dispersity of a PCE are the number

and repartition of charges and the backbone length. On the contrary, the impact of

variations in side chain length on dispersity can be considered of minor importance

for PCEs composed by only one type of side chain.
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Figure 1.3. Schematic representation of dispersity of PCE molecules. Each chromatographic
fraction may consist of molecules having a distribution of structural parameters.b

Indeed, the length of the side chains is the molecular parameter that can be

controlled most accurately in PCE synthesis. Side chains are usually given by

derivatives of PEG, which are synthesized by anionic polymerization that allows to

obtain polymers of very narrow dispersity. The most common side chain length in

commercially relevant PCEs lies approximately between P= 10 and 150 [6, 42].

bIllustration by Fabian Rüdy, www.andraia.ch
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In PCE physics, the side chain length is mainly connected with the induction of

steric hindrance between the surface of two cement particles [10, 11, 48]. Referring

to the model presented in [10], the radius R of an adsorbed PCE hemisphere is

proportional to P7/10 indicating that side chains are reaching into solution. However,

the side chains are not stretched out completely, but adapt a coiled conformation.

1.1.4. Working Mechanism - DLVO Theory

The importance of PCEs as dispersants for cementitious materials becomes clear

when dealing with the stability of the cement paste. A suspension of cement particles

suffers a poor colloidal stability, resulting in particle agglomeration. This negatively

impacts its workability and rheological behavior.

Particle stability, aggregation and coagulation can be described with the DLVO-

theory. In the 1940s Derjaguin, Landau, Verwey and Overbeek (DLVO) published

a theory that allows to explain and predict the coagulation of an aqueous particle

dispersion in correlation with the ionic strength of the aqueous phase [11, 49].

DLVO states that stability and coagulation is the result of an interplay between

attractive (i.e. Van der Waals forces) and repulsive forces (i.e. electrostatic double

layer repulsion). Van der Waals forces can be considered as short-distance forces

that promote aggregation, whereas electrostatics stabilize the particle dispersion.

The interaction range of the electrostatic double layer highly depends on the ionic

strength of the aqueous phase. An increased ionic strength leads to a decreased

Debye length meaning that the electrostatic interaction radius is shielded [11, 49].

In cement suspensions, the main source of stabilization is given by electrostatic

repulsion between the positively charged surfaces. However, due to the high ionic

strength of the pore solution in cement (100-200 mM) [46, 50, 51], the surface

potential is widely screened by counter ions leading to a dramatic reduction of the

Debye length. Consequently, electrostatic repulsion is only effective at very short

distance from the cement surface. In this range Van der Waals attraction dominates

and induces particle agglomeration [11, 49].

Without an additional stabilizing force, cement particle aggregation cannot

be avoided. This causes an increased yield stress and poor fluidity of concrete.

Here PCEs come into play. Whereas the chemistry and conformation of PCEs
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varies, the underlying working mechanism as dispersing agent is the same. The

carboxylate groups of the backbone adsorb to the cement surface. Upon adsorption,

electrostatic bonds between the carboxylic groups along their backbone and Ca2+

ions on the cement surface are formed. Subsequently, the side chains introduce

steric hindrance between cement particles and enhance the stability of the cement

dispersion. Figure 1.4 shows a schematic representation of the working mechanism.

Figure 1.4. Schematic representation of the adsorption of PCE molecules onto the surface
of cement grains to induce steric hindrance between the particles.

With regard to the DLVO theory, the interparticle potential (Etotal) between

cement grains can be regarded as the sum of Van der Waals attraction (EV dW ),

electrostatic repulsion (Eel) and a steric hindrance component (Esteric) as described

in Equation 1.3:

Etotal = EV dW + Eel + Esteric (1.3)

Accessing steric hindrance forces between particles is delicate. A common tool to

study inter-particle forces is colloidal probe atomic force microscopy (AFM). Flatt et

al. [10] used this technique to measure forces between a flat calcium silicate hydrate

(C-S-H) substrate and a C-S-H-modified cantilever tip. Figure 1.5 shows a schematic

describing their findings. Upon approaching the tip to the substrate, an attractive

(negative) force occurred at short distances. This force can be assigned to van der

Waals interaction that cause particle aggregation. Modification of the C-S-H surfaces

with PCE revealed the existence of a repulsive force. The repulsive force was shown

to scale with the side chain length, confirming that the choice of side chains length

has a significant impact on steric stabilization of cement particles.

Using an expression of the Flory free energy for adsorbed PCEs and applying

the Derjaguin approximation allowed to calculate the interaction force between two
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Figure 1.5. Schematic describing forces-distance curves between cement particles (substrate
and cantilever tip). Negative forces are attractive and positive forces are repulsive. With
increasing side chain length, the onset of repulsion shifts towards longer distances, indicating
that the side chain length has a significant impact on steric stabilization. PCE-short refers to
a PCE with short side chains compared to PCE-long.

cement particles in dependence of molecular parameters of a PCE. N otably, the

magnitude of the steric force does not solely depend on the molecular parameters of

the PCE but also on the surface coverage [52].

1.1.5. Solubility of PCEs

PCEs are predominantly used in cement and concrete technology. Thus, many

studies focus on their characteristics and behavior at alkaline pH levels (and high

ionic strength) intending to imitate the pore solution. For acidic pH levels, PCEs

reveal a particular thermo-responsive behavior that can be characterized by the

so-called lower critical solution temperature (LCST). LCST polymers exhibit a phase

transition from soluble to insoluble upon heating the solution [53]. The LCST of

a PCE depends on its molecular parameters. In particular, the length of the side

chains P and the grafting ratio N have a significant impact on the LCST [54, 55].

Becer et al. [54] found that for P= 10-20 and of C/E= 0-8, the LCST of

methacrylic MPEG-PCEs can be adjusted between 15 °C and 95 °C. They describe

the LCST as the consequence of intramolecular interactions (i.e. hydrogen bonding)

between the protonated carboxylic acid group of the backbone (i.e. MAA) and

the PEG side chains. Thus, the LCST decreases for increasing C/E. For pH values

significantly higher than the pkA of PMAA (4.65-5.35 as reported in [56]), the PCE

is entirely soluble in water up to the boiling point. On the contrary, at pH 2 or
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lower, a highly charged PCE might precipitate below room temperature. While the

characteristic of a LCST might not be relevant to understand the behavior of PCEs in

cement pore solution, it is highly relevant to improve synthesis and characterization

techniques.

In polymer physics, the LCST is defined as the critical temperature below which

the components of a polymer solution are miscible for all compositions meaning that

increasing the temperature above that point results in phase separation [53]. In

polymer analytics, the LCST of polymer solutions can be determined by monitoring

the increase of the hydrodynamic radius in temperature-dependent dynamic light

scattering experiments [57]. Instead of accessing the LCST, it is also common to refer

to the cloud point (CP) to characterize the solubility behavior. It can be determined

from turbidity observations [55] or measurements [54].

1.2. PCE Adsorption

1.2.1. Adsorption Basics

In terms of adsorption onto cement particles, the behavior of PCE molecules can be

rationalized as physisorption of an anionic polyelectrolyte onto an oppositely charged

substrate [48]. Whether adsorption takes place or not depends on the net adsorption

energy experienced by the polymer segments, as well as entropic factors regarding

the surface, the polymer, and the solution. For this, contributions regarding free

energy between polymer – surface, polymer – solvent and surface – solvent must be

considered [5, 57–60].

From a thermodynamic point of view, the adsorption of PCEs onto surfaces is

driven by enthalpy and entropy. Enthalpy favors the adsorption as the formation of

electrostatic bonds between carboxylate and Ca2+ is exothermic [58–60]. Moreover,

the adsorption of a PCE is connected with a net increase of the entropy due to the

release of numerous ions and water molecules from the surface [12, 61].
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1.2.2. Adsorption Isotherms

A key parameter in adsorption is the adsorbed amount per unit area of surface

in dependence of the amount of polymer left in solution. Therefore, adsorption

isotherms are a common tool to study this process. Adsorbed amounts are best

plotted against solution concentration to see if the process involves an equilibrium

between surface and solution.

Figure 1.6 (dashed line) shows a representative adsorption isotherm of a polymer

with low dispersity and high affinity for the surface. For low solution concentrations, a

very high adsorption can be observed. For higher concentrations, the isotherm ends in

a plateau, indicating surface saturation. Typical plateau values are in the order of few

mg per m2. Adsorption of organic compounds is typically determined by measuring

depletion from solution using total organic carbon (TOC) measurements [30, 62, 63].

It is worth noting that plotting adsorption versus dosage can be useful to identify

situations where the process may rather involve precipitation, which would then

be seen as a linear relation extending over a very large range of dosage. Similar

behaviors can manifest themselves in cases where a fraction of the polymer has a

very strong affinity and another not [64].
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Figure 1.6. Representative adsorption isotherms of polymer samples with high and low
dispersity. The isotherms are based theoretical considerations regarding polymer adsorption
as described in [62].
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1.2.3. The Impact of Dispersity

Isotherms of polymers with higher dispersity (e.g. PCEs) do not feature a well-

defined plateau, but rather more rounded adsorption isotherms. (Figure 1.6, dashed

line) Such cases are also found for low molar mass molecules, since they have a low

affinity for the surface. Indeed, an important feature of polymer adsorption is that

increasing molar masses generally increases the affinity for surfaces. In first order,

this is because large polymers displace more solvent molecules from the surface when

they adsorb and therefore have a larger positive adsorption entropy. Consequently,

polymers with a broad molar mass distribution also show a distribution regarding

affinity for adsorption. Coming back to PCEs, the distribution of affinity depends on

the molar mass distribution but also on the distribution of C/E (=N+1 ) and the

molar mass of the side chains (proportional to P) [12, 52, 62, 63].

1.2.4. Impact of Molecular Parameters

The adsorption plateau for a PCE can be experimentally determined from adsorption

isotherms. In the past there have been multiple attempts to correlate the area

that one molecule occupies on the surface with its average molecular parameters

of N, P, and n (see Figure 1.2a). The different approaches are based on different

conformations of the adsorbed molecules.

The simplest attempt to describe the conformation of adsorbed PCEs is assum-

ing that the surface occupancy is indirectly proportional to the backbone length

Equation 1.4. In this case, the backbone is stretched out on the surface while the

uncoiled side chains extend into solution. Hence, the adsorbed area per molecule

Si is not affected by the length of the side chains P, but only by the length of the

backbone.

Si ∝ Ni · ni (1.4)

Besides neglecting the role of P onto adsorption, also the impact of charge

density is not sufficiently represented in Equation 1.4. A more elaborated model

was suggested by Flatt et al. [10] by assuming that the surface conformation of an

adsorbed PCE molecule can be described by a chain of hemispheres (”Hemisphere

Model”). They found the radius of one hemisphere after minimization of the Flory
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free energy. This gives access to calculate the area Si occupied by each PCE molecule

on the cement surface as follows:

Si =
π√
2
aN · aP

(
2
√
2 (1− 2χ)

aN
aP

)0.4

Pi
0.9Ni

0.3ni (1.5)

According to Equation 1.5, PCE molecules of high charge density and long

backbones occupy more space on the surface. Importantly, it must be noted that P

also impacts the space per molecule. Although being considered as non-adsorbent,

the coiled side chains indirectly require space on the surface by hindering adsorption

of potential neighbor molecules. The ”Hemisphere Model” was found to feature a

suitable correlation between surface area and molecular parameters.

Similar scaling relations to the ”Hemisphere Model” can be found by referring to

the so-called ”Mushroom Slice Model”. In this case, the PCE segments are considered

to adsorb not as a hemisphere but a mushroom slice [10]:

Si =

(
3

8

)0.25(aN
aP

)0.25

(1− 2λ)0.25 aN · aP P 0.75
i ·N9/16

i · ni (1.6)

The exact scaling relations between molecular parameters and required surface

area have not been confirmed so far. However, AFM colloidal probe experiments

showed that Equation 1.5 and 1.6 capture main trends [10].

1.3. Competitive Adsorption

The working mechanism of several admixtures such as superplasticizers (SPs),

viscosity modifiers or retarders is based on the adsorption of molecules on the

surface of cement particles [12]. Thus, there may be a competition between different

admixture molecules for adsorption sites at the liquid-solid interface. Moreover,

some activators or accelerators are calcium salts, of which the counter ions, while of

second order importance for hydration, may impact the adsorption of some organic

compounds. Thus, understanding competitive adsorption between different species

including organic admixtures as well as inorganic ions (e.g. sulfate ions) is crucial

for robust concrete mix design [10, 12, 22].

20



1.3. Competitive Adsorption

1.3.1. Competition with Admixtures

Competitive adsorption phenomena in cement have been subject of research in

the last decades, with probably the first concerns about the issue expressed with

respect to hydroxyl ions [65]. Most importantly however was the concern over the

competition between sulfate ions and PCEs. In the milestone work by Yamada et

al. [65], it was shown that sulfate ions limit the amount of available adsorption

sites for PCE molecules. Hence, it is now accepted that the dispersion efficiency of

PCEs is impaired by competition with sulfate ions [32, 64, 66–68], even if the extent

to which this occurs depends on the molecular structure of the PCE among other

factors [69]. Moreover, competitive adsorption between PCE molecules and other

organic admixtures, i.e. viscosity modifiers [23, 70] or retarders [23, 29, 31, 71] was

also demonstrated.

1.3.2. Competition among PCEs

Notably, competition for the cement surface is not restricted to competition between

different types or species of admixtures. Formulated SPs might contain blends of

different PCEs that compete for the surface. For instance, PCEs with different

water-reduction and slump-keeping properties can be blended to meet the user’s

demands [21, 72]. However, it has to be noted that PCEs are synthetic polymers

that are disperse regarding their molar mass and molecular structure. In terms of

adsorption behavior, broadly distributed polymers may be considered as multicom-

ponent mixtures from which all individual components are competing for adsorption

on the surface. Therefore, also competition within a PCE has to be considered [73].

It can be expected that this plays a role and changes the distribution of the adsorbed

fraction with respect to the original composition since several studies have shown

that in equilibrium conditions compounds with high affinity for the surface adsorb

preferentially over low-affine compounds [12, 62].

For concentrations well below surface saturation, all molecules find an available

adsorption site on the surface. Upon the onset of saturation, fractions with high

affinity get adsorbed more extensively, possibly even entirely, whereas low affine

molecules adsorb less effectively and are displaced towards the liquid phase. As a

result, there is an increase of the low-affinity compounds in solution [62, 74]. In this

regime, also excluded volume interactions of the adsorbed molecules start having a
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significant impact on the free energy of the system [10, 63]. When the surface is fully

saturated, the concentration of the high-affine components in solution increases more

substantially (or begins to be present if up to then it was fully adsorbed). Finally,

a dynamic equilibrium between adsorbed and dissolved species is established. One

molecule can desorb to give access to the surface to another molecule of identical

nature while maintaining a state of minimum free energy [62, 74].

1.3.3. Adsorption Equilibrium

The existence of a dynamic equilibrium was proven by Pefferkorn et al. [75] and

was later discussed by de Gennes [63]. The work of de Gennes marks a milestone

in polymer physics at interfaces. With respect to PCEs, transferring his theories

means that there must be a dynamic equilibrium between PCEs at cement surfaces

and in solution. Considering the multidimensional dispersity of PCEs, the nature of

this equilibrium is expected to be influenced by structural parameters of the PCE

molecules.

1.4. Chemical Variety in PCEs

Since their invention in the 1980s, PCEs have undergone a significant development.

In 2014, the global volume of produced PCE dispersions (approximate solid content

of 60%) surpassed 3 million tons [8, 46]. Today, a great variety of chemically

different PCEs is available including MPEG, APEG, VPEG, HPEG, and IPEG

among many others [4, 6]. These dispersants differ not only in chemical components,

but also in their performance as cement plasticizers. Chemical structures of several

above-mentioned PCE types are shown in Figure 1.7.

1.4.1. Backbone Chemistry

The backbones of the PCEs commonly contain units of methacrylic acid, acrylic

acid or maleic acid. Their carboxylate groups can serve as anchors to attach side

chains via ester or amide bonds (MPEG-type). However, these moieties are prone to

hydrolysis in alkaline conditions. Losing side chains relates to a change in adsorption
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Figure 1.7. Chemical structures of several PCE types. C and E notes the number of
repeating units of comonomers in the backbone. P gives the number of EO units in the side
chain. (a) Molecular structure of a MPEG-PCE. The rest R indicates the possibility of
acrylic (R=H) and methacrylic (R=Methyl) chemistry. (b)–(d) typical copolymers of HPEG,
APEG and IPEG with acrylic or maleic acid.

and performance characteristics. Therefore, amide and ester functionalities can be

substituted by more stable bonds such as ether or imide bonds [6, 76, 77].

PCEs including α-methallyl poly(ethylene glycol) (HPEG) are a prominent

example of a PCE where side chains are connected via an ether bond. HPEG-PCEs are

superior to MPEG-PCEs regarding hydrolytic stability. But also, their performance

as SPs was demonstrated to be different from the MPEG-type. Recent results

by Plank et al. [33, 78] show that HPEG-PCEs show a remarkable fluidification of

cements blended with calcined clays (up to 50 % replacement). Other macromonomers

featuring an ether bond are based on vinyl ether (VPEG), isoprenol ether (IPEG)

and allylether (APEG) chemistry [4, 79].

The backbone chemistry of a PCE has a significant impact on the adsorption

behavior. For example, when comparing (meth)acrylic PCEs with maleic acid PCEs

(Figure 1.7a and 1.7c), the higher charge density in the maleic backbone has an impact
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on the adsorption behavior due to the vicinity of adjacent carboxylic groups [80].

With adsorption being driven by the formation of exothermic bonds, an increased

number of anchor groups correlates with more possible contact points with the surface.

However, a high number of adjacent charges might also compromise the flexibility

of the backbone and can induce mutual repulsion upon adsorption [62]. Therefore,

it is important to tailor the charge density along the backbone. This can either be

done by regulating the ratio of carboxylic units to side chains (i.e. decrease of C/E)

or by inserting a third monomer as spacer molecule. In this case, the PCE can be

characterized as a terpolymer [79, 81, 82].

To this day, PCEs with carboxylate groups show the benchmark in SP technology.

Besides carboxylate groups, other ionic groups and functionalities can be incorporated

into PCEs. Commonly, only a part of the carboxylic units gets replaced. For this

purpose, sulfonate, phosphonate or quaternary ammonium can be used [6]. In a recent

study, Stecher et al. [76] suggested phosphate containing PCEs as viable alternative

to traditional methacrylic MPEG-PCEs. The investigated PCE terpolymers showed

a better dispersing ability as well as higher sulfate and clay tolerance compared to

their copolymer counterparts [76, 83].

Moreover, introducing silyl functionalities into a methacrylic backbone can be

beneficial to increase adsorption at high grafting ratios [84]. The main difference

between ionic anchor groups and organo-silyl groups is the fact that the silyl

functionalities can form covalent bonds with the C-S-H surface. The presence

of such bonds was confirmed by 29Si-NMR [85–87] and EXAFS (short for extended

X-ray absorption fine structure) [86]. The occurrence of covalent bonds prevents

desorption of PCEs which has a significant impact on the adsorption process as it

can be regarded as irreversible and non-dynamic. Organo-silane modified PCEs show

less sensitivity for sulfate competition [85, 87] what can be seen as a consequence

of irreversibly anchoring on the cement surface. Figure 1.8 shows the molecular

structure of two silylated comonomers used for PCE synthesis [76, 83].

1.4.2. Sidechain Chemistry

Modern PCE technology almost exclusively uses derivatives of poly(alkylene glycols)

as side chains. Among them, PEG is dominating the market with few exceptions

where poly(propylene oxide) (PPO) is incorporated alongside with PEG. Here, the

number of PEG side chains (EO units) is usually higher than the one PPO (PO units).
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Figure 1.8. Monomers for the synthesis of Organo- silane modified PCEs. (a) 3-
(trimethoxysilyl) propyl methacrylate (MAPTMS), (b) N-maleic- γ- aminopropyl triethoxy
silane (MAPS).

With PPO being more hydrophobic than the PEG counterparts, they compromise

the water solubility of PCEs [6, 8].

Typical PEG side chains feature a molar mass between 500 and 5000 (P≈ 10-115).

Thus, for most PCEs the backbones are longer compared to the side chains meaning

that they can be ascribed to the FBW regime according to Gay and Raphaël [10, 37].

Few PCEs make use of other side chain chemistries than PEG/PEO. One of them

are PAAm-type PCEs which contain PEG side chains together which poly(amido

amine). This type of PCEs can be applied in concretes with extremely low water

content (w/c< 0.2) suggesting that N-bearing side chains might be advantageous

compared to PEG/PPO at low w/c. The exact working mechanism of such PCEs

is still under investigation. However, N-bearing polymers are barely available at a

comparable price to PEG/PPO [8].

1.5. PCE Synthesis

The different comonomers demand different synthesis strategies and conditions.

From a synthesis point of view, the biggest advantage of PCEs compared to older

generations of SPs (i.e. poly(naphthalene sulfonates) (PNS) and poly(melamine

sulfonates) (PMS)) is the fact that they can be produced by radical polymerization

techniques instead of polycondensation reactions [6]. Regarding synthesis route

for PCEs, reaction conditions and choice of monomers, PCE synthesis offers high

flexibility. Thus, the microstructure of the combs can be influenced by changing
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molecular parameters like grafting degree, side chain length or backbone length.

Another parameter that must be controlled is the distribution of side chains along

the backbone. In the following, three techniques are presented that can be applied for

the synthesis of a PCE with PMAA backbone and MPEG side chains (MPEG-type)

as shown in Figure 1.1.

1.5.1. Grafting of Precursor Backbones

The first route implies grafting of mono-hydroxylated PEG onto PMAA in a polymer-

analogous esterification process. The PMAA precursor backbone is formed prior to

grafting by free radical polymerization of MAA. The two-step synthesis procedure is

shown in Figure 1.9
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Figure 1.9. Grafting process (polymer-analogous esterification) for the synthesis of MPEG-
type PCEs. The product can be considered as a homogenous graft with statistical distributed
side chains along the backbone.

As a result of rather low conversion rates, the product contains residual MPEG

which can cause excessive air entrainment when applied in concrete [88]. To obtain

high conversions during the esterification, the grafting step is usually carried out

in melt and under vacuum. While this technique is often used on the lab scale for

research purposes, it is less relevant on industrial scale. However, grafting offers

the advantage that the repartition of charges and side chains along the backbone is

rather homogeneous [4, 6, 43]. This makes grafting suitable for the preparation of

model PCEs for scientific studies as they can be described by the model and scaling

relations found by Gay and Raphaël [37] and Flatt [10].

26



1.5. PCE Synthesis

1.5.2. Free Radical Copolymerization

Alternatively, MAA can be copolymerized with a poly(ethylene glycol) methacrylate

(PEGMA) macromonomer. The copolymerization is commonly carried out under

free radical conditions (FRC) in aqueous media (Figure 1.10) [47]. Whereas grafting

is known to yield homogeneously grafted PCEs, FRC yields more heterogeneous

microstructures [43]. The backbone length can partially be controlled using chain

transfer agents (CTAs) such as mercaptans or hypophosphite [4]. However, the

sequence of monomers along the backbone depends on copolymerization parameters

of the individual monomers. Besides statistical copolymers, also alternating, gradients

or even block conformations can be obtained [38, 43].

Klier et al. [89] determined the copolymerization parameter of PEGMA (M= 500-

1000 g/mol) and MAA in aqueous solution (D2O) at low pH. It was shown that both

comonomers show similar reactivity, enabling the synthesis of PCEs with statistical

(random) distribution of monomers. However, acidic conditions cannot be applied to

very short side chains.

For increased pH values, MAA was found to be less reactive than the PEGMA

macromonomers. The difference in the copolymerization parameters alters the

statistical incorporation of comonomers into the growing chains, and the PCE

composition is not proportional to the feed. Depending on the exact copolymerization

parameters, alternating, strictly alternating, gradient and more “blocky” structures

are obtained [43, 47]. Moreover, Smolne et al. [90] reported on a change of the

reactivity parameters with concentration. All in all, the exact reactivity ratio

between PEGMA and MAA depends on a series of factors. To precisely control the

monomer repartition of the backbone, all these impacts have to be considered.
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Figure 1.10. Free radical copolymerization route for the synthesis of MPEG-type PCEs.
The repartition of monomers depends on the exact reaction conditions.
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As an example, for a PCE with alternating monomers, the copolymerization of

APEG macromonomers with maleic acid anhydride can be mentioned. Neither of

the comonomers undergoes homopolymerization resulting in a strictly alternating

sequence of monomers along the backbone as described in literature [4, 91].

FRC is the most important technique for the PCE synthesis on industrial scale,

as it is applicable to a variety of relevant comonomers and can be carried out in

aqueous media. The polymerization process can be divided into three main stages:

initiation, chain growth (propagation) and termination. During propagation, transfer

processes can cause the termination of the growing chain [92]. For instance, this

happens when a hydrogen atom (e.g. from the solvent) is transferred to the polymer

radical. While the chain growth is terminated, the remaining solvent radical might

initiate the growth of a new polymer chain. Chain transfer occurs randomly and

leads to a decrease of the degree of polymerization and an increase of dispersity.

As mentioned above, the use of CTAs allows to decrease the occurrence of random

transfer and initiation reactions. Notably, conventional CTAs only limit random

transfer up to a certain extent [92].

1.5.3. RAFT-Polymerization

Both strategies, grafting and FRC imply at least one step of free radical polymer-

ization. Consequently, the PCE product exhibits a broad heterogeneity in terms of

molar mass and chemical composition. Better control over a polymerization can be

obtained using “living polymerization techniques”. Indeed, several papers suggesting

RAFT (short for reversible addition- fragmentation chain transfer) for the synthesis

of PCEs by controlled techniques have been published in the last decade. Due to

their “living” character, these procedures are suitable to decrease the dispersity

PCE to Mw/Mn < 1.1. The low dispersity of the MMD indicates higher uniformity

among the PCE molecules. But it must be noted that RAFT does not necessarily

yield a homogeneously grafted product. Analogue to FRC, the reactivity ratio of the

comonomers is the criterion for statistical, alternating, gradient or block monomer

distributions [93–95].

The RAFT process is very similar to conventional free radical copolymerization.

However, it involves the use of a particular chain transfer agent (often called RAFT

agent) that mediates the polymerization via reversible chain-transfer processes.
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Typical RAFT agents are thiocarbonylthio compounds such as dithioesters or

trithiocarbonates (Figure 1.11a) [96, 97].
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Figure 1.11. (a) Chemical structure of a typical trithiocarbonate RAFT agent. (b) α-ω-
modified RAFT-PCE. The attached functional group strongly absorbs UV light [98, 99].

In contrast to FRC, where the CTA limits random chain transfer, RAFT agents

allow to attain full control over the growing chain end. Thus, the RAFT process is

characterized by “living” kinetics. In a typical RAFT synthesis, the polymerization

is initiated by a radical initiator that reacts with a monomer. Subsequently, the

monomer radical connects with the RAFT agent. As soon as all RAFT agents are

activated, an equilibrium between active chains and dormant species is established.

Ideally, transfer only happens within the RAFT equilibrium (Figure 1.12). This

allows to precisely adjust the degree of polymerization (DPn) from the ratio of

monomer to CTA [96, 100, 101].
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Figure 1.12. RAFT equilibrium between active and dormant species of two growing chains.
(1) propagating radical Pi* (active) that adds monomer M to the chain end (2) polymer-
RAFT-adduct (dormant species).
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Because of the polymerization mechanism, each PCE backbone is modified at

both ends (α − ω modification). One end carries the so-called Z-group, which is

attached via a thiocarbonylthio moiety (Figure 1.11b)

This functionality strongly absorbs light in the UV-Vis range. This characteristic

can be used for concentration detection or end group analysis of the synthesized

PCE by UV-Vis spectroscopy. It must be considered that the Z-group is prone to

hydrolysis, in particular at high pH as found in cement pore solution [97, 98].

When first applied to PCEs, RAFT synthesis was carried out in organic

medium [93]. Since then, a wide range of RAFT agents became commercially

available that can be used in aqueous solution [94, 102, 103]. The living character of

the RAFT process can be exploited to realize block structures by first synthesizing

a PMAA block which can serve as a macro-RAFT agent to initiate the subsequent

polymerization of the second block (e.g. PEGMA).

Although offering the advantage of precisely tailoring the molecular structure,

RAFT synthesis is still inferior to FRC on industrial scale due to cost reasons.

However, there have been some patents filed currently with the intention to make use

of gradient and block-PCEs as SPs in high performance concretes with significantly

reduced mixing time [104].

1.6. Characterization of Average Parameters

1.6.1. PCE Composition

Various studies indicate that the microstructure of the combs is a key parameter to

understand the performance of PCEs as dispersing agent. Indeed, several researchers

have aimed to correlate the microstructure of PCEs and their effect on cement

hydration and rheology [28, 105]. However, these studies often refer to average

molecular parameters and neglect the impact of dispersity. While very useful, such

results should always be considered to represent average effects of a distribution. To

provide reliable predictions, it is inevitable to go beyond the determination of average

properties of PCEs and consider their structural heterogeneity on the molecular level.

As pointed out in the previous sections, the molecular composition of PCEs

is highly complex. In a first approximation, averaged information can be useful
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to get an idea about the molecular parameters. With the charge density driving

the adsorption process, it is of special interest. It can be determined by acid-base

titration [106, 107] or polyelectrolyte titration using a cationic polyelectrolyte such

as poly(diallyl dimethyl ammonium) chloride (PDADMAC) [108].

The charge density is correlated with the ratio between carboxylic acid groups

and side chain bearing units (C/E) along the PCE backbone. The simplest way to

calculate C/E is from the conversion of the polymerization reaction. Alternatively,

1H-NMR can be used to access C/E [6]. In addition to 1H-NMR measurements,

complementary 13C-NMR offer a unique tool to investigate the microstructure of

PCEs. Carboxylate groups and esterified units appear at different shifts in the
13C spectrum and can be used to study the repartition of monomers along the

backbone [55, 109–111]. In general, NMR characterization works reliably for many

acrylic and methacrylic based PCEs, however certain PCEs do not feature suitable

proton or carbon signals allowing to access the composition and/or repartition.

Another spectroscopy method applied to gather information about the composi-

tion of a PCE is infrared (IR) spectroscopy. Here, carboxylic acid, carboxylate as

well as ether bonds can be detected. The relative intensity of the signals allows to

draw conclusions regarding the copolymer composition [112–114].

Besides the direct determination of the molecular parameters, also the ability

of a PCE to bind calcium can be of interest to foresee its affinity for the cement

surface. The amount of calcium chelated by a PCE can be determined by depletion

of calcium ions from solution using calcium selective electrodes. This parameter

usually increases with increasing C/E, but also depends significantly on the type of

charges [76].

1.6.2. Conformation in Solution

In polymer analytics, the most important parameters that characterize the solution

conformation are the hydrodynamic radius (RH) and the radius of gyration (RG).

Both radii can be obtained from scattering experiments. The ratio RG/RH, also

often referred to as “shape factor” or “asymmetry factor” gives valuable information

about the conformation of the polymer in solution [115]. Typical values for RG/RH

are listed in Table 1.1. For PCEs, RG/RH was reported to be < 0.77 [36]. The value

is surprisingly low and indicates a very compact structure that might be due to the
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highly branched architecture of the molecules. To this end, it should be mentioned

that, the study [36] that reports RG/RH for PCEs added Ca2+ salts to the PCE

solution which can induce inter- and intramolecular crosslinking.

Table 1.1. Dimensionless shape factor for various geometries and molecular architectures
as reported by Burchard et al. [115]. Θ-solvent refers to the condition when the polymer
molecule behaves like an ideal chain that can be described by random walk coil dimensions.

Architecture Solvent RG/RH

Homogeneous hard sphere 0.778

Gaussian ”soft” sphere
e.g. dendrimers > 10 generations

0.977

Linear random coil
(low dispersity)

Θ 1.504
Good 1.78

Linear random coil
(high dispersity)

Θ 1.73
Good 1.205

Dynamic scattering is a common tool to access the hydrodynamic size of a

specimen. In contrast, static scattering techniques are the method of choice to access

the radius of gyration. A typical size range for RH of a PCE is approximately between

5 and 20 nm. Although being at the lower end of resolution, dynamic light scattering

(DLS) can be applied to target RH . The radius of gyration (typically< 5 nm) is

too small to be sufficiently resolved in a scattering experiment using a visible light

laser. Here, small angle neutron scattering (SANS) must be applied. Gelardi et

al. [36] carried out SANS experiments using homogeneously grafted PCEs whereas

Emaldi et al. [38] applied SLS (close to resolution limit). Their results confirm that

Equation 1.2 provides a suitable scaling relation to calculate RG for copolymers with

flexible backbone worm geometry.

1.6.3. Molar Mass Averages

As indicated in Section 1.1.3, PCEs are multicomponent materials. All their molecular

parameters, in particular the backbone length and the C/E are distributed. Therefore,

the molar mass of PCEs is not given by a single value, but rather by a distribution.

The shape and width of the molar mass distribution (MMD) can be described referring

to statistical averages of the distribution. Most frequently used are the number-

average molar mass (Mn) and the weight-average molar mass (Mw). The width of

the distribution can be indicated by the dispersity index D. Hereby, D is given by the
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ratio of Mw to Mn (Equation 1.7). The apparent MMD of PCEs is usually obtained

from size exclusion chromatography (SEC) in aqueous media [36, 39, 41, 116].

D =
Mw

Mn
(1.7)

1.7. Characterization of Parameter Distributions

1.7.1. The Importance of Liquid Chromatography

In many research papers, the heterogeneity of PCEs is solely characterized as ratio

between Mw and Mn. While this is very useful to get a first impression of the

dispersity in molar mass, it is not accounting sufficiently for the variations in the

chemical composition. Indeed, the total heterogeneity of a PCE has to be described

by superimposing all aspects of dispersity [41].

To access molar mass distribution (MMD) and chemical composition distribution

(CCD) various analytical techniques are needed. Each technique should be selective

and target one specific aspect of heterogeneity. Combining multiple selective analysis

methods gives access to a multi-dimensional map of molecular heterogeneity in a

polymer sample [41].

As described in Section 1.6, spectroscopy and scattering experiments are widely

used for the analysis of PCEs. When carried out in batch mode, these techniques

lack information about distributions and only give an average value over the whole

sample (bulk characteristics). Distribution analysis can only be performed after

separation of the inhomogeneous polymer mixture into its components. To this end,

liquid chromatography (LC) techniques are a widely used tool [117]. Besides, also

field flow fractionation [118, 119] and electrophoretic techniques [120, 121] can be

considered to fraction a disperse sample. In the following sections, the importance of

LC-based techniques for polymer characterization is highlighted.

For comprehensive analysis, LC can be used as a first step to fraction polymer

samples. Subsequently, the different fractions can be subjected to spectroscopic

characterization. Best results are achieved by using a combination of selective

detection methods (e.g. spectroscopic, scattering, viscometry) [116, 117, 122, 123].
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Whereas size exclusion chromatography (SEC) can be used to separate polymers

by hydrodynamic size, interaction chromatography (IC), like gradient polymer elution

chromatography (GPEC) or LC at critical conditions (LCCC) are suitable to separate

polymers by chemical composition or functionality [117, 123].

For complex copolymers that feature dispersity in two dimensions (e.g. molar

mass and chemical composition), a combination of separation methods is needed

to fully map molecular heterogeneity. In the past two decades, numerous methods

of online coupling of two LC techniques (LCxLC) have been published. Besides

LCxLC, there is the possibility to combine LC techniques with mass spectrometry

(LCxLC-MS) [116, 117, 122, 123].

1.7.2. Basics about Liquid Chromatography Modes

A standard LC setup is composed of a solvent reservoir containing the mobile phase,

a solvent pump, a sample injector, and a chromatographic column filled with packing

material (stationary phase). At the end of the column, a detector continuously

records a chromatogram and signals the elution of compounds from the column [107].

Figure 1.13 shows a schematic LC setup.

Figure 1.13. Schematic of a liquid chromatography setup: (A) Solvent reservoir, (B) Pump,
(C) Injector, (D) Column, (E) Detector, (F) Waste.

For an isocratic LC experiment, the solute (i.e. polymer sample) is dissolved

and injected into the chromatography column while the mobile phase is continuously

being pumped. The different solute components migrate through the column at
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different velocities. Generally speaking, the chromatographic separation mechanism

depends on the partition of solute components between stationary phase and mobile

phase. This partition can be described with the distribution coefficient KD, which

is given by the ratio of solute concentration in the stationary phase (cs) and the

corresponding concentration in the mobile phase (cm) (Equation 1.8).

KD =
cs
cm

(1.8)

Moreover, the equilibrium of components between both phases can be described

thermodynamically, referring to the Gibbs’ Energy (∆G) [41]:

∆G = ∆H − T∆S = −RT · lnKD (1.9)

where ∆H is the enthalpic term and T∆S the entropic term. Depending on the

ratio between both terms, three different modes of chromatography are distinguished,

namely size exclusion chromatography (SEC), liquid chromatography at critical

conditions (LCCC) and liquid adsorption chromatography (LAC). In SEC, molecules

are separated by entropic exclusion (∆H = 0), while LAC separates molecules due

to enthalpic interactions between polymer and stationary phase (T∆S = 0). For the

special case of LCCC, entropic and enthalpic contributions compensate each other

(∆G = 0) [41].

Evidently, the time span for which a solute molecule is retained depends on

its hydrodynamic size and its interactions with the stationary phase. Hence, the

retention volume, VR, can be expressed with Equation 1.10 [41, 117]:

VR = Vi +KSEC · Vp +KLAC · Vs (1.10)

where Vi is the interstitial volume, Vp the pore volume and Vs is the stationary

phase volume. KSEC and KLAC represent the chromatographic distribution

coefficients for steric exclusion and for adsorption, respectively.

For all LC modes, the dependence of the retention volume (often also referred to as

elution volume) on the molar mass is depicted in Figure 1.14. Throughout this thesis,

the terms ”retention volume” and ”elution volume” are used as synonyms. In SEC

experiments, retention is decreased with increasing molar mass, while the opposite
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trend is found for LAC. In a typical LCCC experiment, elution is independent of the

molar mass. The different chromatography modes are described in more detail in

the following sections: SEC (Section 1.8), LCCC (Section 1.9), LAC (Section 1.10).

lo
gM

Retention Volume

SEC

LCCC

LAC

Figure 1.14. Dependence of the molar mass (M) on the retention volume for different LC
modes. In SEC, molecules of low M are retained longer, while the opposite trend is found for
LAC. In LCCC elution occurs independent of M.

1.8. Size Exclusion Chromatography

1.8.1. Basics about SEC

Under ideal SEC conditions, there are no enthalpic interactions between the stationary

phase and the solute and the separation mechanism is purely entropic (∆S ≤ 0).

Consequently, for dH = 0, the steric distribution coefficient can be calculated after

rearranging Equation 1.9 as follows [41]:

KD = KSEC = exp

(
∆S

R

)
(1.11)

For SEC, a thermodynamically good solvent for the solute must be chosen as

mobile phase to avoid enthalpic interactions between solute and column material.

For ionic polymers, the addition of salt to the mobile phase is recommended to shield

interactions. The stationary phase is given by porous column packing materials.

Depending on their size, solute molecules can penetrate the pores. Subsequently, the

path they travel through the column is increased and molecules are retained based

on their hydrodynamic dimensions. For ideal SEC, the separation process is purely
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based on entropic exclusion (KLAC = 0). KSEC varies between 0 for large molecules

that cannot enter the pores and 1 for small molecules that are able to access all

pore sizes (”total permeation”). Thus, retention decreases with increasing molecule

size [41, 117, 124].

At the end of the column, several detectors can be connected to record the eluting

fractions. The most common detectors are concentration detectors (e.g. refractive

index or diode arrays) but also molar mass sensitive detectors (e.g. multi angle laser

light scattering or viscosity) [41, 117, 124].

In common SEC setups, concentration sensitive detectors signalize the concentra-

tion of an eluting fraction. Prior to the analysis of a sample with unknown molar

mass, the SEC setup must be calibrated. For this purpose, a series of polymer

standards (of known molar mass and narrow dispersity) is run through the SEC

device. Subsequently, a calibration curve can be calculated connecting each slice of

the chromatogram with the molar mass of the standard. The obtained calibration

curve can be used to determine the relative molar mass of a sample with unknown

characteristics. Notably, this method only gives reliable results when the standards

and the samples feature the same chemistry. PEG/PEO, PAA and PMAA are

standard polymers for the characterization of hydrophilic polymers in aqueous

SEC [41, 117, 124].

However, PCEs are comb copolymers and none of the linear standards mentioned

above allows to access their exact MMD. Nevertheless, SEC with PEG/PEO standards

is a widespread method to estimate the MMD of a PCE. For this purpose, polar

column materials in combination with water as mobile phase have proven to be

appropriate. It is essential to add salt to the mobile phase (e.g. Na2HPO4, NaNO3,

NaCl) to eliminate interactions between the PCE and the column material [125].

Gelardi et al. [36, 39] opted for a better use of SEC in PCE analysis and

encouraged to prefer SEC with multi angle laser light scattering (MALLS) over

conventional standard calibration. Indeed, MALLS provides the absolute molar mass

and potentially also the radius of gyration of an eluting sample. A MALLS detector

measures the scattering intensity of an eluting species at various angles. The excess

intensity R(Θ) of scattered light at an angle Θ is related to the weight average molar

mass Mw according to Equation 1.12 [119, 124]:
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Kopt · c
R(Θ)

=

[
1

Mw
· P (Θ)

]
+ 2A2c (1.12)

with K =
4π2n2

0

(
dn
dc

)2
λ4
0 ·NA

where Kopt is the optical constant, P (Θ) the form factor, A2 the second virial

coefficient and c the sample concentration. Moreover, λ0 is the wavelength of the

laser, NA the Avogadro constant, n0 the refractive index of the mobile phase and

dn/dc the refractive index increment of the sample.

Subsequently, a Zimm plot can be used to determine RG and Mw (Figure 1.15).

To this end, (Kopt · c)/(R(Θ) is plotted against sin2(Θ/2). Mw is then obtained from

the intercept, whereas RG can be calculated from the slope. Notably, samples with a

radius of gyration smaller than 10 nm scatter light isotropically (Rayleigh scattering).

This hinders accessing the radius of gyration, however, Mw can still be obtained by

extrapolation (c→0) [119].

K
·c

/R
(θ

)

sin
2
(θ/2)+k·c

Mw   
-1

c =
 0

θ = 0°

Figure 1.15. Schematic representation of a Zimm Plot. Linear regression of the data points
allows to elucidate information on Mw and RG of a dissolved molecule or particle.

To obtain reliable results, the dn/dc of a sample is required. It can be determined

with the help of the concentration signal, or offline in batch mode. An imprecise

dn/dc decreases the accuracy of the molar mass determination significantly. For

homopolymers, dn/dc values for many polymer-solvent combinations are tabulated

in literature [126]. With PCEs being copolymers, it is more difficult to accurately

account for the dn/dc. In many studies, the dn/dc is taken as the dn/dc of PEG
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(0.135 mL/g in aqueous solution) assuming that the refractive index increment of

the PCE is equal to the value of its side chains [127]. As shown by Emaldi [38]

and Gelardi [39], this is an insufficient approximation. However, also the online

determination method of the dn/dc can be problematic for chemically heterogeneous

samples. In this case, the dn/dc is not given by one exact value for all fractions [128],

but might be different for each eluting copolymer fraction. More precisely, variations

in the dn/dc cause problems when it comes to the determination of MMDs due

to imprecise calculations of eluting polymer concentrations [128]. However, SEC

with MALLS/RI detection was proven to give a good estimate of the MMD for

PCEs [36, 38].

When approaching the MMD from SEC chromatograms, it is assumed that the

hydrodynamic size of a polymer coil is mainly determined by its chain length (i.e.

degree of polymerization). However, the molecular architecture (i.e. branching)

and up to a certain extent also the chemical composition of a polymer chain have

an impact on hydrodynamic dimensions [115]. In this context, the comb-shaped

architecture of PCEs must be considered. It is feasible that two PCE molecules of

different backbone length and different grafting ratio happen to feature the same RH .

As SEC strictly separates by hydrodynamic size, both molecules elute simultaneously.

This phenomenon is often referred to as coelution [129]. Notably, the problem

of coelution cannot be solved by refining the detection mechanism. Hence, SEC

experiments only allow to approach the MMD and do not give exact values.

1.8.2. Dual Concentration Detection

SEC is commonly applied to gather information on the MMD, however, the

combined use of multiple concentration sensitive detectors gives access to elucidate

quantitative information on the composition of chemically heterogeneous samples

such as copolymers [130–133] and polymer blends [130, 131].

For this purpose, the same number of concentration detectors as number of

(co)monomers found in the sample must be applied. For instance, for a copolymer

comprised by two comonomers, two concentration detection methods are needed.

Regarding copolymers containing a chromophore, simultaneous RI and UV detection

is the method of choice [117]. The use of two concentration detectors for investigating

the chemical composition of copolymers in dependence on their size is often referred

to as SEC with dual concentration detection.
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To understand dual concentration detection, Equation 1.13-1.14 are essential.

The intensity of the RI and UV signal (SRI and SUV ) are proportional to the polymer

concentration cP , where the proportionality constant is given by a polymer-specific

response factor k. Hence, the signal from the ith slice of the chromatogram can be

calculated as follows:

SRI
i = kRI · ci,P (1.13)

SUV
i = kUV · ci,P (1.14)

It should be mentioned that kRI is equal to the dn/dc of a polymer when

the detector constant of the RI detector is known, however, this requires precise

calibration of the instrument prior to dual detection analysis.

The response factor of a copolymer is related with its chemical composition and

may be expressed as a function of the corresponding values of the homopolymers.

For instance, the RI response factor of a copolymer “AB” can be calculated from

the response factors of homopolymer A and B (kRI
A and kRI

B ) as follows [126, 130]:

kRI = kRI
A · ωA + kRI

B · ωB (1.15)

with ωA = 1− ωB

where ωA and ωB are given by the weight fraction of comonomer A and B

contained in the copolymer. The response factor kUV of copolymer AB can be

calculated analogously when kUV
A and kUV

B are known. Notably, Equation 1.15 is

only valid, when neighboring group effects which might impact the response factor

can be excluded.

Looking at the SEC chromatogram of a copolymer, the response factors can

only be described by one distinct value, when all eluting fractions have the same

composition (i.e. ωA and ωB are constant over the whole peak). Variations in the

molecular composition cause changes of the response factors along the elution axis.

While this is problematic for MMD determination (see Section 1.8), dual concentration
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detection capitalizes on this phenomenon. Considering that the response factors of

copolymers depend on the chemical nature of the eluting fraction, Equation 1.13 and

Equation 1.14 can be rewritten as follows:

SRI
i = ci,P ·

[
ωi,A · kRI

A + ωi,B · kRI
B

]
(1.16)

SUV
i = ci,P ·

[
ωi,A · kUV

A + ωi,B · kUV
B

]
(1.17)

with ωi,A = 1− ωi,B

where ωi,A and ωi,B refer to the weight fraction of comonomer A and B in the ith

slice of the chromatogram. Knowing the response factors of the homopolymers, a set

of equations with three unknowns (i.e. ci,P , ωi,A and ωi,B can be solved as described

in literature [117, 128, 130, 133] to yield in information on the concentration and

composition of the eluting fractions. Hence, the sample composition along the elution

axis can be monitored. Notably, SEC with dual concentration detection shows a

valuable tool to gather information on the chemical composition of copolymers in

dependence on their molecular size. However, the dual concentration method does

not allow to reveal the CCD [117].

1.9. Liquid Chromatography at Critical Conditions

1.9.1. Basics about LCCC

The term critical referring to polymer solubility has to be put in context with the

Flory-Huggins Theory, where the critical point describes the limited solubility of

polymers in solution [53]. Below the critical point, polymer-solvent interactions are

favorable, and the polymer stays in solution. Exceeding the critical point induces

phase separation, as polymer-polymer interactions are favored.

In the 1970s, Russian scientists [134, 135] elaborated a concept to transfer the

phase separation behavior of polymers in solution to chromatographic conditions.

Here, “critical” does not refer to the miscibility behavior between polymer-solvent
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and polymer-polymer, but it describes the interactions between polymer-solvent

(better polymer-eluent) and polymer-stationary phase.

If polymer and stationary phase do not interact with each other, molecules are

strictly separated by entropic exclusion (SEC mode). However, when enthalpic

interactions between polymer segments and column material are favored, the polymer

molecules start adsorbing to the stationary phase (LAC mode) [123, 136].

LCCC refers to chromatographic conditions when entropic and enthalpic

contributions are balanced (∆G = 0, KD = 1). Under critical conditions all

molecules with the same monomeric composition are chromatographically “invisible”

meaning that they are not separated and elute simultaneously. This can be seen

from Figure 1.14 (green vertical line) where polymer molecules elute independent

of their molar mass. Therefore, the retention behavior solely depends on chemical

differences. LCCC is widely applied to separate telechelic polymers according to

their end groups [137] or block copolymers according to block length [132].

In praxis, the critical chromatography conditions of a polymer depend on a series

of factors such as mobile phase, column properties, temperature, or pressure. A

change of one of these parameters can dramatically impact the retention of the

polymer. Thus, critical conditions found in literature can only serve as a guideline

and exact conditions have to be precisely established prior to each experiment by

adjusting the above-mentioned parameters [138].

1.9.2. LCCC of PCEs

Regarding PCE synthesis, LCCC can be useful to characterize the purity of the

applied educts, i.e. PEGMA macromonomer or MPEG [137]. LCCC experiments

of PEG derivates are commonly carried out on hydrophobic columns using

solvent combinations of methanol/water [116, 137], acetonitrile/water [39, 137] or

acetone/water [137] as mobile phase.

For instance, LCCC experiments of MPEG allow the identification of residues

of α− ω-dihydroxy-PEG. This bifunctional PEG can cause undesired crosslinking

of PCEs during a grafting reaction. Moreover, PEGMA macromonomers often

contain residual MPEG, which cannot be incorporated into the PCE during a

copolymerization and will remain as an impurity. Upon application in cement,

ungrafted MPEG side chains can cause excess air entrainment [88].
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Besides analyzing educts, LCCC experiments can also be directly applied to

PCEs. For instance, Adler et al. successfully used semi-preparative LCCC in

combination with IR-detection [112, 116] and MALDI-ToF [116] as well as online

2D-chromatography (i.e. LCCC×SEC) [116] to investigate PCEs prepared by free

radical copolymerization. In the first dimension, they established critical conditions

of PEG/PEO using a mixture of water and methanol. In this way, PCE molecules

were separated from byproducts of the synthesis. However, these conditions did not

allow to detect heterogeneity in grafting.

1.10. Liquid Adsorption Chromatography

1.10.1. Basics about LAC

Liquid adsorption chromatography (LAC) is also often referred to as interaction

chromatography (IC). LAC and IC are commonly used as “umbrella terms” covering

a large variety of chromatographic methods based on enthalpically-driven separation

processes [129]. In a typical LAC experiment, we find KLAC >> 1. This occurs when

the eluent strength of the mobile phase is decreased. Consequently, solute molecules

start interacting with the stationary phase and can adsorb to it (∆H < 0). Typical

interactions are dispersion forces, but also hydrogen bonding or Coulomb interactions.

Moreover, adsorptive interactions contribute to the total retention time [117].

In an ideal LAC experiment, the separation mechanism is purely enthalpic. For

T∆S = 0, the enthalpic distribution coefficient, KLAC can be calculated using

Equation 1.9.

KD = KLAC = exp

(
−∆H

RT

)
(1.18)

However, in practice, this condition is often not fulfilled, meaning that besides

enthalpic interactions, also size exclusion effects have to be considered [41].

In LAC, a rapid increase in retention can be observed with increasing molar mass

of a polymer (Figure 1.14, blue curve). This phenomenon is described by Martin’s

Rule (Equation 1.19), an empirical equation that correlates the retention factor kLAC

with the degree of polymerization DPn [136, 139].
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log(kLAC) ∝ DPn (1.19)

where kLAC =
tsolute − t0

t0

where tsolute is the retention time of the solute and t0 is the elution time of the

injection solvent [129]. The retention factor kLAC and distribution coefficient KLAC

are related as described in Equation 1.20 [129]:

kLAC =
KLAC · Vs

V0
(1.20)

where Vs refers to the volume of the stationary phase and V0 gives the volume of the

mobile phase.

High molar mass polymers strongly interact with the column material as their high

degree of polymerization favors the formation of multiple bonds with the stationary

phase. For high molar mass polymers, irreversible adsorption is often observed. As a

consequence of such strong enthalpic interactions, LAC experiments require the use

of gradients. This contrasts with SEC and LCCC experiments, which are isocratic

techniques. In the following section, gradient polymer elution chromatography

(GPEC) is described more detailed. More precisely, solvent gradient interaction

chromatography (SGIC and temperature gradient interaction chromatography are

highlighted (TGIC).

1.11. Gradient Polymer Elution Chromatography

1.11.1. Solvent Gradient Interaction Chromatography

In a typical SGIC experiment, a polymer is injected into a column while using a weak

eluent as a mobile phase. Depending on the solvent quality of the eluent, and the

stationary phase, the polymer molecules either precipitate or adsorb to the stationary

phase. Subsequently, the eluent strength is gradually increased by adding a strong

solvent. The volume fraction of strong solvent is given by ϕ. Upon increasing ϕ, the

polymer desorbs, dissolves, and starts eluting. Here, separation occurs according

to the affinity of the polymer molecules for adsorption to the stationary phase.
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Notably, the affinity for adsorption depends on chemical composition and molar

mass [117, 129].

For a certain eluent composition, critical conditions are reached. Generally, two

cases must be distinguished. In the first scenario, the polymer is completely dissolved,

when critical conditions are reached. This means that ϕcrit > ϕsol. Here ϕcrit refers

to the volume fraction of strong solvent at critical conditions and ϕsol is the volume

fraction of strong solvent that is needed to dissolve the polymer completely [117].

In a typical experiment, low molar mass fractions of the sample desorb/dissolve

first and elute. Subsequently, ϕsol is reached and all polymer fractions desorb and

dissolve. Upon reaching ϕcrit, the remaining high molar mass fractions of the sample

elute in LCCC mode, independent of their molar mass, only dependent on chemical

composition and functionality of the polymer fractions [117].

The second scenario is given for ϕcrit < ϕsol. In this case, critical conditions

are reached before all polymer fractions desorb and dissolve. Thus, elution of the

fractions depends on molar mass and chemical composition [117].

Because of the changing eluent composition, there is a limited number of detection

methods available for GPEC. Most often UV detectors or evaporative light scattering

detectors (ELSD) are applied [117, 129].

GPEC allows to analyze the CCD of copolymers [129, 140]. Moreover, copolymers

can be separated by architecture as demonstrated by Glöckner et al. [141] who applied

GPEC to differentiate copolymers of styrene and t-butyl methacrylate according to

their statistical and block constitution.

Silica is a widely used stationary phase in LAC/IC applications. However, for

hydrophilic polymers the use of bare silica columns is problematic as the molecules

tend to irreversibly adsorb to the column material [142]. Here, columns packed

with C18-functionalized silica are commonly used in combination with mixtures of

water and organic solvents as mobile phase. This type of chromatography using

hydrophobic columns and polar eluents is often referred to as reversed-phase high

performance liquid chromatography (RP-HPLC) [41].

In 2018, Perrier et al. [142] suggested a gradient RP-HPLC method to analyze

hydrophilic copolymers (containing ionic groups) according to their composition.

They showed that GPEC using water/acetonitrile and water/methanol gradients can
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separate various water-soluble copolymers by composition but also by architecture

(i.e. statistical and multiblock).

1.11.2. Temperature Gradient Interaction Chromatography

Besides changing the eluent quality, the retention behavior of polymers can be

triggered by changing the temperature. This type of chromatography experiments

is referred to as temperature gradient interaction chromatography (TGIC). In

praxis, TGIC can be applied for molar mass separation with high resolution [143].

Moreover, copolymers and blends can be investigated regarding chemical composition

distribution [144, 145].

In contrast to SGIC, TGIC experiments are commonly carried out isocratically

at a fixed eluent composition [117]. However, eluent and temperature gradients can

be combined to separate copolymers or blends with high efficiency [146].

The useful range of temperatures is bracketed by the physical properties of

the mobile phase (i.e. freezing and boiling point) [129]. Compared to eluent

gradients, where the quality of the mobile phase can be adjusted within a wide

range, changing the temperature only allows moderate variations of the solvent

quality. This complicates the method development and analysis of broadly disperse

or multicomponent samples. Consequently, the mobile phase has to be chosen

carefully in TGIC experiments [129].

For the analysis of a polymer with an upper critical solution temperature (UCST),

the sample is injected into the column at a temperature below critical condition

(T < TLCCC). Consequently, the molecules adsorb to the column material. An

increase in temperature improves the solubility of the UCST polymer in the mobile

phase, and desorption and the onset of elution is induced. On the contrary, LCST

polymers (Chapter 1.1.5) may require reversed temperature gradients as solubility

increases upon cooling [129].

1.12. 2D-Chromatogaphy

Complex polymers are disperse in more than one dimension, meaning that besides a

distribution of molar mass (MMD) also a distribution of the chemical composition
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(CCD) and possibly also in architecture and end groups has to be considered. Indeed,

the total heterogeneity of a complex polymer has to be described by superimposing

all aspects of dispersity [41]. To this end, the combined use of multiple LC techniques

is essential [147, 148].

The combination of two chromatographic techniques to characterize polymer

samples is referred to as two-dimensional (2D)-chromatography. Theoretically, all

kinds of separation methods can be coupled with each other. To map molecular

heterogeneity as precise as possible, it is recommended to choose two orthogonal

techniques. Orthogonality refers to the independence of both dimensions. If both

separation dimensions work completely independent, each dimension discloses one

specific molecular characteristic [149]. In practice, many conceivable combinations

of LC techniques potentially suffer from incompatibility issues. For instance, the

mobile phase of the first dimension might impact the separation in the second

dimension [150].

A widely applied procedure is the combination of LCCC in the first dimension

and SEC in the second dimension. Alternatively, SGIC can be coupled with SEC. In

this way, information on CCD and MMD of the sample can be revealed. Notably, up

to a certain degree, all mentioned techniques, LCCC, SGIC and SEC depend on the

molar mass indicating that they are not perfectly orthogonal. The coupling of these

methods can be carried out offline or online [149–151].

In a typical offline experiment, multiple fractions eluting from the first dimension

are collected (by hand or with the help of a fraction collector) and then manually

transferred and injected into the second dimension. Offline experiments are work

intense and in many cases only few fractions from the first dimension are selected

and injected into the second dimension. This selective approach is often referred to

as ”heart cutting” technique and is denoted as LC-LC [149].

The fractionation and transfer process can be automatized using a multiport

valve system. In a comprehensive online experiment, all fractions from the first

dimension are continuously transferred to the second dimension [41] which is often

referred to as LCxLC. Online coupling provides a maximum insight into heterogeneity

within a sample as no fraction is discarded [149].

When the LC methods of each dimension are operated individually, each LC

separation gives a chromatogram. In contrast, the result of an online 2D-analysis

can be visualized using a contour plot. The x and y-axis give the elution volumes of
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the first and second dimension, while the intensity of the (second) detector is coded

using a color scale.

For the purpose of illustration, the analysis of PEGMA using LCCC (at critical

conditions of MPEG) and SEC is presented in Figure 1.16, where Figure 1.16a and

Figure 1.16b show the chromatograms obtained when both dimensions are applied

individually. Additionally, Figure 1.16c shows a contour plot obtained via online

LCCC×SEC. Notably, the presented data was calculated for illustration purpose and

not experimentally measured.
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Figure 1.16. Hypothetical 2D-analysis of PEGMA. The data presented in this Figure
was not measured but calculated assuming Gaussian distributions in both dimensions.
(a)-(b) Chromatograms obtained from independent LCCC and SEC analysis of PEGMA.
(c) Contour plot obtained via LCCCXSEC of PEGMA.

In the hypothetical LCCC data of PEGMA, three different peaks can be identified

(Figure 1.16a). The SEC analysis of the same sample shows only one well-defined

peak (Figure 1.16b). Consequently, the sample contains three species which are

chemically different, but which adopt a similar hydrodynamic size (similar molar

mass).

48



1.13. Implications of the State of the Art

PEGMA is a macromonomer that is often applied in PCE synthesis and

which is obtained via esterification of methacrylic acid (MAA) with poly(ethylene

glycol) (PEG). Normally, Methoxy poly(ethylene glycol) (MPEG) is applied for the

esterification, however, MPEG (mono-functional) potentially contains traces of α−ω-

dihydroxy-PEG (bi-functional).

LCCC reveals three species, consequently, it can be assumed that the

macromonomer contains impurities of both PEG derivates due to an incomplete

esterification process. The order of elution of the different species is directly related

with the polarity of their end groups. α− ω- dihydroxy-PEG is very polar due to

two hydroxy moieties, while PEGMA is rather hydrophobic due to the double bond

attached to its end. On a typical reverse phase column (e.g. C18 column), the

retention time increases with decreasing polarity of the solute.

All in all, this example emphasizes that the combined use of two LC techniques

(LCxLC) is a powerful tool enabling to access information on dispersity in chemical

functionality and molar mass within a polymer sample.

Regarding PCEs, the work of Adler et al. [116] is prime example for 2D-

chromatography. Similar to the hypothetical example shown in the previous section,

they combined LCCC under critical conditions of MPEG with SEC measurements.

This allowed them to separate and identify PCEs from impurities (e.g. residual

macromonomer and MPEG) and byproducts (e.g. homopolymerized macromonomer)

of the PCE synthesis.

1.13. Implications of the State of the Art

This state-of-the-art chapter has emphasized that PCEs are interesting research

subjects from two perspectives. First of all, their comb copolymer architecture

and polyelectrolyte characteristics make them highly relevant for polymer science

and analytics. Secondly, their ability to plasticize cement pastes makes them an

indispensable part of modern concrete technology with large scale applications.

In common admixture research, several PCEs are compared in regard to their

plasticizing abilities. As pointed out in the previous sections, PCE synthesis can

produce countless structures with different chemistry and composition. Consequently,

it becomes increasingly difficult to select and compare PCEs on a meaningful basis.
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Moreover and most generally, the macroscopic performance of PCEs is the sum

of processes on the (sub)molecular level. Hence, a better understanding of the

molecular level is essential to comprehend and predict the performance of PCEs as

superplasticizers.

As previously described, the dispersing mechanism of PCEs heavily relies on

their adsorption onto the cement surface. Here, literature falls short of studies that

characterize the adsorption behavior of PCEs considering their molecular parameters

and their molecular heterogeneity. There are several reasons for this research gap.

For instance, common characterization methods to study adsorption, such as total

organic carbon measurements, do not directly reveal molecular level effects. Moreover,

correlations between molecular architecture and adsorption can only be drawn, when

the exact molecular composition of the PCE is known. Therefore, it is important to

characterize PCEs beyond average characteristics. However, accessing the dispersity

within PCEs calls for more elaborated analytical methods than normally used.

As pointed out in the second part of the state-of-the-art, there have been several

studies on PCE characterization by spectroscopy and chromatography. However,

these were solely focused on the PCE characterization itself and this is where the

main problem of PCE research lies. In many cases, researchers are either focused on

admixture research and neglect the polymer analytics or vice versa.

A main objective of this thesis is to contribute to overcoming this division.

Thereby, its approach relies both on deriving meaningful models that relate the

PCE molecular structure with their macroscopic performance, as well as developing

advanced characterization of methods to provide more substantial information on

PCE dispersity.
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Chapter

2
Parts of the present chapter were published in the Results and Appendices of the

research articles listed below. All elements that were taken from these publications

were entirely written by S. A. Weckwerth and revised by Prof. Flatt.

Weckwerth et al., Cement and Concrete Research, 2022, Volume 151, 106523,

doi:10.1016/j.cemconres.2021.106523

Weckwerth et al., Polymers, 2021, 13(12):1921,

doi:10.3390/polym13121921

2.1. Context

The synthesis of poly(carboxylate ethers) (PCEs) with systematic variations in

molecular structure is essential for admixture research. In this regard, it is important

to underline that publications on the subject have moved towards providing full

molecular structures, something which was not initially the case. In this sense, the

work by the group of Prof. Johann Plank has clearly contributed to a “more open

book” position in the field.

Concerning working mechanisms, on the one hand, PCEs with distinct molecular

properties are needed to study their adsorption behavior at the cement surface and

to investigate structure-performance relations of superplasticizers. But importantly,

PCEs with well-defined characteristics are also needed for the development of

characterization methods to study the dispersity within PCEs.
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The present chapter provides comprehensive information on synthesis and

characterization of PCEs that were used throughout this thesis. PCEs with systematic

variations in molecular structure (i.e. grafting ratio, backbone length and side chain

length) were synthesized pursuing different synthesis pathways. Synthesis and

characterization protocols are described at length. Notably, this chapter is not purely

descriptive, as the outcome of various synthesis and characterization experiments is

discussed.

All in all, the present chapter provides the means to synthesize a library of

PCEs with systemic variations of their molecular characteristics. Hence, it lies the

groundwork for the development of liquid chromatography based analysis of molecular

dispersity (Chapter 3 and Chapter 4) and the studies on PCE adsorption at the

cement surface (Chapter 5 and Chapter 6).

2.2. Nomenclature of PCEs

Throughout this work, MPEG-type PCEs (see Chapter 1.4) with a poly(methacrylic

acid) (PMAA) backbone were used. These PCEs were produced pursuing different

strategies. The synthesis method is indicated by a prefix. PCEs from RAFT

polymerization are termed R-PCE. PCEs obtained via free radical copolymerization

are termed FRC-PCE and such from polymer-analogous esterification (= grafting of

a precursor PMAA) are labelled G-PCE.

C/E and side chain length P are indicated as suffix. Here, C/E refers to the

numeric ratio between carboxylate groups (C) and side chain bearing ester groups

(E) along the PCE backbone. P gives the number of ethylene oxide (EO) repeating

units of the side chain. A representative molecular structure of a PCE is shown in

Figure 1.1.

Example: G-PCE-4.0-22 refers to a PCE synthesized by grafting of a precursor

backbone with MPEG side chains consisting of 22 units (Mw ≈ 1000 g/mol). The

C/E of this PCE is 4.0 as determined from 1H-NMR of the purified polymer.
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2.3. RAFT Polymerization

2.3.1. Chemicals

The following chemicals were purchased from Sigma Aldrich (now Merck) and were

used as received: 2-Methacrylic acid (MAA, 99 % with 250 ppm MEHQ as inhibitor),

poly(ethylene glycol) methyl ether methacrylate (Table 2.1), 4-((((2-Carboxyethyl)

thio) carbonothioyl) thio)-4-cyanopentanoic acid (CTA, RAFT agent), 4,4-Azobis (4-

cyanopentanoic acid) (ACPA, radical initiator) and 1,3,5-Trioxane (≥ 99 %, internal

reference for 1H-NMR analyses). Furthermore, D2O (99.9 atom % D) was used as

solvent for 1H-NMR spectroscopy). All organic solvents were of analytical grade.

Water was purified by a Millipore Milli-Q filtration system from Merck (TOC ≤ 2 ,

ρ= 18.2 MΩ · cm).

Table 2.1. Applied PEGMA Monomers. All chemicals were purchased from Sigma Aldrich
(now Merck) and used without further purification. Mn is given in g/mol. P refers to the
number of EO repeating units in the PEGMA macromonomer.

Mn P Inhibitor (ppm)

PEGMA-4 300 4 BHT (300)+MEHQ (100)
PEGMA-9 500 9 BHT (200)+MEHQ (100)
PEGMA-19 950 19 BHT (300)+MEHQ (100)
PEGMA-43 2000 43 -

2.3.2. Synthesis Protocol

PCEs of different C/E and different side chain lengths P were synthesized by RAFT

copolymerization of MAA and the macromonomers shown in Table 2.1. The aimed

backbone length of all PCEs can be adjusted by the ratio between monomer and

RAFT agent. It was approximately 60:1 in all polymerizations. The ratio between

RAFT agent and initiator was kept as low as possible (10:1) to guarantee initiation

of the polymerization but avoid uncontrolled propagation.

Table 2.2 gives information about the educts involved in further synthesis. Water

was preferably chosen as solvent for the polymerization. Notably, organic solvents

were added for the synthesis of PCEs with high C/E or shorter side chains to

guarantee solubility of the PCE and to adjust the reaction rate of MAA and PEGMA

macromonomer.
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MAA and PEGMA were dissolved in the chosen solvent (ultrapure water or

mixture with dioxane). The solution was filled into a round bottom flask that was

sealed with a septum. Subsequently, CTA and 1,3,5-trioxane (0.1 mol/L) were added.

The CTA can optionally be dissolved in 1-2 mL of dioxane prior to addition to improve

its solubility in the reaction mixture. Subsequently, the solution was degassed by

bubbling with nitrogen. After 60 minutes, the nitrogen stream was turned off and

the radical initiator was added. The polymerization was initiated by increasing the

temperature to 80 °C using an oil bath. During the polymerization, the temperature

was kept constant at 80 °C and the reaction mixture was continuously stirred with a

magnetic stirring bar. Small samples were withdrawn to monitor conversion over

time. For this, the aliquot was injected into cooled D2O to stop the polymerization.

The monomer conversion was calculated from 1H-NMR spectroscopy by relative

integration of the protons of trioxane and the vinylic monomers, as described in

Section 2.6.3.

Table 2.2. Experimental conditions and conversions of several RAFT copolymerizations.
The molar ratio [Monomer]:[CTA] was kept at 60:1 and [CTA]:[ACPA] was 10:1. Water
was used as solvent. For PCEs with higher charge and/or lower side chains lengths, dioxane
was added to improve the solubility and adjust reaction rates. The volumetric ratio between
water and dioxane was 1:1. The monomer conversion was calculated from 1H-NMR. The
nomenclature of all PCEs follows the following pattern: R-PCE-C/E-P.

R-PCE [MAA]
[PEGMA] [Monomer] Solvent Time Conv. (%)

(mol/L) (min) xMAA xPEGMA

R-PCE-0.7-19 0.5 0.21 water 240 100 100
R-PCE-1.2-19 1.1 0.20 water 270 97 95
R-PCE-2.0-19 2.0 0.20 water 455 95 95
R-PCE-2.8-19 3.0 0.20 water 480 93 90
R-PCE-4.0-19 4.0 0.20 water/diox 600 90 89
R-PCE-9.0-19 8.0 0.49 water/diox 630 95 90
R-PCE-1.7-4 2.1 0.19 water 600 87 81
R-PCE-1.7-9 2.0 0.20 water 480 100 91
R-PCE-1.7-9 2.0 0.20 water/diox 540 89 84
R-PCE-2.0-43 2.0 0.50 water 1710 92 91

Upon stagnation of the conversion, the reaction was stopped by cooling with an

ice bath. The product was purified by dialysis and dried via lyophilization when

needed. Lyophilization is essential when the R-PCEs are stored for longer times

to prevent end group hydrolysis. However, it has to be noted that lyophilization

might cause partial decarboxylation of the carboxylic acid group in the backbone

(see Chapter 3.7). The C/E ratio of the dried product was calculated from 1H-NMR
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(Section 2.6.3 ) and the molar mass distribution was obtained from aqueous SEC

(Section 2.6.2).

2.3.3. Calculation of Molecular Parameters

The controlled nature of the RAFT process allows to calculate the theoretical molar

mass Mtheo and the ratio (C/E)theo of the product according to Equation 2.1 and

2.2, where MMAA is the molar mass of the methacrylic acid monomer and MPEGMA

the molar mass of the macromonomer. MCTA is the molar mass of the RAFT agent.

[MAA]0 and [PEGMA]0 are the initial monomer concentrations of the comonomers

prior to initiation of the reaction and [CTA]0 is the corresponding concentration of

the RAFT agent. xMAA and xPEGMA are the conversions of the monomers calculated

from 1H-NMR relative to the trioxane peak (Table 2.2).

Mn,theo = MCTA +
(MMAA · [MAA]0) ·xMAA

[CTA]0

+
(MPEGMA · [PEGMA]0) ·xPEGMA

[CTA]0

(2.1)

(C/E)theo =
[MAA]0 · xMAA

[PEGMA]0 · xPEGMAA
(2.2)

Mn,theo can be regarded as a number-averaged molar mass. When comparing the

calculated value to the measured value from SEC, a good agreement can be found

for all samples (Table 2.3). Analog to the molar mass, also the C/E ratio of the

PCE can be calculated ((C/E)theo). (C/E)theo values are in good agreement with

the (C/E)NMR for the purified PCE (Section 2.6.3). C/E can be varied by changing

the molar ratio between MAA and PEGMA. Assuming both monomers show similar

reactivity rates, a homogeneously grafted PCE of narrow dispersity is obtained.

This emphasizes the advantage of a living polymerization technique such as

RAFT over conventional free radical copolymerization. The molecular parameters of

the PCE (i.e. C/E and backbone length) can be predicted and adjusted from the

stoichiometry of the reactants. For instance, the degree of polymerization can be

tailored by changing the ratio between monomers and CTA. This allows to adjust

the backbone length. As can be seen in Table 2.3, most reactions showed a total
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monomer conversion of 90 % or higher. As an alternative to changing [Monomer]0
[CTA]0

,

the reaction can be stopped as soon as the desired conversion is reached.

Table 2.3. Information on number-average molar mass and C/E ratio of several R-PCEs.
The individual monomer conversion was used to calculate the theoretical molar mass Mn,theo

according to Equation 2.1 and (C/Etheo) according to Equation 2.2. The theoretical values
are compared with Mn obtained from SEC and the grafting density obtained from 1H-NMR.
Molar masses are given in kg/mol.

R-PCE Mn,theo Mn,SEC D (C/E)theo (C/E)NMR

R-PCE-0.7-19 38.0 47.5 1.05 0.5 0.7
R-PCE-1.2-19 29.2 31.5 1.01 1.1 1.2
R-PCE-2.0-19 21.5 23.3 1.04 2.0 2.0
R-PCE-2.8-19 17.1 18.6 1.05 3.0 2.8
R-PCE-4.0-19 14.2 15.2 1.01 3.9 4.0
R-PCE-9.0-19 10.5 11.5 1.01 7.6 9.0

R-PCE-1.7-4 8.2 11.0 1.03 1.9 1.7
R-PCE-1.7-9 13.3 14.7 1.01 1.9 1.7
R-PCE-1.7-9 12.0 9.0 1.01 1.9 1.7
R-PCE-2.0-43 35.8 44.0 2.12 2.3 2.0

2.3.4. Molar Mass Distribution

For polymerizations where the chain growth is well controlled by the RAFT agent

and where side reactions such as termination or homopolymerization do not occur,

Equation 2.1 gives a good estimate for the Mn of the PCE. Living polymerization

techniques usually allow the synthesis of macromolecules of low dispersity (D < 1.05).

The dispersity in molar mass of a PCE cannot be estimated from calculations. This

calls for SEC measurements.

The dispersity index of all R-PCEs-C/E-19 (P= 19) is below 1.1 indicating a low

heterogeneity of the polymers regarding molar mass (i.e. hydrodynamic size). The

corresponding chromatograms of the samples are shown in Figure 2.1a. All PCEs

elute in well-defined, narrow peaks. Although showing significantly different grafting

densities, all R-PCE-C/E-19 have similar elution volumes (24-28 mL) and the elution

peaks are overlapping significantly. This is due to similar hydrodynamic sizes of the

comb shaped polymers. With increasing grafting density, the elution peak is shifted

slightly to lower volumes.
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Figure 2.1. a) Chromatograms of R-PCEs-C/E-19 synthesized by RAFT copolymerization
of PEGMA-19 and MAA. Information on the synthesis and molar mass of the PCEs can
be found in Table 2.2 and Table 2.3. All samples elute at similar elution volumes in well-
defined elution peaks, indicating a low dispersity. As all R-PCEs feature a similar backbone
length, the minimal variations in the peak maximum are caused by the grafting ratio. With
decreasing C/E, the peak is slightly shifted to lower volumes. (b) Molar mass distribution of
the chromatograms shown in (a) With increasing grafting ratio, the molar mass increases
due to a higher number of side chains in the PCE comb.

Notably, a PCE of high grafting density (low C/E) and short backbone can adapt

the same hydrodynamic volume as a PCE with low grafting density (high C/E) and

long backbone. This leads to coelution of PCEs with different molecular composition.

For homogeneously grafted PCEs obtained from controlled synthesis, coelution

phenomena are less relevant. However, PCEs synthesized by free radical techniques

are composed by a variety of molecules with different C/E and backbone length.

Therefore, coelution has to be considered to impact the molar mass distribution

(MMD).

The MMDs shown in Figure 2.1b are absolute molar masses obtained from SEC

with MALLS/RI detection. With increasing grafting density, the MMD is shifted to

higher masses due to the presence of more side chains in the polymer comb.

2.3.5. Monitoring the Reaction Progress

To verify if both comonomers are consumed at similar rates, the conversion of MAA

and PEGMA was monitored. Figure 2.2 shows the conversion of the comonomers

in dependence on the reaction time for several R-PCEs with a constant side chain

length of P= 19. The C/E ratio varies between 0.7 and 9.0. For 1.2 ≤ C/E ≤ 4.0,
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both monomers are consumed at similar rates indicating a statistic distribution of

MAA and ester groups along the formed PCE backbone (Figure 2.2b-2.2e)

100

80

60

40

20

0

C
on

ve
rs

io
n 

[%
]

6004803602401200

Reaction Time [min]

R-PCE-0.7-19
 MAA
 PEGMA-19

(a)

100

80

60

40

20

0

C
on

ve
rs

io
n 

[%
]

6004803602401200

Reaction Time [min]

R-PCE-1.2-19
 MAA
 PEGMA-19

(b)

100

80

60

40

20

0

C
on

ve
rs

io
n 

[%
]

6004803602401200

Reaction Time [min]

R-PCE-2.0-19
 MAA
 PEGMA-19

(c)

100

80

60

40

20

0

C
on

ve
rs

io
n 

[%
]

6004803602401200

Reaction Time [min]

R-PCE-2.8-19
 MAA
 PEGMA-19

(d)

100

80

60

40

20

0

C
on

ve
rs

io
n 

[%
]

6004803602401200

Reaction Time [min]

R-PCE-4.0-19
 MAA
 PEGMA-19

(e)

100

80

60

40

20

0

C
on

ve
rs

io
n 

[%
]

6004803602401200

Reaction Time [min]

R-PCE-9.0-19
 MAA
 PEGMA-19

(f)

Figure 2.2. a) Conversion of comonomers (PEGMA-19 and MAA) in dependence of
time. a) PCE with a high grafting density. MAA is faster consumed within the first 120
minutes of polymerization, leading to a gradient distribution of charges and side chains along
the backbone b-e) Both monomers are consumed at similar rates. The resulting R-PCE
is homogeneously grafted. f) PCE with a low grafting density (high charge density). The
macromonomer is preferentially incorporated in the beginning, leading to a gradient structure.

For the lowest C/E (R-PCE-0.7-19; Figure 2.2a), methacrylic acid is consumed

slightly faster within the first 120 minutes of polymerization, leading to a PCE with

increased charged density in the beginning of the backbone. In contrast, the PCE

with the lowest grafting ratio (R-PCE-10.0-19; Figure 2.2f) reveals an increased

incorporation of the macromonomer during the beginning of the polymerization.

2.3.6. Different Side Chain Lengths

Different reactivity of MAA vs. PEGMA is of particular importance when synthesizing

PCEs with different side chain lengths. As can be seen from Figure 2.3a-2.3b,

PEGMA-4 and PEGMA-9 are preferentially incorporated into the PCE when

polymerized in aqueous solution. The reactivity rates depend on multiple factors
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such as stability of the formed radical, pH or used solvent. By adding dioxane (polar,

aprotic solvent) to the reaction mixture, the reactivity of PEGMA-9 and MAA was

adjusted to yield a homogeneous comb structure (Figure 2.3c).
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Figure 2.3. Synthesis of R-PCEs with short side chains. The conversion of the comonomers
is plotted against time. For the synthesis of R-PCE-1.7-4 (a) and R-PCE-1.7-9 (b), the
macromonomer is preferentially incorporated into the PCE, causing a gradient structure.
(c) The addition of a polar aprotic solvent allowed to adjust the reactivity rates of PEGMA-9
and MAA to yield a homogenous grafted comb.

Regarding the synthesis of R-PCEs with increased side chain length, steric

hindrance has a major impact on the chain growth. According to Figure 2.4a,

the synthesis progresses significantly slower compared to the previously discussed

polymerizations involving shorter side chains. After 10 hours of polymerization,

less than 40 % of the monomers have been converted. The monomers seem to

be consumed at similar rates, however, the corresponding molar mass distribution

(Figure 2.4b) is very broad (D=2.12, Table 2.3) and reveals a shoulder at high

molar masses. The increased dispersity hints at a lack of control during the reaction

and termination by recombination. Moreover, it is feasible that the comonomers

homopolymerized leading to PMAA (low molar mass fraction) and PPEGMA (high

molar mass fraction).

The polymerization procedure for R-PCEs with long side chains was not improved

further. Nonetheless, an increase of the monomer concentration might help to optimize

the reaction rates. Moreover, a change of solvent, pH and/or CTA might be necessary

to yield homogeneously grafted R-PCEs. The synthesis of R-PCE-2.0-43 emphasizes

the importance of characterizing R-PCEs with size exclusion chromatography. Indeed,

Mn can be estimated using Equation 2.1. Nonetheless, this calculation is only valid

when the RAFT synthesis is well controlled by the CTA. The dispersity in molar

mass is only revealed by chromatography.
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Figure 2.4. Synthesis of R-PCES with long side chains. Information on monomer conversion
(a) and molar mass distribution (b) of R-PCE-2.0-43. The MMD is very broad (D>2) and
shows a shoulder at high molar masses.

2.3.7. Living Character of RAFT

The CTA added to the RAFT synthesis controls the growing chain end. Termination

and chain transfer processes are suppressed. Thus, the RAFT process can be

considered a “living polymerization technique”. For this type of polymerization, a

particular dependence of monomer concentration [M ] and reaction time t can be

found:

−d [M ]

[M ]
= const · dt (2.3)

The proportionality constant of this expression depends on multiple factors (i.e.

the propagation rate and the CTA concentration). Integration of Equation 2.3 from

0 to t and inserting the monomer conversion x results in the following expression

(Equation 2.4):

− ln (1− x) = const · t (2.4)

with x = 1− M(t)

M0

A linear increase of −ln(1− x) with reaction time was found for all copolymer-

ization of MAA with PEGMA described in Table 2.2. Exemplarily, the data for
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2.3. RAFT Polymerization

three R-PCEs was replotted according to Equation 2.4 (Figure 2.5). The slope of the

lines gives information about the reaction velocity. As a general trend it was found

that the reaction progresses faster when a lower C/E (higher grafting density) is

targeted underlining the high reactivity of the macromonomer. However, a detailed

quantification and comparison of the slopes is not meaningful as the polymerizations

were carried out in different solvents.
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Figure 2.5. Living Character of the RAFT synthesis. The characterization follows the
kinetics of a living polymerization according to Equation 2.4

This chapter is focused on the synthesis of statistical copolymers of MAA and

PEGMA. However, the living character of the RAFT process allows the synthesis of

block copolymers in two steps. Theoretically, one block could be synthesized first (e.g.

homopolymerization of MAA). The resulting PMAA chains carry a RAFT group at

each chain end. Thus, the first block can be considered as a RAFT-macroinitiator.

Further addition of PEGMA (and initiator) will result in the polymerization of a

second block onto the first one.

2.3.8. Concentration Detection via UV-Vis Spectroscopy

Many chain transfer agents applied for RAFT polymerization are thiocarbonyl

based. In this study, CTAs with trithiocarbonate chemistry were applied. The RAFT

polymerization mechanism leads to an α−ω chain end modification of the synthesized

polymer. The so-called Z-group at the backbone end (thiocarbonyl moiety) features

genuine absorption bands in the UV and visible range. Thus, RAFT synthesized

polymers are commonly colored in shades of yellow, orange or red due to a weak

absorption of the thiocarbonyl group in the visible range (n− π∗ transition).
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Figure 2.6 shows an absorption spectrum of R-PCE-1.9-19 recorded in the

wavelength range between 260 and 600 nm. For wavelengths longer than 400 nm

the absorption values were multiplied with factor 100 for magnification. The weak

n− π∗ transition is found for λ= 440 nm (blue spectrum).
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Figure 2.6. UV-Vis absorption spectra of R-PCE-1.9-19 recorded between 260 and 800 nm.
For longer wavelengths, the absorption values were multiplied with factor 100 for magnification.
At 440 nm a weak absorption peak is visible. Moreover, a strong absorption is found near the
UV range (309 nm).a

Consequently, the R-PCE solution appears to be yellow to the human eye.

Additionally, thiocarbonyl groups feature a very strong absorption band (π − π∗

transition) near the UV range (typically around 305-315 nm). Due to its strong

absorptivity, this band can be used for end-group analysis using UV-Vis absorption

spectroscopy.

Assuming that each chain end is modified with a Z-group, the strong absorption

of R-PCEs was used to calculate their concentration in solution according to Lambert-

Beer´s Law. For R-PCE-1.9-19, the maximum of absorption was found at 309 nm.

The absorption value at this wavelength (Abs@309) was determined for a series of

polymer solutions of known concentration (Figure 2.7a). Figure 2.7b shows that

Abs@309 and concentration are direct proportional (Lambert-Beer´s Law). The

specific absorptivity coefficient of the R-PCE (α309) was determined from a linear

regression of a line passing through the origin, as shown in Figure 2.7b. It has to

aThe absorption spectrum shown in Figure 2.6 exemplifies the absorption behavior of the R-
PCEs synthesized and applied in this thesis. Notably, for different PCEs from different batches
and synthesis, the absorption peaks and maxima can be slightly shifted even when the same
RAFT-agent was applied.
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be emphasized that for each R-PCE a new calibration has to be measured. Even if

two R-PCEs carry the same functional group, the slope of the calibration line can be

significantly different. With the attached chromophore being sensitive to hydrolysis,

the calibration of a R-PCE has to be renewed frequently.
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Figure 2.7. (a): UV-Vis absorption spectra of R-PCE-1.9-19 solutions with concentrations
between 0.78 and 25 mg/mL; (b) Abs@309 vs. concentration. The absorption value increases
linear with the concentration of the polymer in solution. The slope of the regression line was
found to be 0.1036 a.u.·mL

mg .

Subsequently, the amount of R-PCE in a solution of unknown concentration

cPCE can be calculated according to Equation 2.5. This procedure was followed to

determine the concentration of R-PCE in pore solution (see Chapter 5 and Chapter 6).

Abs@309 = α309 · cPCE (2.5)

2.3.9. Hydrolytic Stability of the RAFT group

Directly after the RAFT synthesis, each PCE backbone carries a Z-group. However,

these moieties are connected via a labile thiocarbonylthio bonds that can be cleaved

by hydrolysis, UV radiation or oxidation. When the thiocarbonylthio moiety is

cleaved and in turn a thiol is formed, the strong UV activity is lost. For R-PCEs,

high pH values are of concern due to the alkalinity of the pore solution. To verify

the stability at different pH values, two solutions of R-PCE-1.9-19 (5 mg/mL; pH

4.7 and pH 13) were prepared. Figure 2.8a shows the evolution of the absorption

value at 309 nm over the course of two weeks. The absorption on day 0 was set to

100 %, the remaining absorption was taken relative to this value.
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Figure 2.8. (a) Hydrolytic stability of R-PCE-1.9-19 at different pH value of the polymer
solution. (b) Molar mass distribution of a R-PCE stored in alkaline solution prior to SEC
analysis. A bimodal distribution was found due to the formation of disulfide bonds.

Within the first 5 hours, the solution of pH 4.7 and pH 8 remains at 100 %

absorption. For the highly alkaline solution (pH 13), the relative absorption drops

slightly to 96 % indicating that a high pH accelerates the hydrolysis of the RAFT

end group. The two solutions of lower pH remain above 90 % relative absorption up

to 72 hours after preparation, whereas the alkaline solution decreases to 84 %. As a

general trend, it can be observed that the R-PCE undergoes the fastest hydrolysis at

pH 13. Interestingly, the acidic solution hydrolysis faster than the solution of pH 8.

The change in the absorption behavior upon hydrolysis must be considered when the

end group is used for calculations of the concentration. Solutions should always be

prepared freshly to achieve the highest accuracy.

Upon the hydrolysis, the R-PCE thiocarbonylthio moiety is cleaved and each

backbone is terminated by a thiol group which does not feature UV absorption.

However, thiol groups are well known to form disulfide bonds. This means that two

PCE backbones can connect with each other via disulfide coupling. This phenomenon

can be verified in the molar mass distribution. Besides the usual peak of the R-PCE,

a second peak arises at roughly the double molar mass (Figure 2.8b).

Generally, trithiocarbonates were found to be more stable against hydrolysis

than dithioester-based CTAs. For short term storage, R-PCE solutions were kept

in the fridge and protected from light. If a R-PCE was stored for longer periods, it

is recommended to lyophilize or freeze the PCE to prevent the loss of Z-groups by

hydrolysis.
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2.4. Free Radical Copolymerization

2.4. Free Radical Copolymerization

2.4.1. Chemicals and Synthesis Protocol

FRC-PCEs with different grafting densities were obtained from free radical

copolymerization of methacrylic acid (MAA; contains 250 ppm 4-Methoxyphenol

(MEHQ) as inhibitor; 99 %) and poly(ethylene glycol) methyl ether methacrylate

(PEGMA-19, Mn 950 g/mol, Table 2.1) in aqueous media. As a chain regulator

sodium 3-mercaptopropionic acid (MPA; for synthesis; Sigma Aldrich) was used

and potassium persulfate (K2S2O8; ACS reagent grade 99.0 %, Sigma Aldrich) was

applied as a radical initiator. Water was purified by a Millipore Milli-Q filtration

system from Merck (TOC ≤ 2 ppb, ρ= 18.2 MΩ · cm). The exact amounts of educts

are listed in Table 2.4.

Table 2.4. Applied Chemicals for free radical copolymerization of PCEs with different
grafting degree. The nomenclature of the FRC PCEs follows the following pattern: FRC-
PCE-C/E-P. Solution A and B were pumped at constant feed rates of 0.225 mL/min (A)
and 0.141 mL/min (B). The time until complete addition of each solution is noted.

(a) Solution A

FRC-PCE [MAA]
[PEGMA]

MAA PEGMA water MPA time
[mmol] [mmol] [mL] [mmol] [min]

FRC-PCE-1.7-19 1.5 23.3 15.5 4.4 1.3 93
FRC-PCE-2.8-19 3.0 29.1 9.7 3.0 1.3 65
FRC-PCE-5.0-19 5.0 58.1 11.6 4.0 2.3 89

(b) Solution B

FRC-PCE
K2SO4 water time
[mmol] [mL] [min]

FRC-PCE-1.7-19 0.4 18.0 119
FRC-PCE-2.8-19 0.4 12.2 87
FRC-PCE-5.0-19 0.8 16.1 114

(c) Reactor

FRC-PCE
water
[mL]

FRC-PCE-1.7-19 11.2
FRC-PCE-2.8-19 8.3
FRC-PCE-5.0-19 10.8

Prior to synthesis, two solutions are prepared. Solution A contains the

comonomers (MAA and PEGMA-19), ultrapure water, and mercaptopropionic acid.

Solution B contains potassium persulfate dissolved in ultrapure water. A five neck

round bottom flask (total volume 100 mL) was filled with water and was subsequently

heated to 80 °C while being flushed with nitrogen to remove oxygen form solution.
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The solution was stirred with an overhead stirrer (IKA® Eurostar power control

visc). The nitrogen bubbling was continued during the whole synthesis process. After

20 minutes of heating and degassing, solution A and B were added to the reactor. For

this purpose, a peristaltic pump (Ismatec ISM831C) was used to maintain a constant

flow rate. Solution A was pumped with a rate of 0.225 mL/min (≈ 13.5 mL/h) and

B was added at 0.141 mL/min (≈ 8.5 mL/h). After the addition of both solutions

was finalized, the polymer solution was stirred for one more hour at 80 °C. During

the reaction, the viscosity of the solution increased significantly. After cooling to

room temperature, a viscous polymer solution was obtained, which was purified by

dialysis. Subsequently, the C/E ratio of the PCEs was determined from 1H-NMR

measurements.

2.4.2. Molar Mass and Grafting Density

After purification, the grafting ratio of the PCEs was determined from 1H-NMR

measurements (Table 2.6). The obtained average C/E is close to the ratio of the

comonomers in the educt solution. According to literature, the copolymerization

parameters for MAA and PEGMA-19 in acidic aqueous media are similar. However,

without further characterization it cannot be stated if the obtained FRC-PCEs are

statistical copolymers or if they there are gradients regarding the repartition of

charges and side chain along the backbone.

Table 2.6. Information on SEC and 1H-NMR characterization of the FRC-PCEs. The
molar mass is given in kg/mol.

FRC-PCE Mw(GPC) D C/ENMR

FRC-PCE-1.7-19 67.1 1.7 1.7
FRC-PCE-2.8-19 51.6 1.9 2.8
FRC-PCE-5.0-19 23.4 1.7 5.0

Figure 2.9a shows the chromatograms of the FRC-PCEs. All PCEs elute in

well-defined peak between 21.0 and 29.0 mL. The normalized RI peaks are entirely

overlapping. Corresponding molar mass distributions were obtained using online

MALLS and RI detection (Figure 2.9b). As a general trend, the average molar mass

increases with increasing grafting ratio. Nonetheless, it is not possible to draw further

conclusions regarding the molecular parameters. In contrast to R-PCEs where a

homogeneous grafting density and similar sized backbones are obtained, FRC-PCEs
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do not feature distinct parameters for C/E and backbone length, but parameter

distributions that demand further analysis.
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Figure 2.9. (a) Chromatograms of FRC-PCEs synthesized by free radical copolymerization
of PEGMA-19 and MAA. Information on the synthesis and molar mass of the PCEs can
be found in Table 2.4 and 2.6. (b) Molar mass distribution of the chromatograms shown
in (a) With increasing grafting ratio, the molar mass increases. It is not possible to draw
conclusions regarding backbone length.

The dispersity index D of all FRC-PCEs is bigger than 1.7 indicating a higher

dispersity regarding molar mass compared to R-PCEs (Table 2.6). Due to side

reactions and termination by recombination or disproportion, a value of D close to 2

or even higher is typical for polymers synthesized by free radical techniques. The

results of NMR and SEC analysis of all FRC-PCEs are summarized in Table 2.6.

2.5. Grafting via Polymer-analogous Esterification

Grafted PCEs (G-PCEs) were obtained via grafting of a precursor backbone with

MPEG in a polymer-analogous esterification process. The process can be regarded

as an acid-catalyzed Fischer-Esterification. The reaction was carried out in melt

to yield high conversions. Hence, high temperature and low vacuum are needed.

In Section 2.5.1, a standard protocol for grafting poly(carboxylic acid) backbones

is presented. The process is explained for the esterification of a poly(acrylic acid)

(PAA) backbone with MPEG. The procedure can also be applied for grafting of

PMAA precursors. However, all methacrylic G-PCEs that were applied throughout

this thesis were prepared and supplied by Sika AG, Switzerland.
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2.5.1. Standard Grafting Protocol

Precursor backbone (PAA, Mw 5760 g/mol, D=1.98, DPn=40, 9.4 g, 0.003 mol) and

side chains (MPEG-22, Mw 1000 g/mol, D= 1.0, 32.6 g, 0.033 mol) were filled into

a round bottom flask and dissolved in ultrapure water (10 mL). In case of 100 %

conversion, a PCE with C/E = 3.0 will be obtained. (C/E)100% can be estimated

using Equation 2.6, where [PAA] and [MPEG] are the molar concentrations of

precursor and side chains in the starting solution and DPn is the number-averaged

degree of polymerization of the PAA precursor.

(C/E)100% =
[PAA] ·DPn

[MPEG]
− 1 (2.6)

The pH of the solution was adjusted to 2.2 using sulfuric acid. At this pH, more

than 95 % of the carboxylic groups of the precursor are protonated. To obtain a

homogeneous solution, the mixture was heated to 90 °C using an oil bath while

being constantly stirred by an overhead stirrer (IKA® Eurostar power control visc).

Subsequently, light vacuum was applied to remove water from the reaction mixture.

During this step, the temperature was kept at 90 °C. Upon removal of the solvent,

the consistency of the mixture became wax-like. In the next step, the temperature

was increased to 180 °C and the vacuum was decreased to 0.1 mbar.

The onset of the esterification process could be observed by the formation of

gas bubbles (water vapor). Temperature and vacuum were kept constant until gas

formation ended. The reaction product (PCE melt) was cooled down to 90 °C
while maintaining the vacuum. Subsequently, ambient pressure was restored, and

ultrapure water (75 mL) was added while stirring constantly. The product was

stirred until a homogeneous solution was obtained. Finally, the PCE solution (solid

content approximately 20-25 wt%) was allowed to cool to room temperature. The

product was characterized with SEC to verify if the esterification was successful

and to determine the amount of residual (ungrafted) MPEG. For this purpose, the

product was not purified prior to characterization.
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2.5. Grafting via Polymer-analogous Esterification

2.5.2. Size Exclusion Chromatography

Figure 2.10 shows several chromatograms of MPEG, PAA precursor and the G-PCE.

Due to its small hydrodynamic size, MPEG elutes as last component at 30.0 mL, right

before the system peak. The ungrafted backbone elutes between 24.0 and 30.0 mL in

a well-defined peak. The RI trace of the G-PCE reveals two peaks. The main peak

between 21.0 and 29.0 mL signalizes the elution of PCE molecules. Compared to

PAA, the PCE elutes earlier, indicating an increase in the hydrodynamic size due

to successful grafting of side chains onto the backbone. The second peak shows a

maximum at 30.0 mL indicating that some educts of the grafting reaction are left.
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Figure 2.10. Chromatogram of an unpurified G-PCE with PAA backbone and MPEG-22
side chains. The traces of the synthesis educts, MPEG and PAA are also shown. All peaks
were normalized to the peak maxima.

2.5.3. Methacrylic G-PCEs

Various MPEG-type PCEs with PMAA backbone were provided by Sika AG,

Switzerland. The polymers were prepared by grafting MPEG of different molar mass

(Table 2.7a) onto preformed PMAA (Table 2.7b) via an esterification process. The

applied synthesis protocol is similar to the process described for grafting of PAA

in the previous section, however, details are not disclosed. Grafted PCEs will be

referred to as G-PCEs. All G-PCEs were purified by dialysis and freeze-dried when

needed. Molar mass distributions were obtained from SEC, and 1H-NMR was used to

determine the grafting density. More than 15 G-PCEs with different charge density

and side chain length were applied. Detailed information on these PCEs can be
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found in the materials and methods sections of Chapter 3, Chapter 5, Chapter 4 and

Chapter 6.

Table 2.7. Information on MPEG side chains (a) and PMAA precursor backbones (b) used
in polymer-analogous esterification synthesis of PCEs. Molar masses are given in g/mol

(a) MPEG

Mn P

MPEG-10 500 10
MPEG-22 1000 22
MPEG-67 3000 67
MPEG-113 3000 113

(b) PMAA precursor

Mw D DPn

PMAA-5k
5200 1.4 44
5300 1.4 45
5400 1.4 45

PMAA-8k 8100 1.5 64

2.6. Materials and Characterization Protocols

2.6.1. Purification and Storage

When needed, PCEs were purified by dialysis against ultrapure water to remove

impurities such as residual educts or organic solvents. For PCEs with high charge

density, the pH of the dialysis bath was increased using NaOH to avoid precipitation

of the PCE in the dialysis bag. In order to reduce the content of free side chains

(MPEG or PEGMA), the cutoff of the dialysis membrane was chosen accordingly.

Dialysis membranes of type SpectraPor™6, MWCO 1 kDa, 2 kDa 3.5 kDa and 8 kDa

were used for this purpose. Subsequently, the PCEs were stored as aqueous solution,

frozen or freeze-dried.

2.6.2. Size Exclusion Chromatography

Standard SEC Protocol

SEC analysis was performed on an Agilent 1260 Infinity system (Agilent Technologies,

Santa Clara, CA, USA) equipped with a RI detector (Agilent Technologies, G1362A)

and a MALLS detector (SLD7100, PSS Polymer Standards Service, Mainz, Germany).

A series of three PSS Suprema columns (individual dimensions 0.8 cm x 30 cm, particle

size 10 µm) of different pore sizes (30 Å, 1000 Å, 1000 Å) was used. The combination
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of MALLS and online RI was used for measuring molar mass distributions. The

mobile phase (0.1 M Na2HPO4 in ultrapure water) was pumped with a flow rate of

1 L/min. The sample concentrations ranged between 1.5–3.0 mg/mL. For this, an

adequate amount of polymer was dissolved in the eluent. For each analysis a volume

between 50 and 100 µL of polymer solution was injected. Data analysis was carried

out using PSS WinGPC Software (Polymer Standards Service, Mainz, Germany).

MALLS with online RI detection allows to determine absolute MMDs of polymers.

In case of chemically disperse samples such as PCE copolymers, the refractive index

increment might be different for each eluting copolymer fraction. These variations

might cause problems when it comes to determination of MMDs due to imprecise

determination of eluting polymer concentrations. However, MALLS/RI was proven

to give a good estimate of the MMD for PCEs.

The SEC chromatogram can also be applied to determine the fraction of free

side chains or macromonomer that were not consumed during the PCE synthesis.

When PCE and MPEG (or PEGMA) are baseline separated, both peaks of the RI

signal can be integrated. A good example for well separated PCE and MPEG peaks

is given in Figure 2.10. Assuming that the refractive index increment of PCE and

MPEG (i.e. PEGMA) is identical, the fraction of free (=ungrafted) side chains can

be approximated from the peak integrals according to Equation 2.7.

fSC =
ASC

ASC +APCE
(2.7)

where ASC is the area below the RI signal of MPEG or PEGMA and APCE the

corresponding integral below the PCE main peak.

SEC with Dual Concentration Detection

For SEC with dual concentration detection, the same column setup as described in

the previous section was used. A second concentration detector, more specifically, a

diode array detector (Agilent Technologies, G1315D, operated at λ=220 nm) was

connected to allow dual concentration detection. Moreover, the mobile phase was

changed to 0.1M NaCl (pH adjusted to 10 using 5M NaOH). The change of the salt

in the mobile phase is essential to shift the UV cutoff to lower wavelengths. More
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detail on the chromatographic setup used for dual detection experiments is described

in Chapter 3.3.2.

2.6.3. 1H-NMR

Determination of C/E

All 1H-NMR measurements were carried out on a Bruker 300 MHz spectrometer

using D2O as a solvent. Figure 2.11 shows a typical spectrum of a PCE with PMAA

backbone and MPEG side chains, including peak assignments.
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Figure 2.11. 1H-NMR spectrum of a PCE with PMAA backbone and MPEG side chains
inlcuding peak assignments.

The C/E (= N-1 ) can be calculated using the protons of the backbone (5 protons

in peak 1 and 2) and those of the terminal methyl-group of the side chain (3 protons

in peak 5). To this end, peak 1, 2 and 5 were integrated and normalized by the

corresponding number of protons. Subsequently, the C/E can be calculated as follows:

C/E =
(I1 + I2 − I5)

I5
(2.8)

where I1, I2 and I5 represent the normalized integrals of peak 1, 2 and 5 as shown

and assigned in Figure 2.11.
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Monitoring the Reaction Progress

1H-NMR measurement were also applied to monitor the progress of the RAFT

polymerization. For different times of the reaction, aliquots were extracted and

diluted with D2O. The monomer conversion was calculated by relative integration of

the protons of 1,3,5-trioxane (peak 1) and the vinylic protons of MAA ( peak 2) and

PEGMA macromonomer (peak 3). All relevant peaks are shown in Figure 2.12. The

ratio for t=0 min refers to 0 % conversion
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Figure 2.12. 1H-NMR spectrum of aliquots extracted during the RAFT synthesis. The
relative integral ratio between the trioxane peak (1) and the vinylic protons of the monomers
MAA (2) and PEGMA (3) can be used to calculate the conversion of each monomer. With
increasing reaction time, the area below the vinylic peaks decreases as monomers are consumed
and incorporated into the R-PCE.

2.6.4. Titration

Throughout this manuscript, all reported C/E ratios were determined from 1H-NMR

of purified PCEs as described in the previous section. Alternatively, the C/E can

be estimated from acid-base titration. For titration, an automatic titration system

(EasyPro™ titrator, Mettler Toledo, Switzerland) equipped with a pH electrode and

temperature sensor was used.

In a typical titration experiment, the polymer was dissolved in ultrapure water.

A suitable sample concentration is 10-50 mg/mL. Subsequently, the solution was
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acidified using HCl to decrease the pH until pH< 1.8. At this pH, all carboxylate

groups of the PCE are protonated. Subsequently, the solution was titrated using

potassium hydroxide solution (KOH). The exact concentration of the titrant was

determined prior to titration. A suitable concentration range is 0.05-0.5 M. The

titrant is added to the polymer solution while recording the pH. Titration is finished

as soon as the second equivalence point (EP2) is reached. A typical titration curve

is shown in Figure 2.13a.
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Figure 2.13. Titration of PCEs. (a) Titration curve of an acidified PCE solution with
KOH. Two equivalence points can be identified. Moreover, the pKA of the carboxylate groups
in the backbone can be estimated from the half-equivalence point. (b) Comparison of C/E
values determined from 1H-NMR and titration. Both values are in good agreement and follow
the trend of a bisecting line.

Up to the first equivalence point (EP1), excess HCl in solution is consumed

(Equation 2.9). The addition of further KOH causes deprotonation of carboxylate

groups (C). Hence, the EP2 corresponds to the titration of all carboxylate groups

present in the PCE (Equation 2.10).

nKOH,1
EP1= nHCl (2.9)

nKOH,2
EP2= nKOH,1 + nC (2.10)

where nKOH,1 and nKOH,2 are the molar amounts of titrant added to the sample

solution at the equivalence points. nC is the number of carboxylate moieties in the

PCE sample to be titrated and nE the respective number of side chain bearing ester

units.
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Consequently, (C/E)T itration can be calculated using Equation 2.11-2.12.

(C/E)T itration = nC/nE (2.11)

where nE =
mPCE − nC ·MC

ME
(2.12)

and mPCE = mPolymer · (1− fsc) (2.13)

where MC is the molar mass of MAA and ME is given by the molar mass of the

macromonomer. mPCE is the amount of PCE to be titrated. When free (=ungrafted)

side chains or residual macromonomer are present in the sample, mPCE can be

calculated using Equation 2.13. In this case, the fraction of side chains (fsc) has to

be determined beforehand. Here, mPolymer refers to the total amount of polymer

(PCE and ungrafted side chains) that were dissolved in the titration sample.

Titration only allows to estimate the C/E ratio. Equation 2.9-2.10 assumes that

all carboxylate groups of the PCE will eventually be titrated by one equivalent of

KOH. However, the type and radius of the counter ion (here K+) can significantly

impact the titration result [152]. For G-PCEs with a C/E ratio ranging between 1

and 6 titration and NMR are in good agreement (Figure 2.13b).

Moreover, titration gives information on the pKA value of PCEs. For all titrated

MPEG-type PCEs with PMAA backbone, the pKA ranges between 5.9 and 6.1. This

value is of particular importance for understanding the degree of dissociation, α, of

carboxylate groups in the PCE backbone. A factor that significantly impacts its

solubility. The degree of dissociation can be estimated with Equation 2.14 according

to the Henderson Hasselbalch equation for weak acids of low molecular weight.

Notably, α can only be approximated with this equation as the polyelectrolyte effect

is not considered.

α =
10−pKA

10−pH + 10−pKA
(2.14)
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2.6.5. UV-Vis-Spectroscopy

All absorption spectra presented in this thesis were measured with a Lambda 650

UV-Vis spectrophotometer from Perkin Elmer. The spectra were recorded between

190 and 600 nm with wavelength steps of 1 nm. The solutions were filled into a

quartz cuvette (Hellma®, QS Quartz Glass High performance, path length 10 mm).

A baseline was measured using ultrapure water as reference.
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SEC with Dual Concentration

Detection

Chapter

3
The content of Chapter 3 was published in the following research article:

”A METHOD FOR CHARACTERIZING THE CHEMICAL HETEROGENEITY

OF COMB-COPOLYMERS AND ITS DEPENDENCE

ON SYNTHESIS ROUTES”

Polymers, 2021, 13(12):1921, doi:10.3390/polym13121921

Stefanie Anne Weckwerth is the first author of this publication. She carried out

all experiments, evaluated and visualized data as well as wrote the first draft of the

paper. The experimental strategy and concept was elaborated in collaboration with

Dr. Radke, who consulted the work with his profound expertise in polymer science

and chromatography. The final manuscript was written by Ms. Weckwerth, guided

by Dr. Radke and Prof. Flatt.

3.1. Context

The heterogeneity in chemical structure of polymers is difficult to characterize and

consequently remains an often-overlooked factor in mechanistic studies of functional

polymers, such as poly(carboxylate ethers) (PCEs). In the field of PCE research, the

role of molecular parameter averages has been much studied [28, 68, 77, 109, 153–

156], but their variations have received little attention [157]. However, information
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about the dispersity in molar mass and chemical composition is essential to predict,

understand and tailor the performance of dispersants.

Liquid chromatography is a powerful tool to study dispersity in polymers.

Common size exclusion chromatography (SEC) gives access to the molar mass

distribution, but does not provide information on chemical composition. In the

present chapter, an analytical method is established that provides a deep insight

into the molecular heterogeneity of PCEs. More precisely, a protocol for SEC with

dual concentration detection in aqueous media is developed that allows to monitor

the grafting ratio of PCEs in dependence on their molecular size. By applying

this analytical tool to various PCE samples (i.e. G-PCEs and FRC-PCEs), this

chapter reveals that the synthesis pathways can lead to a clearly different chemical

heterogeneity within a PCE.

The results of our dual concentration detection SEC experiments not only

exemplify the development of methods to characterize chemical dispersity, but

also establish its relevance to better understand how various synthetic routes may

affect polymer performance at equivalent average composition.

3.2. Strategy

In a typical experiment, we use a multi angle laser light scattering (MALLS) setup

with online refractive index (RI) detection to target the MMD. Along with this,

simultaneous UV detection enables us to quantify the copolymer composition, i.e.

the comonomer content of the PCEs along the elution axis. More information on the

theory of copolymer analysis using SEC with dual concentration detection is given

in Chapter 1.8.2.

The study is divided in two parts. First, homopolymer mixtures of PMAA

(precursor backbone) and PPEGMA (100 % grafted backbone, poly(poly(ethylene

glycol methacrylate))) of known composition are measured. These mixtures were

used to evaluate the accuracy of the dual detection approach and allowed to exclude

the influence of neighboring group effects that might compromise the reliability of

the dual detection results for PCE copolymers. Subsequently, in the second part of

the chapter, various PCE samples obtained by different synthesis pathways (i.e. free

radical copolymerization and grafting) are subjected to dual concentration detection

SEC experiments.
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3.3. Materials and Methods

3.3.1. Applied Polymers for Dual Detection

For this study, various PMAA and PPEGMA homopolymers as well as PCE

copolymers were applied. The homopolymers were obtained by free radical

homopolymerization (FRP) in aqueous media. These homopolymers serve as test

materials for our dual detection study (see Section 3.4.2). The PMAA homopolymer

refers to the reference case of an ungrafted backbone (C/E= ∞) and PPEGMA

corresponds to the case of a 100 % grafted backbone (C/E= 0). Here, C/E refers to

the numeric ratio of methacrylic acid groups to ester groups in the PCE sample.

Moreover, six methacrylic PCEs with a C/E between 1.60 and 5.0 were prepared

for the second stage of this study (see Section 3.5.2). These PCEs were obtained by

grafting of a precursor backbone (PMAA; Mw= 5300 g/mol; D= 1.4) with methoxy

poly(ethylene glycol) (MPEG, Mw= 1000 g/mol) side chains. The samples were

provided by Sika AG, Switzerland. The C/E of the PCEs was determined from

1H-NMR spectroscopy.

To investigate the influence of the synthetic approach, three additional methacrylic

PCEs were synthesized via free radical copolymerization (FRC) in aqueous media.

Again, C/E was calculated from 1H-NMR spectroscopy. More details about synthesis

and NMR evaluation can be found in Chapter 2.6.3. Information on the molecular

characteristics of all polymers is summarized in Table 3.1.

Figure 3.1 shows the representative molecular structure of a PCE composed

by MAA (C) and PEGMA (E) repeating units. The side chain length of the

macromonomer is given by P repeating units of ethylene oxide.

COOH
OO

O

C

P

E

Figure 3.1. Molecular structure of a comb shaped PCE featuring a PMAA backbone and
PEG side chains with P repeating units. C notes the number of MAA units in the backbone
and E refers to the number of side chain bearing backbone units. Details about molecular
parameters of all applied PCEs are listed in Table 3.1.
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Table 3.1. Average Molecular characteristics of applied PCEs. The numeric ratio between
the comonomers (C/E) was obtained from 1H-NMR spectroscopy. The corresponding weight
fractions of component C and E were calculated according to Equation 3.1. P gives the
number of repeating units in the PEG side chain. Mw and the dispersity index, D, were
measured via SEC using online RI and MALLS detection.

Name Synthesis C/E (NMR) ωC ωE P Mw D

PPEGMA FRP 0.00 0.00 1.00 22 339.6 3.2
PMAA FRP ∞ 1.00 0.00 - 5.3 1.4
G-PCE-1.6

Grafting of
Precursor
Backbone

1.6 0.112 0.888 22 25.4 1.6
G-PCE-2.0 2.0 0.135 0.865 22 22.5 1.5
G-PCE-2.5 2.5 0.164 0.836 22 18.0 1.5
G-PCE-3.0 3.0 0.190 0.810 22 17.7 1.5
G-PCE-3.3 3.3 0.203 0.797 22 15.1 1.5
G-PCE-4.0 4.0 0.239 0.761 22 13.2 1.6
G-PCE-5.0 5.0 0.281 0.719 22 16.6 1.8
FRC-PCE-1.7 FRC 1.7 0.132 0.868 19 67.1 1.7
FRC-PCE-2.8 FRC 2.8 0.200 0.800 19 51.6 1.9
FRC-PCE-5.0 FRC 5.0 0.309 0.691 19 23.4 1.7

The numeric ratio between the comonomers C and E (see Figure 3.1) can be

used to calculate the weight fraction of each component (ωC and ωE) according to

Equation 3.1, where MC is the molar mass of MAA and ME the number-average

molar mass of the macromonomer (PEGMA).

ωC =
C ·MC

C ·MC + E ·ME
(3.1)

where ωE = 1− ωC

3.3.2. Size Exclusion Chromatography

SEC analysis was performed on an Agilent 1260 Infinity system (Agilent Technologies,

Santa Clara, CA, USA) equipped with a RI detector (Agilent Technologies, G1362A)

a diode array detector (Agilent Technologies, G1315D, operated at λ= 220 nm) and

a MALLS detector (SLD7100, PSS Polymer Standards Service, Mainz, Germany). A

series of three PSS Suprema columns (individual dimensions 0.8 cm x 30 cm, particle

size 10 µm) of different pore sizes (30 Å, 1000 Å, 1000 Å) was used. The combination

of MALLS and online RI was used for measuring molar mass distributions. The
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corresponding weight-average molar mass, Mw, and dispersity index, D, are presented

in Table 3.1.

The mobile phase (0.1M NaCl aqueous solution, pH 10 adjusted by addition

of 10M NaOH) was pumped with a flow rate of 1 mL/min. An alkaline pH of the

mobile phase is required to achieve complete deprotonation of the carboxylate groups.

Moreover, the addition of salt is essential to shield interactions between the solute

and the stationary phase.

The sample concentrations ranged between 1.5–3.0 mg/mL. For this, an adequate

amount of polymer was dissolved in the eluent. For each analysis a volume between

50 and 100 µL of polymer solution was injected. Data analysis was carried out using

PSS WinGPC Software (Polymer Standards Service, Mainz, Germany).

The calibration of the MALLS detector was done using a monodisperse Pullulan

sample (Mw 110 000 g/mol, D= 1.12) that does not show angular dependence in

scattering. The same sample was used to determine the detector constant of the RI

detector, as well as inter-detector delays.

3.3.3. Mobile Phase and Detection Wavelength

Figure 3.2a shows the UV-Vis spectra of several aqueous buffer solutions (i.e.

Na2HPO4, and CH3COONH4) that are frequently used as mobile phases for SEC

analysis of PCEs [39]. These buffers feature a UV cutoff≥ 220 nm (Figure 3.2b),

hence the absorption of carbonyl groups, which feature their absorption maximum

approximately at this wavelength, cannot be detected. In contrast, the addition of

NaCl (and NaOH) results in a UV cutoff at 210 nm allowing to detect the carboxylate

and ester peak.

3.3.4. Response Factor Determination

As already mentioned above, conventional SEC data processing using a single

concentration detector does not give access to the comonomer composition of a

copolymer. In order to quantify the amount of comonomers, the same number of

independent concentration detector signals as number of comonomers contained

in the sample is needed [6,37]. With the type of PCEs considered in this study
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Figure 3.2. UV-Vis absorption spectra recorded between 190 and 300 nm: (a) Different
aqueous salt/buffer solutions that are frequently used in SEC analysis of PCEs. The addition
of salt/buffer affects the cutoff wavelength. All absorption spectra were measured in the
wavelength range between 190 nm and 300 nm using air as reference. (b) Various polymers
dissolved in 0.1M NaCl at pH 10. The UV cutoff of this solvent is located at approximately
210 nm. For PCE and PMAA solution, an absorption peak was found at 220 nm. MPEG
does not show an absorption peak in the recorded range.

being binary copolymers, two signals (e.g. RI and UV) are needed to calculate the

composition distribution and the overall bulk composition.

The DAD detector was operated at λ= 220 nm, where both the carboxylic acid

groups and the ester groups show an absorption. Thus, both concentration detectors

are able to detect both comonomers of the PCE. Notably, UV absorption is only due

to the carbonyl groups in the backbone since the PEG side chains do not absorb

at 220 nm (Figure 3.2b). The chromatograms (RI and UV signal) for PMAA and

PPEGMA (corresponding to C/E= ∞ and C/E= 0, respectively) are plotted in

Figure 3.3a-b.

A series of PMAA and PPEGMA samples with exact concentrations were injected

into the chromatography setup. RI and UV signals were integrated over the eluting

peaks and the peak areas were plotted against the injected mass. The integrals of

both signals turn out to be proportional to the injected mass of homopolymer as

shown in Figure 3.3c-d.

The slopes of peak area versus injected mass provide the response factor for each

homopolymer-detector combination. The response factor of PMAA in RI detection

will be referred to as kRI
C and in UV detection kUV

C . The response factors of PPEGMA

are termed analogously kRI
E and kUV

E .
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Figure 3.3. Above: Chromatogram of PMAA (a) and PPEGMA (b) homopolymers. These
correspond respectively to C/E values of ∞ and 0. The signals from RI and UV detector
are plotted against the elution volume. Below: Determination of response factors in RI and
UV detection of PMAA (c) and PPEGMA (d) by linear regression. The results of the linear
regressions are shown in Table 3.2.

Notably, the determination of response factors for polyelectrolytes is delicate. The

method described above is suggested in literature [126, 158] to ensure an equilibrium

distribution of counter ions in the vicinity of the polymer and the bulk solution.

3.4. Results and Discussion

3.4.1. Evaluation of Dual Concentration Results

The signals of both detectors, SRI and SUV are concentration sensitive and depend

on the chemical nature of the sample. Hence, for copolymers, the signal from the ith
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Table 3.2. Response factors for PMAA and PPEGMA. The UV response factors were
determined for a detection wavelength of 220 nm. The response factors are given in [(V xL)/g].

Sample kRI kUV

PMAA 0.241 0.501
PPEGMA 0.135 0.169

slice of the chromatogram is given by the signal contribution of each component [124,

130, 133].

SRI
i = ci,P ·

[
ωi,C · kRI

C + ωi,E · kRI
E

]
(3.2)

SUV
i = ci,P ·

[
ωi,C · kUV

C + ωi,E · kUV
E

]
(3.3)

with ωE = 1− ωC (3.4)

where ci,P refers. to the concentration of the polymer in the ith fraction of the

chromatogram, while ωi,C and ωi,E are the weight fractions of comonomers in that

ith slice. Here, the indices C and E refer to MAA and PEGMA as comonomers. kRI

and kUV are the response factors of the homopolymers (Table 3.2).

From the above, for each slice, we have a system of three equations for the

three unknowns (ci,P , ωi,C and ωi,E) that can be solved to yield information on the

concentration and composition of the eluting fraction as described in literature [128,

130]. Equation 3.2-3.4 can be used to follow the sample composition along the elution

axis by considering the signal ratio at time i. Moreover, the overall composition of a

sample can be calculated by considering the integral over the complete RI and UV

peak.

3.4.2. Mixtures of PMAA and PPEGMA Homopolymers

In contrast to most applications of SEC with dual concentration detection, both

comonomers of our PCEs give rise to a response in both detectors, thereby challenging

analysis. In order to find out if the method is capable of correctly quantifying relative

amounts of C and E, we decided to analyzing homopolymer mixtures before changing

to PCEs. For this purpose, a series of 20 homopolymer (PMAA and PPEGMA)
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mixtures of known compositions were prepared and analyzed. The composition of

the mixtures is given according to their weight fraction of PMAA. For instance,

ωweight
C = 0.05 corresponds to a mixture with 5 wt% of PMAA and 95 wt% of

PPEGMA.

An example of a chromatogram obtained for such mixtures is shown in Figure 3.4a

for the mixture with ωweight
C = 0.7. The sample elutes between 18 and 28 mL, which

agrees with the elution volume of the homopolymers (Figure 3.3a-b.

The composition of the eluting species was calculated across the peak using

RI and UV-detection. Upon the onset of elution (18-22 mL), both concentration

signals are weak. Hence, the calculated composition, ωDual
i,C cannot be considered

precise. For volumes higher than 22 mL, ωDual
i,C is lower than 0.5 indicating that

mainly PPEGMA is eluting from the column. With increasing elution volume ωDual
i,C

increases until a value of 0.63. The increase in ωDual
i, C with elution volume agrees with

the elution profile of the homopolymers. Due to its larger hydrodynamic volume,

PPEGMA starts eluting earlier than PMAA (see Figure 3.3a-b).
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Figure 3.4. Analysis of homopolymer mixtures using dual detection. (a) Chromatogram

of a sample with ωWeight
C = 0.7. The composition of the eluting fractions was monitored.

(b) Comparison of ωWeight
C = 0.7 with ωDual

C = 0.7 for 20 homopolymer mixtures of different
PMAA and PPEGMA content.

To obtain information on the overall composition of the sample, the RI and UV

signals shown in Figure 3.4a were integrated and ωDual
C of the complete mixture was

calculated as described in Section 3.4.1. The calculated value of ωDual
C = 0.62 is lower

than the expected fraction of 0.70 for the specific sample shown in Figure 3.4a.
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For a more detailed analysis of the deviation, the integration was carried out for

all homopolymer mixtures. The determined weight fractions of PMAA were plotted

against the weighted amounts. Figure 3.4b shows that all data points follow the trend

of a bisecting line, indicating that ωWeight
C and ωDual

C are in good agreement. For

samples with low PMAA content (high PPEGMA), the data points show an almost

perfect match. However, for samples with high PMAA content (low PPEGMA),

ωDual
C is systematically smaller than ωWeight

C This deviation may be due to the

lower UV response factor of PPEGMA compared to PMAA (Table 3.2). For low

concentrations of PPEGMA, it only has a small contribution to the overall UV signal.

If the signal contribution is below the detection limit, the composition of the mixture

will not be captured correctly. Notably, this deviation is not expected to impact PCE

characterization of the samples in the present investigation, as all relevant PCEs

have a PMAA content lower than 0.35 (Table 3.1).

3.5. Dual Detection SEC of PCEs

3.5.1. Comparison with 1H-NMR

The above results show that dual detection can quantify amounts of monomers C

and E in mixtures of pure reference compounds (homopolymers). To verify if this

also applies to quantification of comonomers in PCEs, the method was compared

to 1H-NMR data. For this, all PCEs shown in Table 3.1 were investigated by dual

detection SEC. The overall weight fraction of comonomer C (ωDual
C ) in each sample

was calculated according to Equation 3.2-3.4 after integration over the whole RI and

UV signal. The obtained weight fractions were compared to the average composition

calculated from 1H-NMR spectra (ωNMR
C ) (Figure 3.5).

Figure 3.5 shows a plot of ωDual
C vs. ωNMR

C for G-PCEs and FRC-PCEs and a

bisecting line (dashed line). In case of perfect agreement between both analytical

techniques, the data points are expected to fall on this line. Indeed, for PCEs with

a high grafting ratio (low weight fraction of ωC), the analysis by NMR and dual

detection are in good agreement. For ωNMR
C > 0.2, the weight fractions determined

from dual detection are slightly higher than the corresponding NMR values but still

a clear trend can be observed. Only for G-PCE-5.0 (ωNMR
C = 0.281), NMR and

dual detection analysis deviate significantly. Possible reasons for the deviation are

briefly addressed in Section 3.7. However, G-PCE-5.0 was excluded from further
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Figure 3.5. Comparison of copolymer composition in G-PCEs (#) and FRC-PCEs ( )
calculated from 1H-NMR data and dual concentration detection SEC expressed as weight
fraction of comonomer C (ωC) (a) and C/E ratio (b). The results for sample G-PCE-5.0
are excluded from graph (b).

dual detection analysis in the second part of this chapter. Notably, FRC-PCE-5.0

(ωNMR
C = 0.281), that has a very similar molar composition to G-PCE-5.0 follows the

trend of the bisecting line.

The agreement between ωDual
C and ωNMR

C proves that the comonomer content

in PCEs can precisely be quantified using dual detection SEC without being

compromised by neighboring group effects. This result brings us to the next part of

this chapter, where we will focus on tracing the PCE composition along the elution

axis of the chromatogram.

3.5.2. Homogeneity of PCEs produced by Esterification

Grafting of precursor backbones is a widely used technique for the preparation of PCE

model structures for research purpose. It is often claimed that grafting leads to a

homogeneous distribution of side chains along the backbone. Moreover, independence

of grafting ratio on backbone length it commonly assumed. However, lately some

doubts have been raised about whether the dispersity of the backbone length in the

precursor P(M)AA might impact the grafting ratio [39].

Dual detection SEC offers the opportunity to monitor the composition of the

grafting ratio along the elution peak in a chromatogram. Figure 3.6 shows the
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chromatogram (RI and UV signal) and the content of C (ωDual
i,C ) within six different

G-PCE samples.

For all PCEs, ωDual
i,C seems to be rather constant, with only a slight decrease

in ωDual
i,C with increasing elution volume. Thus, early eluting fractions (larger

hydrodynamic volume) contain a slightly higher weight fraction of C than late

eluting fractions. This behavior is more pronounced for PCEs with low C/E ratio

(high grafting degree). For instance, G-PCE-1.6, ωDual
i,C decreases by 6.6 wt% between

24 and 28 mL. This corresponds to a change in C/E from 2.7 to 1.5, which is

substantial in regard to PCE performance as superplasticizers. In contrast, ωDual
i,C of

G-PCE-4.0 is almost constant at 30.3 wt% throughout the chromatogram. It has

to be mentioned that the calculated values of ωDual
i,C are fluctuating at peak start

and end. These uncertainties are due to low concentrations and corresponding weak

detector signals of the eluting species in this area.

According to Figure 3.6, it appears that PCEs with smaller hydrodynamic size

(early elution) feature a slightly higher content of C than bigger molecules. It is

conceivable that such differences in the grafting ratio are related to the backbone

length of the precursor. Indeed, the backbone of the G-PCEs features a Mw of

5300 g/mol, with dispersity index D=1.4 meaning that the molar mass ranges

approximately between 100 and 20 000 g/mol. The impact of backbone length on

grafting ratio is further discussed in the next section.

3.5.3. Impact of Backbone Length

In order to verify if the backbone length impacts the C/E ratio of the PCE, a G-PCE

was produced by grafting a mixture of two backbones with different molar masses.

This mixture included the previously used PMAA-5k backbone and a larger one:

PMAA-8k (Mw 8100; D= 1.5) in proportions of 1:1 by weight. The mix is referred to

as PMAA-6k, whereby its average molar mass is Mw 6400 g/mol with D= 1.4. With

this mix, the molar mass range of the grafted PCE was extended to higher molar

masses (up to 40 000 g/mol). The molar mass distributions of all PMAAs are shown

in Figure 3.7a.

The results in Figure 3.6 show that the heterogeneity of the C/E ratio is more

pronounced for G-PCEs with C/E ratio below approx. 2.5. Therefore, a C/E of
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Figure 3.6. (a)-(f) Chromatograms of various G-PCE samples with different C/E ratio.
The green curve is the UV-signal, and the red curve corresponds to the RI signal. The signals
were normalized with regard to the maximum of the UV-peak. The dashed black line indicates
the composition of the eluting species monitored by dual detection.
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Figure 3.7. (a) Molar mass distributions of PMAA. PMAA-5k was used for the G-PCEs
shown in Table 3.1 The molar mass range of this PCE was increased by adding PMAA-8k. The
resulting backbone mix contains PMAA molecules with molar masses between approximately
100 and 40 000 g/mol. (b) Dual detection SEC analysis of G6k-PCE-2.0

2 was targeted when grafting side chains onto PMAA-6k. The resulting G-PCE is

termed G6k-PCE-2.0.

As can be seen in Figure 3.7b, the dual detection analysis of G6k-PCE-2.0 shows

that ωDual
i,C decreases along the elution axis. Early eluting PCE fractions feature a

higher methacrylic acid content compared to later eluting species. Between onset

and end of the elution peak, the weight fraction of C decreases by more than 13 wt%.

This corresponds to a change in C/E from 3.9 to 1.7. This decrease is significantly

stronger than for G-PCE-2.0, where the weight fraction of C is reduced by roughly

3.1 wt% meaning that the C/E varies between 2.4 and 1.9. Comparing G-PCE-2.0

and G6k-PCE-2.0 confirms that the length of the precursor backbone impacts the

grafting density of the PCE. It appears that small backbones tend to feature a higher

grafting degree than longer backbones.

3.5.4. PCEs from Free Radical Copolymerization

On industrial scales, PCEs are most often obtained by free radical copolymerization.

To reflect this mode of production, three different FRC-PCEs were characterized

with dual detection SEC in order to investigate the methacrylic acid content across

the elution peak (Figure 2.9a). As can be seen from Figure 2.9a, the ωDual
i,C increases

with increasing elution volume, indicating that larger molecules (early elution) are

more extensively grafted than smaller molecules (late elution). Thus, the trend is
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3.5. Dual Detection SEC of PCEs

reversed compared to G-PCEs. Notably, the differences in ωDual
i,C between onset and

end of the elution peak are more pronounced for PCEs with high C/E ratio. For

FRC-PCE-1.7, the ωDual
i,C is increased by approximately 6.0 wt%. Consequently, its

C/E ranges between 0.9 and 1.9. For FRC-PCE-2.8 and FRC-PCE-5.0,ωDual
i,C is

increased by more than 17 wt%. Hence, the C/E increases by more than 4.0 units

between beginning and end of the elution peak.
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Figure 3.8. (a)-(c) Chromatogram of various FRC-PCE samples with different C/E ratio.
The green curve is the UV-signal, and the red curve corresponds to the RI signal. The signals
were normalized with regard to the maximum of the UV-peak. The dashed black line indicates
the composition of the eluting species monitored by dual detection.

Generally speaking, it is difficult to ascribe the dispersity of the grafting density

to one particular impact factor during FRC synthesis. The molecular architecture

of FRC-PCEs depends on many factors among them the reactivity ratio [43, 47] of

the comonomers, the monomer feed during synthesis, but also the choice of chain

transfer agent or possible side reactions such as radical transfer and termination

have to be considered. While the topic deserves further investigation, these results

underpin the existence of this inhomogeneity, representing an additional factor that

should be considered when studying the working mechanisms of such compounds or

seeking to improve their performance.
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3.6. Conclusion

It has been shown that aqueous size exclusion chromatography with dual concentration

detection is a suitable tool to characterize the comonomer composition of PCEs. It

was revealed that the synthesis pathway has a significant impact on the variation of

grafting density with molar mass.

Polymer-analogous esterification revealed a weak correlation between backbone

length and grafting ratio. It appeared that smaller backbones carry more side

chains than larger ones. Variations in the grafting ratio are more expressed when

a high grafting density is targeted during synthesis. This result is of particular

interest for admixture research, where G-PCEs are often used as model structures.

It is often assumed that within a G-PCE sample all backbones feature the same

grafting ratio and are only disperse with regard to the backbone length. However,

this study proves that PCEs from esterification are disperse in a second dimension,

i.e. comonomer content. For the synthesis of optimal model structures where the

chemical heterogeneity can be neglected, the use of narrowly distributed precursor

backbones is recommended.

Having said this, PCE from free radical copolymerization show much stronger

variation of grafting ratio with molar mass. While larger molecules are highly

grafted, smaller molecules have a higher methacrylic acid content. Consequently,

the correlation between molar mass and grafting ratio is reversed for FRC-PCEs

compared to G-PCEs. For FRC-PCEs, dual concentration detection SEC can be

considered a useful tool to get a deeper insight into the polymerization process.

Therefore, we suggest to withdraw aliquots during the synthesis and investigate the

comonomer composition of the samples. Additional 13C NMR measurements could

contribute to a better understanding of comonomer reactivity.

In literature, it has been shown, that the charge density significantly impacts

the affinity of PCE molecules for adsorption on the cement surface [16,19,46]. And

also in this work, (Chapter 5), we will show that PCE molecules with high C/E

ratio preferentially adsorb over molecules with shorter backbones and high grafting

degree. PCEs with decreased efficiency demand higher dosages to achieve the same

workability of the concrete. Hence, the suggested dual detection method offers a

tool to identify fractions within a PCE sample that are potentially less effective

regarding their plasticizing ability. This suggests that new strategies to adapt
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the synthesis conditions may enable the production of more efficient PCEs with

tailormade molecular structure.

Liquid chromatography is a well-established tool to characterize polymers. With

regard to PCE analysis, the simple addition of a second concentration detector to a

standard SEC setup can provide new insight into the chemical dispersity of PCEs.

Revealing their chemical heterogeneity gives access to a better understanding of their

molecular heterogeneity.

In this study, different G-PCEs and FRC-PCEs were investigated. In contrast,

R-PCEs are not suitable for dual concentration detection due to their strongly

absorbing RAFT end group. When end group and repeating unit show an overlap in

their absorption spectra, dual concentration detection might not allow to correctly

quantify the copolymer composition, when the detection wavelength is located within

the overlap region.

Generally speaking, the detection wavelength has to be selected appropriately

that the end group contribution compared to absorption of the repeating units is

negligible. In particular for high molar mass polymers, this requirement is often

fulfilled as the number of repeating units is much higher than the number of end

groups. However, the strongly absorbing thiocarbonylthio-moieties in R-PCEs do

not allow to detect the carbonyl repeating units.

While this chapter has been focused on PCEs, it is suggested that the dual

detection method in aqueous media can also be applied to other types of water-

soluble copolymers with different components and architectures. For this purpose,

only suitable detector response factors for the comonomers have to be established.

The most important characteristic that conditions the suitability of dual

concentration detection is a sufficiently different response of the comonomers in

at least one detector. When neighboring group effects can be excluded, the method

is equally suitable for random copolymers, gradient and (multi)block structures.

Besides PCEs, further copolymers containing (meth)acrylic acid or maleic acid

as comonomer can be characterized by dual concentration detection. Moreover,

acrylamide, N-isopropyl acrylamide vinyl acetate or lactic acid containing copolymers

can potentially be subjected to this method, too.

All in all, dual detection SEC in aqueous media is a versatile and promising tool

to understand molecular heterogeneity in water-soluble copolymers. The collected
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information is of particular interest to comprehend structure-performance relations

of functional polymers, as exemplified here in the case of superplasticizers extensively

used in cementitious materials.

3.7. Appendix Chapter 3

Dual concentration detection SEC was validated as a suitable method to investigate

the comonomer composition of PCEs. For the majority of PCE samples subjected to

this method, the results were in agreement with 1H-NMR data. However, in case

of G-PCE-5.0 one outlier was observed (see Section 3.5.1). For this sample, the

composition determined from both methods deviates significantly.

In order to exclude that impurities in the sample affect the measurement of

G-PCE-5.0, the synthesis of this PCE was repeated, the corresponding polymer has a

C/E ratio of 5.0 and is termed G-PCE2-5.0. The result of the dual detection analysis

for this sample is included in Figure 3.9 (red circle). Similar to G-PCE-5.0, also

G-PCE2-5.0 lies above the bisection, indicating that ωDual
PMAA is not in agreement

with the 1H-NMR analysis. Notably, FRC-PCE-5.0 that has a very similar molar

composition to G-PCE-5.0 and G-PCE2-5.0 follows the trend of the bisecting line.
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Figure 3.9. Comparison of copolymer composition in G-PCEs (#) and FRC-PCEs ( )
calculated from 1H-NMR data and dual concentration detection SEC expressed as weight
fraction of comonomer C (ωC). The black data points were reprinted from Figure 3.5. The
result for G-PCE2-5.0 was added (#, red). Similar to G-PCE-5.0, the data point is located
above the bisecting line.
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The main difference between the polymers is the synthesis route. While the

FRC-PCE was obtained by aqueous copolymerization, the G-PCEs were synthesized

via esterification of MPEG with a PMAA precursor backbone. For the grafting

process elevated temperature (> 160 °C) and strong vacuum are needed to yield high

conversions.

It is known that high temperatures can cause degradation of P(M)AA via

two possible pathways, namely condensation of adjacent carboxylic groups and/or

decarboxylation of acid groups (Figure 3.10). These degradation reactions were also

observed for G-PCEs synthesized via esterification in melt [77].
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Figure 3.10. Possible degradation mechanisms of carboxylic acid groups within the PCE
backbone. Excessive heat can cause condensation of adjacent groups (a) or decarboxylation of
individual units (b). More information on this subject can be found in literature [77]

The anhydride formation can be reversed by dissolution of the PCE in aqueous

media. On the contrary, the loss of CO2 is permanent and has to be regarded as a

major modification of the chemical structure. Indeed, a PCE that has undergone

partial decarboxylation has to be treated as a terpolymer from a chemical point of

view. The refractive index increment and in particular the ability to absorb UV light

are modified upon decarboxylation. Consequently, kUV and kRI that are essential

for dual detection analysis are not accurate anymore. Thermal degradation of PCEs

gives a plausible explanation for the outlier shown in Figure 3.9. However, the effect

of elevated temperatures (and vacuum) on highly charged PCEs (C/E> 5.0) was not

further investigated.
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Besides thermally induced processes, also vacuum might cause polymer degra-

dation. In several examples, we observed changes of the RI/UV signal upon freeze-

drying. In Figure 3.11, the chromatogram of G-PCE-3.0 is shown before and after

lyophilization. While the shape and position of the elution peak was barely changed,

the ratio of the concentration detector signals was modified (Table 3.3).

Table 3.3. Ratio RI/UV signal of G-PCE-3.0 before and after freeze-drying the sample.
The signal ratio was obtained from the ratio of the peak integrals.

Sample RI/UV before RI/UV after

G-PCE-3.0 0.62 0.42

This indicates that the size of the PCE remained constant, while the response

factors have undergone a change. It can be assumed that backbone length and

side chains mainly determine the size of the polymer coil. Upon condensation and

decarboxylation, small moieties are cleaved off. It is feasible that this does not

significantly impact the hydrodynamic dimensions, while it causes a change in the

response factors.
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Figure 3.11. Chromatogram of G-PCE-3.0 before and after freeze-drying. The signals were
normalized to the maximum of the UV-peak.

Table 3.3 shows that RI/UV decreases upon lyophilization indicating an increased

absorption of UV relative to the RI response. Notably, the assumption that the UV

activity of PCEs is mainly connected with the number of carboxylate groups in the

backbone contradicts a loss of carboxylate groups by decarboxylation. However, the

exact impact of decarboxylation on the response factors remains unknown.
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Obviously, the issue of thermally or vacuum induced degradation of PCEs is

delicate and deserves further investigation. In order to find out if and how the

molecular structure of PCEs is affected by exposure to high temperatures and vacuum,

additional 1H-NMR, 13C-NMR and IR measurements as well as potentiometric

titration and a thermogravimetric study could contribute to a better understanding

of possible degradation processes and their reversibility. Moreover, the refractive index

increment and specific absorption coefficient for several PCEs should be determined

before and after exposure to damaging conditions. In addition to degradation of the

backbone, also the decay or cleaving of MPEG side chains should be considered [39].

Notably, this topic was not further investigated in this thesis. However, the concerns

raised in this section show the importance of sample history and sample preparation

for proper method development.

97





Liquid Chromatography - Part II

RP-HPLC with Solvent Gradients

Chapter

4
The content of Chapter 4 was not (yet) submitted to a scientific journal. However,

the results are potentially considered for publication at a later point in time. The

experimental strategy was elaborated by Stefanie Anne Weckwerth, who carried out

all experiments and entirely wrote this chapter. Dr. Radke was consulted for data

evaluation. The present chapter, in particular the section addressing implications for

admixture research, was revised by Prof. Flatt.

4.1. Context

In the previous chapter (Chapter 3), it is shown how the addition of a second con-

centration detector (i.e. UV detector) to a traditional size exclusion chromatography

(SEC) setup with refractive index (RI) detection allows to quantify the comonomer

content of poly(carboxylate ethers) (PCEs) along the elution axis. In other words,

this method allows to reveal information on the chemical composition in dependence

on the hydrodynamic size of the molecules. While this information is extremely

valuable for a better understanding of the molecular heterogeneity within PCEs, it

does not give access to the precise chemical composition distribution (CCD) of PCEs.

Indeed, the characterization of the CCD in copolymers is not trivial. In particular

for water-soluble copolymers, there is a lack of available methods for characterizing

chemical heterogeneity. In the past, interaction-based chromatography (IC) has

been proven a suitable tool to reveal information on the chemical dispersity of

copolymers. Herein, molecules are separated based on enthalpic interactions with the

stationary phase. While IC for polymers is commonly carried out on C18 columns

using organic solvents, it is also possible to use solvent mixtures with water. Thus,
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reverse-phase high performance liquid chromatography (RP-HPLC) is also suitable

for the characterization of more hydrophilic copolymers, such as PCEs. In the present

chapter, the potential of RP-HPLC with solvent gradients for characterization of

PCEs is investigated.

4.2. Strategy

RP-HPLC experiments are carried out on a C18 column using solvent gradients of

acetonitrile and water as mobile phase. A series of PCEs with well-defined composition

that were obtained from RAFT (short for reversible addition-fragmentation chain

transfer) copolymerization are used to demonstrate the impact of the grafting ratio

(i.e. C/E ratio) on retention. Subsequently, further PCE samples with systemic

variations in their molecular parameters are subjected to RP-HPLC to validate the

method.

Finally, PCEs with higher dispersity are studied. The obtained fractions from

the RP-HPLC experiments are investigated by complementary SEC measurements

in the second dimension. Thus, we aim to thoroughly investigate PCEs using a

combination of LC techniques. The findings will be compared to the results obtained

from SEC with dual concentration detection presented in Chapter 3.

4.3. Applied Polymers

In this study, various PMAA and PPEGMA homopolymers as well as PCE copolymers

with different C/E ratio ranging between 0.7 and 9.0 were applied. Here, C/E refers

to the numeric ratio of methacrylic acid groups (C) to ester groups (E) in the PCE

sample. The poly(methacrylic acid) (PMAA) homopolymer refers to the reference

case of an ungrafted backbone (C/E= ∞) and PPEGMA (poly(poly(ethylene

glycol methacrylate))) shows the case of a 100% grafted backbone (C/E= 0). The

homopolymers were essential for developing appropriate solvent gradients. The weight

averaged molar mass (Mw) and dispersity index (D) of all polymers was obtained

using SEC with MALLS and online RI detection. The C/E ratio was calculated from

1H-NMR as described in Chapter 2.6.3. Information on all PCEs is summarized in

Table 4.1.
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Table 4.1. Molecular characteristics of applied PCEs obtained from various synthesis routes.
C/E was obtained from 1H-NMR spectroscopy, Mw [kg/mol] and D were measured via SEC.

(a) R-Polymers obtained from RAFT (co)polymerization. While there are differences of the
C/E, all PCEs (except R-PCE-1.7-9) feature the same side chain length (P= 19). R-PMAA
refers to the case of an ungrafted backbone, and R-PPEGMA gives the case for a 100% grafted
backbone.

R-Polymer C/E Mw D P

R-PPEGMA 0 77.4 1.28 19
R-PCE-0.7-19 0.7 49.9 1.05 19
R-PCE-2.2-19 2.2 24.4 1.01 19
R-PCE-4.5-19 4.5 23.0 1.01 19
R-PCE-9.0-19 9.0 11.5 1.01 19

R-PCE-1.7-9 1.7 12.1 1.01 9
R-PMAA ∞ 5.5 1.11 -

(b) G-PCEs obtained via grafting of MPEG onto precursor backbones with different molar
mass.

G-PCE C/E Mw D P Backbone

G-PCE-1.5-22 1.5 21.9 1.59 22 PMAA-5k
G-PCE-3.5-22 3.5 17.2 1.50 22 PMAA-5k
G-PCE-5.0-22 5.0 14.4 1.44 22 PMAA-5k

G-PCE-2.0-11 2.0 26.1 2.3 11 PMAA-5k
G-PCE-2.0-22 2.0 15.1 1.8 22 PMAA-5k

G-PCE-1.5-22 1.5 46.3 2.00 22 PMAA-8k
G-PCE-3.5-22 3.5 37.0 1.89 22 PMAA-8k
G-PCE-5.0-22 5.0 34.5 2.02 22 PMAA-8k

(c) FRC-PCEs obtained via free radical (co)polymerization of MAA and PEGMA-19.

FRC-PCE C/E Mw D P

FRC-PCE-1.7-19 1.7 67.1 1.7 19
FRC-PCE-2.8-19 2.8 51.6 1.9 19
FRC-PCE-5.0-19 5.0 23.4 1.7 19
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4.3.1. Nomenclature

The nomenclature of PCEs follows a similar pattern as in the previous chapters:

Homopolymers and PCEs were obtained via various synthesis strategies, which

are indicated by a prefix. R-Polymer refers to polymers obtained via RAFT

(co)polymerization, FRC is the prefix for free radical copolymerization and G- refers

to the grafting method. For PCEs, their C/E ratio is indicated as a suffix. Moreover,

the number of ethylene oxide (EO) repeating units in the side chains (P) is added as

a second suffix when needed. For instance, R-PCE-2.0-19 describes a PCE with a

C/E ratio of 2 synthesized by RAFT. The side chain length of this R-PCE is 19 EO

units.

4.3.2. RAFT-Polymers

Firstly, we tested if RP-HPLC with gradient elution can be applied to separate PCEs

with different chemical composition (i.e. C/E ratio). Therefore, a solvent gradient

is developed while using polymer samples of low dispersity. These polymers were

synthesized by RAFT polymerization as described in Chapter 2.3. The backbone

length of the polymers was controlled by adjusting the molar ratio between monomer

and RAFT agent and controlling the conversion. This ratio was kept at 60/1 for all

samples. All R-PCEs feature a similar backbone length. Information on R-PCEs is

given in Table 4.2a.

4.3.3. Grafting of Precursor Backbones

A second set of PCEs was obtained by grafting of PMAA precursor backbones with

different molar mass (PMAA-5k, Mw≈ 5 kDa; PMAA-8k, Mw≈ 8 kDa, Table 2.8b)

with MPEG of different length (MPEG-11 and MPEG-22, Table 2.8a) via polymer-

analogous esterification. Here, different grafting ratios between 2 and 5 were aimed

for. PCEs obtained via grafting are termed G-PCEs. All G-PCEs and the precursor

backbones were supplied by Sika AG, Switzerland. More information about the

grafting process and all applied educts can be found in Chapter 2.5. Information on

all applied G-PCEs is summarized in Table 4.2b.
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4.3.4. Free Radical Copolymerization

For comparison of the synthesis techniques, three additional PCEs were synthesized

via free radical copolymerization of MAA and PEGMA in aqueous media. Information

on FRC-PCEs is shown in Table 4.2c. The applied synthesis protocol can be found in

Chapter 2.4. The same PCEs are subjected to SEC with dual concentration detection

in Chapter 3.

4.4. Instrumentation

4.4.1. Size Exclusion Chromatography

All PCEs applied in this chapter were characterized using size exclusion chromatog-

raphy. More precisely, a combination of multi angle laser light scattering (MALLS)

and online RI detection was used for approaching absolute molar mass distributions

(MMDs). More information about the instrumental setup and the characterization

protocol can be found in Chapter 2.6.2.

4.4.2. RP-HPLC

RP-HPLC chromatograms of the (co)polymers were recorded on an Agilent 1260

Infinity HPLC instrument using evaporative light scattering detection (SOFTA Model

1400 ELSD) The temperature of the spray chamber was set to 30 °C and the one of

the drift tube is 60 °C.

The HPLC system was equipped with a Waters XTERRA MSC18 column

(150 mm Å 4.6 mm, 5 µm diameter particle size, 8 nm pore size). The column

was kept in a column oven (TCC6000, Polymer Standard Service, Mainz, Germany)

and the temperature was set to 35 °C. Acetonitrile (ACN, HPLC gradient grade,

≥ 99.9 %) was used as solvent A and water was used as solvent B. The water

was purified using a Millipore filtration system. Moreover, 0.1 vol% of TFA was

added to the aqueous solvent. All (co)polymers were dissolved in ultrapure water.

For gradient experiments, the concentrations ranged between 5-10 mg/mL and the

applied injection volumes were between 50-100 µL. During isocratic experiments,

sample concentrations were 1.0 mg/mL and 1-5 µL were injected. In all experiments,
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the flow rate was kept constant at 1.00 mL/min. The column temperature was kept

at 35 °C during all RP-HPLC experiments. For solvent compositions with a volume

fraction of more than 47 vol% ACN (ϕA >47 vol%), MPEG elutes in SEC mode.

For ϕA < 47 vol%, MPEG elutes in liquid adsorption chromatography (LAC) mode,

meaning that big molecules are retained longer than small ones due to increased

interactions between solute and stationary phase.

4.4.3. Development of the Solvent Gradient

The solubility of PCEs is strongly influenced by the chemistry of their side chains.

For the determination of critical conditions of MPEG, RP-HPLC experiments were

carried out under isocratic conditions using different combinations of solvent A and

B. MPEG with different molar masses (350, 500, 1000, 3000, 5000 and 7500 g/mol

provided by Sika AG, Switzerland) were injected. For a solvent composition of

47 vol% of A and 53 vol% of B critical conditions were found meaning that MPEG

elutes independent of its molar mass (VLCCC= 1.25 mL, Figure 4.1a).

In Figure 4.1b, three R-PCEs with variations in their C/E ratio were subjected

to isocratic RP-HPLC experiments using critical conditions of MPEG. All samples

have their elution maximum at approximately 1.25 mL meaning that the R-PCEs

elute at the same retention volume as MPEG. At 1.1 mL the peaks feature a shoulder

indicating the elution of a second species. It is conceivable that the R-PCE samples

contain residual macromonomer, PEGMA. However, as a consequence of the rather

unpolar double bond attached to each macromonomer, PEGMA is expected to elute

slightly after the PCE. Alternatively, the shoulder is possibly due to the elution

of α − ω- dihydroxy-PEG, an impurity contained in the macromonomer. While,

isocratic RP-HPLC only allows to separate remaining macromonomer or impurities

from the PCEs it does not provide the means to distinguish molecules by C/E ratio.

Therefore, a solvent gradient was developed (Figure 4.1c).

All gradient experiments started with an eluent composition of 5 vol% A (ACN)

and 95 vol% B (water). Upon injection, the volume fraction of A was linearly

increased from 5 to 30 vol% within 20 minutes. Subsequently, the volume fraction

of A was further increased linearly up to 50 vol% within another 30 minutes. In

the final stage A was increased linearly up to 80 vol% within additional 25 minutes

(Figure 4.1c). Hence, the polarity of the mobile phase was gradually decreased.
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Figure 4.1. (a) Establishing critical conditions for MPEG on a C18 column. For 47 vol%
ACN and 53 vol% water (A/B=47/53) MPEG elutes independent of its molar mass. A
higher volume fraction of ACN results in steric exclusion, while a decrease in ACN allows
interaction between the solute and the stationary phase). (b) Chromatogram of various
R-PCEs at critical conditions of MPEG as found in (a). The elution peaks of all samples
are overlapping. (c) Gradient for RP-HPLC measurements of PCEs. The composition of the
mobile phase was gradually changed from 5/95 to 80/20.

Referring to MPEG, the solvent composition changes from LAC conditions to SEC

conditions (see Chapter 1.7.2).
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4.5. Results and Discussion

4.5.1. Gradient RP-HPLC of Polymers with Low Dispersity

The polarity and solubility of PCEs is significantly impacted by their grafting ratio.

Thus, also enthalpic interactions between PCE molecules and the C18 column are

expected to be influenced by the comonomer composition of PCEs. Generally

speaking, more hydrophobic PCE molecules (low C/E) are expected to interact

stronger with the stationary phase (= longer retention) than more hydrophilic ones

(high C/E). To validate this assumption, a small library of R-Polymers (Table 4.2a)

was investigated.

In a first step, R-PMAA (ungrafted backbone) was subjected to the previously

described gradient. In the chromatogram one elution peak is found at 16 mL

(Figure 4.2, top). For solvent compositions with a high volume fraction of water,

R-PMAA was found to adsorb to the column material. Due to the high polarity

of carboxylic acid groups, R-PMAA mainly interacts with the C18 column via the

methyl groups of the backbone. Interactions occur for very polar solvent compositions.

With increasing volume fraction of ACN (decreasing polarity of the mobile phase),

hydrophobic interactions are decreased and R-PMAA is flushed out from the column.

More specifically, R-PMAA elutes during stage I of the applied solvent gradient.

C18 stationary phases are commonly produced by modifying the surface of silica

particles with octyldecyl silane. As a result of incomplete surface modification, several

silanol groups remain on the silica surface. These silanol groups could strongly interact

with the carboxylic acid units of R-PMAA via formation of hydrogen bonds [159],

possibly causing irreversible adsorption of the solute molecules to the column packing

material. However, as R-PMAA elutes upon increasing the ACN content, it can be

expected that the retention of R-PMAA is dominated by hydrophobic interactions

between the methyl groups of the R-PMAA backbone and the C18 chains.

In a second step, R-PPEGMA (100% grafted backbone) was investigated. In the

corresponding chromatogram, three elution peaks can be identified. The first two

peaks show a modulation (Figure 4.2) indicating the elution of polymer molecules

with slightly different degree of polymerization. The first peak is caused by PEG

molecules, which are impurities contained in the PEGMA macromonomer. The

second peak is caused by residues of PEGMA itself. PEG elutes before PEGMA due
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Figure 4.2. RP-HPLC experiments using solvent gradients of water and ACN for several
R-Polymers. All polymers were obtained from RAFT (co)polymerization with MAA and/or
PEGMA-19. The elution peak of PMAA is located at 15.8 mL. The R-PCEs have C/E
ratios between 9.0 and 0.7 and elute at the following retention volumes: 35.5 mL (R-PCE-
9.0-19), 42.5 mL (R-PCE-4.5-19), 45.3 mL (R-PCE-2.2-19) and 47.2 mL (R-PCE-0.7-19).
R-PPEGMA elutes at 50.8 mL. More information on the molecular characteristics of all
applied R-Polymers is shown in Table 4.2a.

to its higher polarity. The hydroxy end groups of the PEG are more polar than the

methacrylate moiety of PEGMA.

The main peak indicates the elution of R-PPEGMA between 44.0 and 60.0 mL.

Thus, R-PPEGMA elutes significantly later than R-PMAA revealing a stronger

interaction with the column material. Hence, the presence of side chains increases

the retention time. Notably, for approximately 45 mL, the solvent composition of the

mobile phase is equal to critical conditions of MPEG. Consequently, R-PPEGMA

starts desorbing from the column shortly before the critical point is reached.
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The elution peak of R-PMAA and R-PPEGMA are clearly separated from each

other. PCEs are expected to elute in between both peaks. In order to find out if

a separation according to the C/E ratio is possible, a series of R-PCEs with C/E

ranging between 0.7 and 9.0 is investigated. As can be seen from Figure 4.2 (middle),

the PCEs elute between 26.0 and 56.0 mL. With decreasing C/E ratio, the elution

maxima are shifted to higher retention volumes, meaning that highly charged PCEs

elute closer to R-PMAA while highly grafted PCEs elute closer to R-PPEGMA.

However, it is only possible to distinguish PCEs with significant differences in

C/E ratio from each other. The peaks of R-PCE-9.0-19 and R-PCE-2.2-19 are

baseline separated. On the contrary, the peaks of R-PCE-4.5-19, R-PCE-2.2-19

and R-PCE-0.7-19 are overlapping. While the elution maxima are shifted to higher

volumes with decreasing C/E, the peaks are not baseline separated.

The results presented in Figure 4.2 confirm that RP-HPLC with solvent gradients

of ACN/Water allows to separate PCEs by grafting ratio as a consequence of enthalpic

interactions between PCE and stationary phase. Two types of interactions were

identified to contribute to the total retention: The methyl groups of the backbone

and the side chains can interact with the C18 column material. This means that

a change in backbone length, but also a change in side chain length, potentially

contributes to the total retention time of a PCE. Importantly, all R-Polymers have a

similar backbone length and identical side chain length. Hence, the retention was only

impacted by changes in C/E (i.e. grafting degree). In order to reveal how a change

in the length of backbone or side chain is reflected in the chromatogram, a series of

PCEs with systemic variations in these parameters was investigated. Understanding

the impact of these variations is essential to properly interpret the chromatograms

of PCEs with higher dispersity.

4.5.2. Variations of Side Chain Length

R-PCE-2.2-19 and R-PCE-1.7-9 have a similar backbone length and C/E ratio, but

differ in side chain length. Figure 4.3a shows the chromatogram of the corresponding

RP-HPLC experiments. According to Figure 4.3a, no particular effect of P on

retention is observed. Both R-PCEs elute between 35.0 and 55.0 mL. The elution

maximum of R-PCE-1.7-9 is very slightly shifted to higher volumes, however, this

could be due to the small difference in the grafting degree (C/E 1.7 vs. 2.2). To
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confirm these conclusions, an additional investigation of the effect of P was carried

out, as described below.
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Figure 4.3. Impact of side chain length on retention of PCEs in a RP-HPLC experiment
with solvent gradients. (a) R-PCEs: Both R-PCEs have a very similar backbone length (degree
of polymerization) and also their C/E ratio is comparable. (b) G-PCEs: Both G-PCEs were
grafted onto the same PMAA-5k precursor. Moreover, the C/E ratio of both G-PCEs was
found identical from 1H-NMR measurements. For both types of PCE the side chain length
does not significantly impact the retention.

This time, two G-PCEs with identical backbone (PMAA-5k) and identical C/E

ratio were used. Figure 4.3b shows the chromatograms of the RP-HPLC experiments.

For both G-PCEs, two elution peaks can be distinguished. The first peaks (at

lower retention volume) are modulated, as previously found for R-PPEGMA (see

Section 4.5.1). These peaks indicate the elution of residual MPEG that was not

grafted onto the backbone. Notably, MPEG-11 elutes earlier than MPEG-22 revealing

that the interaction between MPEG and stationary phase depends on the length of

the side chains. Thus, the EO units of MPEG interact with the column material.

Besides EO, also the hydroxy and methoxy end groups of each chain can interact

with the stationary phase.

The main peak of the chromatogram (between 25.0 to 55.0 mL) signalizes the

elution the G-PCEs. Similar to the two R-PCEs, both G-PCEs, elute simultaneously.

However, their elution peaks are significantly broader than for the R-PCEs. This

can be explained by their higher dispersity, in particular the dispersity regarding

backbone length is likely to cause peak broadening.

It appears that the side chain length does not notably influence the retention

behavior. It might have an effect when PCEs with big differences in P are compared.
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However, most common PCEs used in concrete technology are composed by one type

of side chain. Hence, the effect of P on retention is not of particular importance for

the RP-HPLC analysis of PCEs. In contrast, variations in the backbone length have

to be considered when dealing with disperse PCEs.

4.5.3. Variations of Backbone Length

The impact of backbone length on the retention behavior is investigated in Figure 4.4.

Here, two series of PCEs are compared with each other. The first series of PCEs was

obtained by grafting MPEG-22 onto PMAA-5k (Figure 4.4, bottom). The precursor

used for the second series of G-PCEs was PMAA-8k (Figure 4.4, below).
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Figure 4.4. Impact of backbone length on retention of G-PCEs in a RP-HPLC experiment
with solvent gradients of ACN/Water. The side chain length of all PCEs shown here is
P= 22. An increase in backbone length causes a slight shift of the elution peak to higher
volumes.

It appears that for a given C/E ratio and fixed P, PCEs are retained longer,

when the backbone length is increased. This is plausible, as an increase in backbone
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length coincides with a higher number of groups that can potentially interact with

the stationary phase. Besides, interactions between the backbone itself and the

column material, an increase of the degree of polymerization also results in more

contacts between side chains and column material. Hence, compared to SEC, where

bigger molecules elute earlier, the order of elution is reversed.

Evidently, the retention of PCEs during the gradient experiment depends on

multiple factors, most importantly grafting degree, but also backbone length. Changes

in both parameters impact the elution. Hence, an important factor that always has

to be considered when characterizing polymers by 1D-chromatography (LAC and

SEC) are coelution phenomena. Regarding the gradients, this means that PCEs with

a long backbone and high C/E (low grafting), might coelute with shorter and higher

grafted molecules.

4.5.4. Gradient Experiments of PCEs from Free Radical Copolymerization

In the previous sections, the impact of molecular parameters on the retention behavior

was investigated by using PCEs with distinct molecular properties. However, most

commercially relevant PCEs are obtained from free radical copolymerization which

means that they are likely to contain a variety of molecules with different backbone

length, C/E ratio and possibly even different architectures (i.e. gradients, blocks

etc.)

In order to determine whether RP-HPLC can be used to get an insight into the

molecular heterogeneity of more broadly dispersed PCEs, we subject FRC-PCEs

to the gradient method. In contrast to R-PCEs and G-PCEs, where the length of

the backbone is known, we only hold information about the average C/E ratio of

the FRC-PCEs. The chromatograms, of three FRC-PCEs are shown in Figure 4.5a.

With decreasing C/E ratio, the elution peak is shifted to higher volumes. This is

in agreement with the retention behavior found for G-PCEs and R-PCEs in the

previous sections. All FRC-PCEs elute approximately between 30 and 55 mL. Thus,

the overall width of the elution peaks is comparable to the one of G-PCEs.

The width of the elution peak is determined by the overall dispersity of the

samples regarding degree of polymerization and chemical composition. In Figure 4.5b

the elution behavior of PCEs with similar C/E and P, but different dispersity is

compared. While R-PCE-2.2 elutes in a well-defined peak, the two G-PCEs and
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Figure 4.5. (a) RP-HPLC experiments using solvent gradients of water and ACN for
several FRC-PCEs. All polymers were obtained from free radical copolymerization of MAA
and PEGMA-19.

FRC-PCE have a significantly broader elution peak. Notably, the peak of FRC-PCE-

1.7 elutes later than the other samples (Figure 4.5b, orange). This might due to

the slightly lower C/E ratio. Alternatively, this can be caused by the presence of

FRC-PCEs with very high degree of polymerization (long backbone). It is noteworthy,

that the applied gradient method is capable of separating the peak maximum of

these FRC-PCEs. In SEC experiments (Chapter 2, Figure 2.9), the elution peaks of

these polymers completely overlapped.

In Chapter 3, dual concentration SEC experiments revealed a correlation between

molecular size and C/E ratio for G-PCEs and FRC-PCEs. While this correlation

is moderate for G-PCEs, FRC-PCEs show more significant changes in C/E ratio

with molecular size. It appeared that small molecules tend to have a higher C/E

ratio than larger ones. Theoretically, the gradient method is capable of separating

small and highly charged PCEs (early elution) from big and highly grafted PCEs

(longer retention). However, coelution phenomena always have to be considered in

1D-chromatography of polymers. Specifically, as previously mentioned PCE molecules

with high charge density (low grafting density) and long backbone potentially elute

simultaneously with molecules that are higher grafted (low charge density) but short.

Despite the different separation mechanism in SEC, which is driven by entropy,

similar parameter contributions of C/E and backbone length (i.e. degree of

polymerization, DPn) can cause coelution. Also in SEC, a long and highly charged
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PCE might elute simultaneously with such molecules that are short but highly

grafted. Hence, it becomes evident that the information obtained from SEC and RP-

HPLC always has to be evaluated carefully while considering coelution phenomena.

Moreover, as the retention in both techniques is impacted by C/E and DPn, SEC

and RP-HPLC cannot be considered orthogonal. Consequently, RP-HPLC does not

provide the exact CCD and SEC does not give the exact MMD. Both analytical

methods only allow to approach CCD and MMD.

4.5.5. Fractionation and 2D-Chromatography

In order to get a more comprehensive picture of the molecular heterogeneity within

FRC-PCEs, the gradient method was complemented by additional SEC measurements

using the so called ”heart-cutting” technique (see Chapter 1.12). To this end, the

chromatograms shown in Figure 4.5a were divided into multiple fractions (”heart

cuts”), which were manually collected using a fraction collector. More precisely,

between 27 and 55 mL, 28 fractions were collected (each with a volume of 1 mL).

Subsequently, each fraction was investigated by SEC in the second dimension. The

results of this offline 2D-approach (i.e. RP-HPLC–LC) are presented in Figure 4.7

as contour plots. The RI signal in the second dimension was coded using a color

scale and, for illustration purpose, the data between the points was interpolated.

The interpretation of these 2D-plots is complex, as the combined effects of C/E and

backbone length have to be considered in each dimension.

Before analyzing the contour plots of the PCEs, it is helpful to have a look at

Figure 4.6. This figure shows a schematic 2D-analysis of a homopolymer (e.g. PEG)

with high molar mass. The hypothetical PEG is subjected to the same gradient as

the PCEs in this chapter. It is assumed that all PEG molecules are monofunctional

(MPEG). This means that they carry the exactly same end groups and are only

disperse with regard to their chain length P (i.e. degree of polymerization, DPn).

For early HPLC fractions, a dependence of the HPLC retention volume (VR),

on the elution volume of the SEC experiment (VElu), can be observed. With

increasing VR, VElu decreases slightly, indicating a molar mass dependence of the

HPLC separation. Molecules that elute early from the second dimension have a big

hydrodynamic volume. Consequently, with increasing VR, the molar mass of PEG

increases. For late HPLC fractions, the elution in the first dimension is independent

of VElu.
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Figure 4.6. Schematic 2D-analysis (RP-HPLC×SEC) of a linear, monofunctional MPEG
homopolymer (black curve) and a bifunctional PEG (grey curve). For early HPLC fractions,
a dependence of VR on VElu can be observed. At high HPLC retention volumes, the separation
in the first dimension occurs independent of VElu (= independent of molar mass). Hence,
the corresponding 2D-plot has a curved shape that was referred to as ”bananagram” by
Schoenmakers et al. [147]

The 2D-plot (schematic illustration Figure 4.6) displays a curved ”banana shape”.

This particular shape indicates that the separation in the first dimension occurred

on the adsorption side of the critical point. Notably, this particular plot can be

obtained for homopolymers, which contain only one type of monomer and is solely

the consequence of dispersity in the degree of polymerization [147, 148]. If the

PEG sample contains a second species (i.e. α − ω-dihydroxy-PEG), interactions

between these groups and the stationary phase impact the retention in the first

dimension rather than the size in the second dimension. Hence, for this species,

another ”bananagram” (grey curve) is found. If the gradient is not suitable to

separate both species by their functionality, both ”bananagrams” will smear out and

give one broad contour plot.
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Figure 4.7. (a)-(c) 2D-Chromatography of FRC-PCEs using RP-HPLC in the first
dimension and SEC in the second dimension (RP-HPLC–SEC). The results are presented
as contour plots. In the first dimension (x-axis) the samples were subjected to gradient
RP-HPLC. 28 Fractions were collected and injected into a SEC setup with RI detector in the
second dimension. The SEC data is shown along the y-axis. The intensity of the RI detector
in the second dimension is coded using the color scale shown below. For illustration purpose,
the data between the points was interpolated.

Let’s turn our attention to the contour plots of the FRC-PCEs. According to

Figure 4.7a, early fractions (Fraction 0-9) from the first dimension of FRC-PCE-1.7

elute between 20 and 29 mL in the second dimension. Thus, these fractions contain

molecules with significant differences in hydrodynamic size. For later fractions

(Fraction 10-28), the elution peak is visibly less broad. For instance, fraction 10,

elutes approximately between 26.0 and 28.5 mL. This indicates that these fractions

contain PCE molecules with a well-defined hydrodynamic size. With increasing HPLC

fraction number, the SEC peak moves towards smaller elution volumes, indicating

the elution of PCE molecules with a higher hydrodynamic volume. Interestingly, the
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GPC elution volume decreases moderately (from 29 to 25 mL) for the fractions 1-20,

while a more pronounced decrease can be observed for fractions 20-28 (from 25 to

22 mL). This trend causes a particular ”banana shape” that was introduced in the

previous section. For FRC-PCE-2.8 (Figure 4.7b) and FRC-PCE-5.0 (Figure 4.7c),

similar shaped contour plots were found. The ”bananagrams” indicate that the

separation mechanism in the first dimension occurred on the adsorption side of the

critical point [147] confirming that the chosen RP-HPLC gradient separates PCEs

according to interactions between solute and stationary phase. Hence, the performed

experiments belong to the category of solvent gradient interaction chromatography

(SGIC). Notably, for all HPLC fractions, separation depends on hydrodynamic size.

Thus, the critical point where elution is independent of molar mass was not reached.

For linear homopolymers, the ”bananagram” is the result of dispersity in backbone

length. Regarding PCEs, this issue is more complex. Theoretically, the retention in

the first dimension can be caused by variations in C/E and/or in the backbone length

of the PCE. Looking at the individual HPLC fractions, the majority of these fractions

elute in a narrow and well-defined peak in the second dimension, proving that within

each fraction, polymer molecules with rather consistent chemical composition and

similar backbone length can be found. Only early eluting HPLC fractions reveal a

broader dispersity in hydrodynamic volume. With increasing VR, the SEC peaks

are shifted towards smaller VElu. Overall, the PCE molecules elute between roughly

29 and 20 mL in the second dimension. Thus, the global elution peak in the second

dimension is rather broad. A broad elution in SEC is directly related with the

presence of molecules with big differences regarding their hydrodynamic size. This

indicates that the retention in the first dimension is more likely caused by a disperse

backbone than by broad dispersity in C/E. This can be understood by looking at

Equation 4.1:

RH ∝

((
aN
aP

)2 (1− 2χ)

2

)0.2

aP ·P 0.4(C/E + 1)0.2 · n0.6 (4.1)

where RH is the hydrodynamic radius of a PCE, aN represents the backbone

monomer size (0.25 nm for methacrylates), and aP the side chain monomer size

(0.36 nm for ethylene oxide, EO). χ is the Flory-Huggins parameter accounting for

the solubility of the PCE (0.37 for PEO at 25 °C) [10]. n and P are structural

parameters of the PCE as described in Chapter 1.1.
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Equation 4.1[36] shows that the hydrodynamic radius of a (flexible backbone

worm) PCE is proportional to the product of (C/E + 1)1/5 and n3/5. Here n refers

to the number of structural units defined by Gay and Raphaël [37] and can be taken

as a measure for the DPn. Consequently, changes in the backbone length cause a

more pronounced change in RH than changes in C/E. Regarding SEC, this means

that variations in the backbone length will have a significant impact on the elution

volume, while variations in C/E will be less pronounced. This minimal impact of

C/E on the elution volume can be understood when looking at Figure 2.1b (see

Chapter 2), where the SEC chromatograms of various R-PCEs are shown.

Coming back to the contour plot of the FRC-PCEs, the curvature of the

”bananagrams” (Fractions 20-28) is probably due to changes in the degree of

polymerization at rather constant C/E. However, a certain dispersity in C/E is

feasible. The fact that early fractions from the first dimension appear to elute late in

the 2nd dimension, also allows the conclusion that the contained PCE molecules are

possibly more charged but adopt a smaller hydrodynamic volume than such fractions,

which are retained longer in RP-HPLC. This conclusion cannot be drawn solely based

on the shape of the ”bananagram”, but has to be combined with the findings from

the SEC experiments with dual concentration detection (Chapter 3). Dual detection

experiments revealed that FRC-PCE molecules with smaller hydrodynamic size have

a higher C/E ratio. Notably, gradient RP-HPLC does not allow to precisely quantify

the comonomer composition. The order of elution can only serve as an indicator

for the grafting ratio. Indeed, it is difficult to interpret 2D-plots of PCEs that are

potentially disperse in multiple parameters. Most information on a sample can be

revealed when comparing between the contour plots of various samples of different

dispersity.

4.6. Comprehensive LC Analysis of PCEs

Finally, all applied LC techniques applied throughout this thesis are compared and

their relevance for PCE characterization is discussed. To this end, all LC experiments

which were carried out with FRC-PCEs are summarized and interpreted. Standard

SEC experiments (MALLS/RI) revealed broad elution peaks, indicating that the

FRC-PCEs contain molecules with significant variations in hydrodynamic size. The

steric exclusion mechanism in the SEC was not capable to separate the peaks, which

all eluted simultaneously (Figure 2.9a). However, SEC with MALLS and online RI
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detection is very useful to approach the MMD (Figure 2.9b). The dispersity index, D,

gives a first idea of the dispersity in molar mass, or more accurately in hydrodynamic

size. For FRC-PCEs D was found to be close to 2 (Table 4.1). This value is typical

for polymers obtained from free radical polymerization techniques.

By adding a second concentration detector to the SEC device, the comonomer

content in PCEs can be monitored along the elution axis. This provided a first

insight into the chemical heterogeneity of FRC-PCEs, however, it does not provide

the means to reveal details about the CCD. For FRC-PCEs, a dependence of the

C/E ratio on the hydrodynamic size was revealed (Figure 3.8, Chapter 3.5.4). More

precisely, for our FRC-PCEs, late eluting molecules (small hydrodynamic size) have a

higher C/E ratio than early eluting molecules (big hydrodynamic size). For instance,

for FRC-PCE-5.0, the C/E changed by more than 4.0 units between beginning and

end of the SEC elution peak.

In order to get a deeper insight into the CCD, RP-HPLC experiments involving

solvent gradients of water and ACN were applied. For FRC-PCEs this method

allowed to partially separate the FRC-PCEs by their C/E. This can be seen from

the peak shift in Figure 4.5a. For PCEs with low dispersity in backbone length,

RP-HPLC separates PCEs exclusively according to their grafting ratio. Thus, this

technique offers the means to access the CCD. However, most PCEs are disperse

regarding their backbone length. In this case, the retention in RP-HPLC depends on

C/E, as well as degree of polymerization.

The separation mechanism of both techniques, SEC and RP-HPLC (i.e. SGIC),

is fundamentally different. While SEC separates by size, SGIC depends on enthalpic

interactions between solute and column material. However, both techniques do not

allow an orthogonal separation of PCEs because C/E and DPn impact the retention

in both dimensions. This complicates the interpretation of the 2D-results, but, while

this situation is not optimal for 2D-analysis, the contour plot of a PCE is very useful

to access and describe its dispersity.

Consequently, RP-HPLC and SEC experiments were combined, and an offline

2D-analysis (RP-HPLC–SEC) was performed. The corresponding contour plots have

a curved shape (”bananagram”), which was connected with significant variations in

the backbone length. The shape of the contour plot is in agreement with the results

from the dual experiments. Small molecules are likely to be higher charged than big

molecules. Finally, it can be concluded that all individual LC experiments work like
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a puzzle that finally reveal and confirm a complex heterogeneity regarding C/E and

backbone length in FRC-PCEs.

4.7. Conclusion

As a preamble to this conclusion section, it is worth noting that all applied PCEs

were considered to be statistical copolymers. This assumption is legitimate based on

similar copolymerization parameters of the MAA and PEGMA-19 (see Chapter 1.5.2).

However, possible variations in the molecular architecture (i.e. statistical, gradient,

block) might also affect PCE retention and cause coelution.

A main outcome of this chapter is to show that RP-HPLC is suitable to separate

PCEs according to their grafting ratio. However, the C/E is not the only factor

influencing the retention behavior. While the contribution of side chain length

on retention appears negligible, variations in the backbone length do impact the

separation process. Consequently, besides the chemical composition, also the degree

of polymerization impacts the retention volume. Hence, coelution phenomena have

to be considered. In particular, highly charged PCEs with a long backbone and such

molecules that are highly grafted but shorter in backbone length are expected to

elute simultaneously.

Similar coelution phenomena also occur in SEC experiments. While SEC separates

by steric exclusion, the separation in the gradient experiments is based on enthalpic

interactions. Consequently, similar fractions which are found to coelute in gradient

experiments, potentially also show a similar retention behavior under SEC conditions.

Moreover, the retention mechanism in both techniques is impacted by C/E and DPn

meaning that RP-HPLC and SEC are not orthogonal when applied to PCEs.

While RP-HPLC–SEC does not allow to completely disclose MMD and CCD,

combining both techniques is still useful to get a more comprehensive idea of the

heterogeneity within disperse PCEs. To this end, fractions obtained from RP-

HPLC can be subjected to SEC in the second dimension. The here presented offline

approach provides a first insight into the molecular dispersity of PCEs. However, fully-

automated online coupling of both LC techniques (i.e. RP-HPLCxSEC) is ultimately

aimed for, which can continuously transfer fractions from the first dimension to the

second one. As pointed out before, due to coelution, and the fact that RP-HPLC

and SEC are not orthogonal, also the 2D-analysis does not give definite answers
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regarding MMD and CCD. To this end further analytical methods, possibly dual

detection in the second dimension, might be beneficial. In this case, the C/E ratio in

each 2D-fraction can be quantified.

In this thesis, the analysis of PCEs was focused on MPEG-type PCEs with

PMAA backbone. Gradients of ACN and water have been proven to be applicable to

a wide range of hydrophilic copolymers [142]. Thus, we suggest RP-HPLC for PCEs

with different chemistry and comonomers as shown in Figure 1.7.

An important lesson learned in this chapter is that neither MMD nor CCD of

PCEs can be accessed easily. Both analytical methods can only be used to approach

the distributions. Moreover, it was found that 1D-experiments are not sufficient to

get a profound insight into the molecular heterogeneity. To this end, it is essential

to apply multi-detection methods or carry out complementing LC experiments in a

second dimension, Notably, despite the above-mentioned limitations, 2D-separation

of PCEs combining RP-HPLC (i.e. SGIC) with SEC is a promising tool to reveal

heterogeneity within PCEs. Refining gradients and additional detection methods in

SEC will allow to disclose more features about MMD and CCD. While it is difficult

to interpret a single contour plot of a PCE, comparing between the 2D-analysis of

different samples will allow to reveal and understand differences in their molecular

heterogeneity.

4.8. Implications for Admixture Research

4.8.1. Mapping Dispersity

In this context, we suggest, that the overall molecular heterogeneity of PCEs including

aspects of MMD and CCD should not be characterized solely by 1D-chromatograms

and dispersity indices, but rather by a contour plot. The pattern and shapes of

this ”chromatography map” accurately combine information on composition and

hydrodynamic size and allow to draw conclusions regarding molecular heterogeneity.

Those maps are best used when comparing between different samples.

120



4.8. Implications for Admixture Research

4.8.2. Identification of PCE Species

Currently, many researchers aim to correlate molecular characteristics with PCE

performance. In Chapter 5, we contribute to this research field by showing that

highly charged PCE molecules and molecules with a longer backbone show a high

affinity for adsorption at the cement interface. Such results indirectly advocate for

the need for better characterizing polymer dispersity.

In this sense, a contour plot is helpful to identify fractions within PCEs that

are potentially less competitive regarding the adsorption on cement than other

molecules. After identifying these fractions, synthesis conditions may be adapted

for the production of highly efficient superplasticizers with tailor-made molecular

structures.

This scenario is best explained by looking at Figure 4.8, which shows a

hypothetical contour plot of a PCE. The plot does not give measurement data,

but was calculated assuming Gaussian distributions in both LC dimensions. The

”2D-map” is divided into four sectors and Table 4.3 explains the characteristics that

can be assigned to PCE fractions located in each sector.
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Figure 4.8. Calculated contour plot of a PCE containing two species which differ in their
molecular characteristics. The chromatogram area was divided into four sectors.

The pattern of the modelled contour plot reveals that the PCE contains two

different species. The fraction in sector I is potentially high in charge and large

regarding its hydrodynamic size, which correlates with a long backbone. In contrast,

PCEs of sector III tend to be lower in charge and small.
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Table 4.3. Characteristics of PCEs located in different sectors of a contour plot obtained by
RP-HPLCxSEC as shown in Figure 4.8.

Sector Characteristics

(I) high charge, large size
(II) low charge, large size
(III) low charge, small size
(IV) high charge, small size

Based on structure-performance relations, the competitiveness of this PCE for

adsorption or also its potential to cause retardation of the cement hydration behavior

etc. can be predicted. To this end, it is not relevant if the structure-performance

relations are based on empirical values or on scientific models, as long as reliable

correlations between molecular parameter and performance are drawn. The example

presented in Figure 4.8 reveals that chromatography data can be interpreted in a

meaningful way when referring to validated structure-performance relations.

4.8.3. Structure-Performance-Relations: An Example

So far, we have stressed multiple times that molecular heterogeneity should be taken

into account when aiming to understand the performance of a PCE. While one might

argue that considering average parameters is often sufficient, we want to give an

example that underlines the relevance of dispersity.

A widely known effect of using PCEs in cement is the fact that they delay

hydration. Marchon et al. [28, 44, 45] derived an empirical equation that correlates

the delay time (∆t) with the number of introduced carboxylate groups. Thus, ∆t was

successfully correlated with the PCE dosage and the C/E according to Equation 4.2:

∆t ∝ ntot
RU ·

(
C/E

C/E + 1

)1.5

(4.2)

where ntot
RU =

dPCE

MRU
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here nRU is the total number of structural repeating units (as defined by Gay,

Raphaël [37] and Flatt [10]) that are introduced into the system. MRU is the molar

mass of this structural repeating unit and dPCE is the applied PCE dosage.

In her study, Marchon [45] used PCEs of rather low dispersity in C/E, and it

can be considered that each PCE contains only one species. For a mixture of PCEs

with different molecular characteristics, we suggest calculating the overall delay

in hydration (∆t) as the sum of delay times caused by the different species (∆ti)

contained in the sample. Hence, Equation 4.2 can be modified as follows:

∆t =
S∑

i=1

∆ti ∝
S∑

i=1

ntot
RU,i ·

(
(C/E)i

(C/E)i + 1

)1.5

(4.3)

where S is the total number of different PCE species contained in the sample.

For S=1, Equation 4.3 is equal to Equation 4.2. (C/E)i is the C/E ratio of species i

and nRU,i the number of repeating of this species added with the dosage.

It should be noted that the hypothesis that the total retardation is the sum of the

retardation from the different components should be proven experimentally. However,

since the work by Marchon et al. [28, 45], shows a linear increase of retardation

with dosage of each of the superplasticizers they tested, this assumption should be

reasonable.

In the following, we use Equation 4.3 to calculate the delay in hydration for

three different PCEs. The characteristics of these PCEs are summarized in Table 4.4.

PCE-A contains only molecules with C/E= 3. PCE-B and PCE-C are disperse

regarding C/E and can be considered as binary mixtures of molecules, with C/E= 2

and 4 for PCE-B and C/E= 1 and 5 for PCE-C. Notably, the (number) average C/E

of all samples is 3.0. In all three scenarios, the same dosage of PCE is applied.

The delay in hydration for PCE-A is used as reference value and is equal to

1.0. For PCE-B, the calculated ∆t is only slightly smaller (0.97), showing that the

dispersity in C/E is not expected to impact the hydration in this sample. However,

for PCE-C, the ∆t decreases to 0.86. This means that the calculated delay time is

reduced by 14 %. This remains small, but is not insignificant.

Importantly, and as alluded to previously, Equation 4.3 has not been verified

with experimental data yet. We have used it to illustrate how to infer possible
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Table 4.4. Molecular parameters of the PCE species for the calculation of the delay in
hydration ∆t according to Equation 4.3. Here, ∆ti is the delay caused by species i. MRU

is given in g/mol and was calculated assuming a PMAA backbone (MMAA = 85g/mol) and
MPEG side chains with a molar mass of 1000 g/mol. nRU is given in mmol and the total
dosage is equal to 1 (g). The corresponding delay times were calculated as multiples of the
delay obtained for sample A. Thus, the delay for PCE-A is equal to 1.0.

PCE-A PCE-B PCE-C
A B1 B2 C1 C2

C/E 3.0 2.0 4.0 1.0 5.0
MRU 1340 1255 1425 1170 1510
dosage 1 0.48 0.52 0.44 0.56
ntot
RU 0.75 38 0.36 0.38 0.37

∆ti 1.0 0.43 0.54 0.27 0.58

∆t 1.0 0.97 0.86

macroscopic effects using mechanistic relations as well as dispersity characterization.

Our choice was guided by the arguable additivity of retardation contributions. For

other properties, the behavior may be highly non-linear with dosage and even more

complex for mixes. However, provided these effects can be described analytically,

it becomes possible to better assess the role that dispersity may play in the overall

performance of PCEs.

As a final remark, it is important to underline that PCE performance involves a

combination of aspects, including dispersion and retardation. These issues have been

handled analytically in the work by Marchon [12] and may provide a good basis for

further studies considering dispersity. However, in cases when the combination of

effects is more delicate to argue for, a more involved analysis would be needed.

At this point, the first part of this thesis which was focused on PCE synthesis

and analytics is concluded. The second part is dedicated to competitive adsorption

phenomena between PCE molecules with different molecular characteristics, aiming

to derive scientifically-based models which enable to predict PCE competitiveness.
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Impact of Charge Density and

Backbone Length

Chapter

5
The content of Chapter 5 was published in the following research article:

”EXPERIMENTAL METHOD AND THERMODYNAMIC MODEL FOR

COMPETITIVE ADSORPTION BETWEEN POLYCARBOXYLATE COMB

COPOLYMERS”

Cement and Concrete Research, 2022, Volume 151, 106523,

doi:10.1016/j.cemconres.2021.106523

Stefanie Anne Weckwerth is the first author of this publication. She developed

the concept for this work, designed and carried out experiments, evaluated and

visualized the data as well as wrote the first draft of the article. The experimental

work was supported by Robert L. Temme. The thermodynamic model and final

paper manuscript are the result of intense discussions and collaboration between S.

A. Weckwerth and Prof. Flatt.

5.1. Context

PCEs are interesting research subjects from two point of views. First of all, their comb

copolymer architecture and polyelectrolyte characteristics make them interesting for

polymer science. Indeed, their solution conformation and solubility behavior has

been intensely studied in the past and well described by convenient scaling laws

derived from polymer physics [10, 54]. Moreover, their ability to plasticize cement
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pastes makes them an indispensable part of modern concrete technology. In this

context, countless efforts have been done to study the performance of various PCEs in

correlation with average molecular characteristics. However, there is a severe lack of

studies that focus on the behavior of PCEs at the cement surface. Until today, many

publications describe the adsorption equilibrium using the Langmuir Adsorption

Isotherm. However, this model was derived for low molar mass species and is in

principle inadequate to describe the adsorption of polymers, even if such adsorption

tend to be “well-enough” fitted by the Langmuir equation. More importantly, there

is a lack of models accurately correlating the PCE structure with their affinity and

competitiveness during adsorption.

In the present chapter, we want to close this gap by proposing a thermodynamic

model describing the competitive behavior of between PCE molecules at the cement

surface, while accurately considering their molecular parameters and their nature as

polymers. Therefore, the adsorption and exchange behavior between PCE molecules

at the solid-liquid interface in cement paste is investigated. To achieve this, a

methodology was developed making it possible to distinguish the adsorption of

two similar PCEs. Hence, the existence of competitive adsorption between PCE

molecules with different molecular architecture could be established. More precisely,

the charge density N (= C/E+1) has been identified as a driving force impacting

the competition and quantified accordingly.

The starting point of the study was recognizing that in the past UV-Vis

absorption measurements were successfully applied to detect the concentration of UV

absorbing SPs like naphthalene sulfonates or poly(styrene sulfonates) [160]. While

this is not possible for most commercial PCEs synthesized by grafting or radical

copolymerization, PCEs prepared by RAFT polymerization do absorb sufficiently in

the UV to be quantified in solution by UV-Vis spectroscopy (Chapter 2.3.8).

By combining well-established total organic carbon measurements with UV-Vis

spectroscopy, competitive adsorption between PCEs of different structures could not

only be revealed but also quantified. Results are interpreted by deriving a fundamental

thermodynamic model describing the PCE competition as a dynamic equilibrium

between adsorbed and dissolved PCE molecules with different architectures. The

model rationalizes the effect of dispersity in charge and backbone length on the

adsorption behavior of PCEs and contributes to a fundamental understanding of the

PCE working mechanism on the molecular level.
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5.2. Strategy

5.2.1. Basic Concept and Methodology

Throughout this chapter, homogeneously grafted PCEs are used. More precisely,

the applied PCEs are flexible backbone worms as described in Chapter 1.1.2. The

molecular parameters N (charge density), and N × n (backbone length) will play a

central role to understand the impact of dispersity onto competition between PCEs.

In order to imitate the heterogeneity of N in a PCE having a distribution of the

molecular structure parameter, binary mixtures of well-defined PCEs were used. One

component was chosen to be UV-active (R-PCE) and the second one not (G-PCE).

The concept is summarized in Figure 5.1. First, a cement paste is prepared

with relatively high water to cement ratio to facilitate subsequent extraction. The

superplasticizer is added 15 minutes after the first contact between cement powder

and water. Allowing the system to reach the induction period before adding PCE,

prevents the PCE molecules from modifying the nucleation of ettringite and thereby

modifying the specific surface area of cement [28, 30, 161–163]. As this factor has a

major impact on the amount of PCE that can be adsorbed, it appeared the most

reasonable choice for this study. Clearly however, the questions of how and to

what extent PCEs impact ettringite nucleation is of high practical importance, but

nevertheless out of the scope of this work [164–170].

As schematically represented in Figure 5.1, the aqueous phase was separated 15

minutes after having added the PCE. This was done using pressure filtration. The

combined adsorption of both components was monitored by TOC measurements

of extracted pore solutions. This was complemented by UV-Vis absorption

measurements to determine the R-PCE adsorption. Thus, the combination of

both techniques gives access to the exact weight fractions of adsorbed PCE species.

5.2.2. Assessing Molecular Level Effects

The above-presented strategy allows to verify competitive adsorption between PCE

molecules of different charge density in cement. It makes it possible to go beyond only

measuring effects of average properties of PCEs [28, 68, 77, 153–156]. However, it

also called for well-planned experiments to be able to draw conclusive observations on
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15 min 15 min
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Mixture of 2 PCEs:
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G-PCE R-PCE
+
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Figure 5.1. Schematic describing the concept of this study. A combination of TOC and
UV-Vis absorption measurements gives access to the adsorbed fractions of PCEs with different
charge density.

how molecular structure variations affect competitive adsorption within a dispersed

polymer. For this study, we focused on the charge density N for a couple of reasons.

First, the dispersity of length in side chains (P), while not inexistent is rather

limited and does not appear as a primary factor of concern. Second, as far as

adsorption goes, the backbone length (N × n) should not play a major role either

on the adsorbed mass per unit area, or on the adsorbed layer thickness. However,

the side chain spacing, related to the ionic density of the backbone, is expected to

play a major role in the affinity of a PCE for cement surfaces. Thus, this factor

is considered to play a major role in competitive adsorption. Moreover, it is often

advocated that the widely used route of copolymerization may lead to PCEs with

inhomogeneous side chain distributions.

All in all, it appears that the most pressing factor to examine competitive

adsorption among PCEs is indeed the charge density N. Consequently, G-PCEs of

different charge density (N = 3.0, 4.3, 6.7) were chosen to compete against a R-PCE

(N = 2.9) obtained via RAFT-synthesis. A binary mix of one G-PCE and the R-PCE

was added either simultaneously or sequentially after each other to a cement paste.

Subsequently, the adsorbed fractions of each PCE were identified by combined TOC
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and UV-Vis measurements, as suggested above. Considering these fractions, the

competitive adsorption behavior is aimed to be correlated with the charge density N.

5.3. Materials

5.3.1. Cement

For this study, ordinary Portland type CEM I 52.5 R (Holcim Normo 5R, Siggenthal)

was used. Its chemical composition was obtained from XRD– analysis. (Table 5.1).

BET measurements were applied to determine the specific surface area (SSABET)

as described in [171]. SSABET of the anhydrous cement powder was found to be

0.9742 ± 0.0086 m2/g. The surface of the cement paste (W/C = 1.1) after 15

minutes of hydration was 1.7715 ± 0.0122 m2/g. For this, hydration was stopped

using isopropanol.

Table 5.1. XRD analysis of the applied cement powder (%).

C3S C2S C3A C4AF Gypsum Anhydrite Calcite

64.5 8.4 6.2 10.8 7.5 1.1 1.4

5.3.2. PCEs

All PCEs for this study feature a methacrylic backbone and the side chains are given

by methoxy poly(ethylene glycol) (MPEG). Whereas side chain length and backbone

length are similar among all PCEs, the grafting ratio (i.e. charge density) of the comb

copolymers varies. Throughout this chapter, the charge density will be expressed

as N, referring to the number of repeating units in one structural unit N. N varied

between 3.0 and 6.7. All macromolecules can be considered to be homogeneously

grafted flexible backbone worms as defined in literature [10]. More information about

the model by Gay, Raphaël and Flatt can be found in Chapter 1.1.2. An example of

the molecular structure is shown in Figure 5.2. In contrast, to the previous chapters,

where the PCE nomenclature included the C/E ratio, we use the charge density

N (N= C/E+1 ). The nomenclature in the present chapter follows the pattern:

R-PCE-N and G-PCE-N.
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Figure 5.2. Molecular structure of a PCE with a poly(methacrylic acid) backbone and
poly(ethylene glycol) side chains using the notation according to Gay, Raphaël and Flatt[10].
In case of R-PCEs, a UV-absorbing end group is attached to the backbone end. Details about
molecular parameters of all applied PCEs are listed in Table 5.2.

In this study, two different types of PCEs are distinguished. Although backbone

and side chains feature the same chemical components, different synthesis strategies

were pursued. The first kind of PCE was obtained by grafting of MPEG (Mn 1000

g/mol) onto preformed poly methacrylic acid (PMAA, Mw 5400 g/mol, D= 1.6) via

an esterification process. This type of PCEs will be referred to as G-PCEs. All

G-PCEs were supplied by Sika AG, Switzerland. More information on the grafting

process is given in Chapter 2.5.

A second type of PCEs was obtained by RAFT- copolymerization of methacrylic

acid (MAA) and the macromonomer poly(ethylene glycol) methyl ether methacrylate

(PEGMA, Mn= 950 g/mol). This PCEs will be referred to as R-PCE. Due to the

RAFT-process, an additional functional group is attached to the backbone of the

R-PCEs. This group features absorption bands in the UV spectrum (Chapter 2.3.8).

Details on the synthesis of the PCEs are pointed out in Chapter 2. Prior to

use, all PCEs were purified by dialysis to reduce the content of free side chains.

Subsequently, the PCEs were freeze-dried. This allows to dose the PCE as precise as

possible by weight. Information on structural parameters of all PCEs is summarized

in Table 5.2. Mw refers to the weight-averaged molar mass and D is the dispersity

index of the molar mass distribution.
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Table 5.2. Molecular characteristics of applied PCEs. N was obtained from 1H-NMR
spectroscopy, Mw [kg/mol], D and free side chains (wt%) were measured via size exclusion
chromatography using online refractive index and multi angle light scattering detection. All
PCEs are homogeneously grafted comb copolymers with flexible backbone worm characteristics
as suggested in literature [10]. While there are differences of the charge density, all PCEs have
a similar side chain length. The nomenclature of the PCEs follows the pattern: R-PCE-N
and G-PCE-N.

N n N× n P Mw D free side chains

R-PCE-2.9 2.9 15.2 44 19 20.9 1.1 2.0
G-PCE-3.0 3.0 13.2 40 22 20.6 2.0 6.0
G-PCE-4.3 4.3 9.2 40 22 18.8 1.9 4.3
G-PCE-6.7 6.7 5.9 40 22 14.9 1.8 2.9
G-Backbone - - 40 - 5.2 1.6 -

5.4. Experimental Methods

5.4.1. Standard Mixing Protocol

All cement pastes were prepared at room temperature with a W/C ratio of 1.1 by

weight. This rather high W/C was chosen to optimize the extraction of non-adsorbed

PCE in pore solution. Further information on issues regarding PCE extraction is

described in Section 5.8.2. All cement pastes were prepared using ultrapure water

from a Millipore Milli-Q system from Merck (TOC < 2 ppb, ρ= 18.2 MΩ · cm).

Whereas W/C was kept constant, PCEs of different dosages and different N were

used. The mixing protocol can be divided into different steps: preparation of cement

paste, addition of PCEs and extraction of pore solution. The sequence of steps was

precisely timed with the experimental time starting upon first contact between water

and cement powder.

The first step was equal for all experiments. 10.00 g of cement powder was added

to 11.00 mL of ultrapure water and mixed for 90 s at 1000 rpm using an overhead

stirrer (IKA® Eurostar power control visc). The paste was left sitting until 15

minutes. In a second step, 1.00 mL of PCE solution was added, and the paste was

mixed again for 90 s at 1000 rpm. The PCE dosage ranged between 0.1 g/gcem to

10.0 mg/gcem. The addition of the PCE solution leads to an increase in the W/C

to 1.2. It has been shown in literature that the dilution of cement pastes during

their induction period does not impact their hydration behavior up to the hydration
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peak [171, 172]. Moreover, BET measurements confirmed that the available surface

is not significantly impacted by the addition of PCE and additional water.a

At 15 minutes, the cement paste was shortly vortexed and poured into a pressure

filtration vessel. Compressed air was applied to filter the pore solution through a

filter membrane (Polyamide, 0.45 µm, Sartorius Stedim Biotech). The obtained pore

solution was acidified by adding 100 µL HCl (Sigma Aldrich, 37%, ACS reagent)

and subsequently characterized by total organic carbon and UV-Vis absorption

measurements.

5.4.2. Competitive Adsorption Protocol

It was aimed to investigate the adsorption behavior of R-PCE-2.9 in presence of a

second PCE (G-PCE, see Table 5.2). The addition of the two SPs was carried out

either simultaneously or sequentially. The total dosage of added PCEs is 4 mg/gcem

in all competition experiments. In case of simultaneous addition, the procedure is

equal to the standard mixing protocol. During the second step, 1.00 mL of PCE

solution was added, here the solution contained equal amounts (by weight) of G-PCE

and R-PCE-2.9. Consequently, the dosage of each competitor is 2 mg/gcem, summing

up to a total dosage of 4 mg/gcem. This is the required dosage to achieve surface

saturation (Section 5.4.3).

For sequential addition, the standard mixing protocol was modified as follows.

The addition of the first PCE (2 mg/gcem) was carried out as usual. After the first

component was given 15 minutes to adsorb onto cement, the pore solution was not

extracted directly, but a second PCE (2 mg/gcem in 1 mL ultrapure water) was added.

The paste was mixed for 90 seconds at 1000 rpm. Subsequently, the paste was left

for another 13.5 minutes rest, before the pore solution was extracted as described

above. All sequential experiments were carried out both by adding R-PCE-2.9 first,

aTo verify if additional water and PCE influence the SSA of cement, additional BET measurements
were carried out. In these experiments, a different batch of CEMI 52.5R was use than in the
experiments of the chapter. It was found that the SSA is not significantly influenced by the
delayed addition of PCE solution. All SSA values are given in m2/g. The time when the
hydration was stopped is indicated as suffix.
• SSA15min (no PCE): 2.15
• SSA30min (no PCE): 2.11
• SSA30min (4 mg/gcem added simultaneously): 2.29
• SSA45min (4 mg/gcem added sequentially (2+2)): 2.09

132



5.4. Experimental Methods

and the G-PCE component as a second and vice versa. Corresponding experiments

are denoted R-First and G-First.

5.4.3. Adsorption Isotherms

The amount of adsorbed PCE was calculated using the so-called depletion method.

For this purpose, the amount of PCE in the pore solution was determined by

analytical techniques, namely total organic carbon (TOC) or UV-Vis spectroscopy.

In all calculations, the amount of free (= non-grafted) side chains was considered.

For this correction, the assumption that free side chains do not adsorb onto the

cement surface but stay in the pore solution was made. All adsorption isotherms

presented in this paper are plotted as the amount of adsorbed PCE versus total

dosage of PCE. Both values are normalized by the mass of the cement sample.

Total Organic Carbon

The total organic carbon content of extracted pore solutions was measured by a

Shimadzu TOC-V CSH. The pore solutions were diluted with 0.05M HCl to meet

the calibration range of the TOC analyzer. The pH of all diluted samples was acidic

(pH 2) to guarantee removal of inorganic carbon. Subsequently, TOC was measured

as the total carbon (TC) of the acidified pore solution. The TOC of a reference

material (cement paste without PCE) was measured to consider organic carbon of

the cement itself due to grinding aids etc. All measurements were corrected with

this reference.

Figure 5.3 shows TOC adsorption isotherms of all applied PCEs. The adsorbed

amount of PCE increases sharply at low dosages and finally reaches a plateau. The

plateau value is equal to surface saturation. Hence, all adsorption sites are occupied,

and the surface is fully covered by a PCE monolayer.

All adsorption isotherms feature a rather rounded curve. For the G-PCE samples

this could be due to their dispersity (D= 1.8-2.0; Table 5.2). With R-PCE-2.9 being

substantially monodisperse (D= 1.1; Table 5.2), the rounded trend indicates a rather

moderate affinity for the cement surface.

For all applied PCEs, surface saturation was found between 1.5-2.0 mg/gcem.

A minimum dosage of about 2-3 mg/gcem is needed to achieve surface saturation
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(Figure 5.3). This value was crucial for the dosages chosen in competitive adsorption

experiments. Here a total dosage of 4 mg/gcem was applied to ensure that all kinetic

adsorption and desorption processes occur within the plateau region.
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Figure 5.3. Adsorption isotherms of all applied PCEs determined by TOC and depletion
calculation. The plateau value for all pastes ranges between 1.5-2.0 mg/gcem (blue zone). A
minimum dosage of 2-3 mg/gcem is needed to achieve surface saturation.

UV-Vis-Absorption

TOC only gives access to the total amount of PCE left in the pore solution. It is not

possible to distinguish between different types of PCEs. Due to the functional group

attached to the backbone, R-PCEs can be detected with UV-Vis spectroscopy. For

R-PCE-2.9, a linear calibration was established as described in Chapter 2.3.8. This

allows to determine the concentration of R-PCE in (pore) solution.

Figure 5.4 shows the absorption spectra of various pore solutions extracted

from pastes without added admixture (= reference) and from two plasticized pastes

using 5 mg/gcem G-PCE-3.0 and R-PCE-2.9. At 308 nm, an absorption peak can

be observed for R-PCE-2.9, whereas G-PCE-3.0 and the reference spectra do not

reveal a significant absorption at this wavelength. The concentration of R-PCE-2.9

contained in a pore solution can be calculated using the above-mentioned calibration

curve after subtraction of a reference value. As a reference, Abs@308 of a pore

solution without admixture was chosen.

134



5.4. Experimental Methods

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

[a
.u

.]

600500400300

Wavelength [nm]

 no PCE (Reference)
 G-PCE - 3.0
 R-PCE - 2.9

 

Figure 5.4. UV-Vis absorption spectra of different pore solutions. The pore solution
containing R-PCE-2.9 shows an absorption peak at 308 nm, whereas G-PCE-3.0 and the
reference pore solution do not feature specific absorption at this wavelength.

TOC versus UV-Vis

In case of R-PCE-2.9 both methods, TOC and UV-Vis, can be used to measure

the concentration in solution. For various pore solutions, the content of R-PCE-2.9

was determined via both techniques, respective values were plotted against each

other (Figure 5.5a). The data obtained from both methods are fully consistent.

Corresponding adsorption isotherms for both techniques are in very good agreement

(Figure 5.5b).
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Figure 5.5. (a) Concentrations of R-PCE-2.9 detected by TOC and UV-Vis plotted against
each other. The points follow the trend of a bisecting line (dashed); (b) Adsorption isotherm
for R-PCE-2.9 measured with TOC and UV-Vis.
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The resolution limit (i.e. the limit of quantitation) of the UV-Vis method is

around 0.1-0.2 mg/mL. Polymer concentrations lower than this value are affected

by baseline noise. For concentrations higher than 0.2 mg/mL, UV-Vis and TOC

can be applied equally to detect the concentration of R-PCE-2.9. Referring to

adsorption isotherms, a dosage of 1 mg/gcem resulted in approximately 0.2 mg/mL

of R-PCE-2.9 left in pore solution. It has to be noted that this value highly depends

on the W/C ratio. Moreover, it is only valid for this specific R-PCE-2.9. Different

chromophores/RAFT-agents might be useful to enhance resolution.

5.5. Results

5.5.1. Calculations and Data Treatment

The objective is to gain a deeper insight into the adsorption process and the adsorption

behavior of R-PCE-2.9 in the presence of different G-PCEs. To this end, two

parameters are of special interest, i.e. the total amount of adsorbed species, mtotal,ads,

and the corresponding weight fraction of each compound, ωG,ad and ωR,ad.

For this, we note that the total organic carbon in the solutions, cTOC,ppm, comes

both from polymer G, cTOC,ppm (G), and from polymer R, cTOC,ppm (R):

cTOC,ppm = cTOC,ppm (G) + cTOC,ppm (R) (5.1)

The concentration of organic carbon in solution can be used to calculate the mass

of dissolved R polymer, mR,sol, and G polymer, mG,sol. For this, the conversion factor

fTOC of each component has to be determined beforehand. The total mass of PCE

dissolved in pore solution is given by the sum of mG,sol and mR,sol (Equation 5.2-5.4):

mR,sol = cTOC,ppm(R) · fTOC(R) (5.2)

mG,sol = cTOC,ppm(G) · fTOC(G) (5.3)

mTOC,sol = mG,sol +mR,sol (5.4)

136



5.5. Results

The TOC method does not allow to distinguish between the two components.

But complementary UV-Vis absorption measurements of the pore solution (mUV,sol)

give selective access to the amount of dissolved R polymer, mR,sol Equation 5.5.

mR,sol = mUV,sol (5.5)

After combining Equation 5.5 and Equation 5.2, the amount of G polymer in

solution can be calculated as follows:

mG,sol =

(
cTOC,ppm −

mUV,sol

fTOC(R)

)
· fTOC(G) (5.6)

Subsequently, the amount of adsorbed R polymer,mR,ad, and G polymer, mG,ad,

can be obtained by the solution depletion method (Equation 5.7)-5.9). While we

do not introduce this explicitly in the following equations, we recall that in all

competitive adsorption experiments the dosage of each component (mi,dosage) was

equal to 2 mg/gcem.

mR,ad = mR,dosage −mR,sol (5.7)

And similarly, using Equation 5.6, we get:

mG,ad = mG,dosage −mG,sol (5.8)

The total amount of adsorbed polymer, mtotal,ad, is the sum for the mass of

adsorbed polymer G, mG,ad, and of polymer R, mR,ad.

mtotal,ad = mG,ad +mR,ad (5.9)

Finally, the weight fraction of each adsorbed compound, ωG,ad and ωR,ad, can be

calculated as follows:
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ωG,ad =
mG,ad

mtotal,ad
(5.10)

ωR,ad =
mR,ad

mtotal,ad
(5.11)

where ωG,ad + ωR,ad = 1 (5.12)

5.5.2. Experimental Outcome

Competitive Adsorption Phenomena

Figure 5.6 (top) summarizes the results of all competitive experiments in several bar

plots. The height of the bars shows the total amount (in mg/gce,) of adsorbed PCE in

each type of experiment. Each bar is composed of two stacked components, indicating

the amount of adsorbed G-PCE and the corresponding amount of R-PCE-2.9. At

first sight, it is obvious that the total amount of adsorbed PCE (total height of the

bars) is relatively constant, although the proportions of the two PCEs change. More

specifically, the total adsorption ranges between 1.6-2.0 mg/gcem, which is consistent

with the plateau values for the polymers taken individually. (Figure 5.3, blue zone).

Figure 5.6 (bottom) displays the adsorbed weight fraction of the different species

(in wt%). In all experiments, the weight fraction of adsorbed G-PCE is higher

than the one of R-PCE-2.9. Globally, this indicates that the G-PCEs feature a

higher affinity for the cement surface. In all experimental series (simultaneous and

sequential), the weight fraction of adsorbed G-PCE increases with increasing N while

the fraction of R-PCE-2.9 is reduced. This trend hints at a competitive adsorption

phenomenon between PCE polymers of different N for adsorption sites on the cement

surface.

Dynamic Adsorption

However, a closer look at the results reveals that the mode of PCE addition also

has an influence on the adsorbed weight fractions of both polymers. The results of

the simultaneous series and G-First are in good agreement, and the corresponding

amounts of adsorbed species only differ slightly. In the R-First series, the adsorbed
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Figure 5.6. Top:Total amount of adsorbed PCEs during competitive adsorption experiments.
Bottom: weight fraction of adsorbed species for experiments shown below.

weight fraction of R-PCE is increased compared to the simultaneous experiments,

hinting at a lower extent of exchange of R-PCE by its competitor.

5.6. Discussion

In order to discuss the above presented results, a simplified but comprehensive model

is presented to rationalize affinity of PCEs and to account for enthalpic and entropic

forces driving and counteracting the exchange of polymers on the cement surface.

5.6.1. Rationalizing Affinity and Dispersity

The affinity of a PCE is expected to be influenced by its molecular characteristics,

i.e. charge density (N ) and backbone length (N × n). Hence, the affinity of the
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5. Competitive Adsorption Part I

PCE is mainly correlated with the number of possible attractive interactions between

carboxylate groups and cement surface. A higher charge (or longer backbone)

increases the number of electrostatic bonds between PCE and surface. Nevertheless,

very high charge densities are expected to attenuate adsorption due to electrostatic

repulsion between adjacent carboxylate groups. However, in this study, in all

experimental series, the amount of adsorbed G-PCE increases with increasing N,

indicating an enhanced affinity when N increases in the range between 3.0 to 6.7.

In all competitive experiments, the amount of adsorbed G-PCE is higher than

the one of R-PCE-2.9. This indicates that the G-PCEs feature a higher affinity

for the cement surface (Figure 5.6). This also holds for the G-PCE with a similar

charge density as the R-PCE, suggesting that the different affinity between these

polymers results from the differences in dispersity. Indeed, whereas R-PCE-2.9

contains well-defined molecules with a molar mass between 15 kDa and 30 kDa.

The molar mass distribution (MMD) of the G-PCEs ranges approximately between

1.2 kDa and 150 kDa. (Figure 5.7). Although being disperse with regard to molar

mass, the charge density N of the G-PCEs can be considered as rather homogeneous.

The origin of the broad MMD lies in the dispersity of the backbone (D= 1.6) of the

G-PCEs that was synthesized by free radical homopolymerization of MAA before

being esterified with MPEG.
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Figure 5.7. Molar mass distribution of all applied PCEs: R-PCE-2.9 (a) and G-PCEs (b).
It should be noted that while both graphs use a log-scale, the one on the right shows a range
of molecular masses that is about 20 times larger. If the same scale was used on the left than
on the right, the R-PCE distribution would appear as a vertical line only. This underlines
the difference in breadth of the molecular mass distribution also reflected in Table 5.2.

At constant N, G-PCEs with a longer backbone should show a higher affinity for

the cement surface. In a first order, this can be assigned to the increased number of
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carboxylate groups that can bond exothermally with the cement surface. In a second

order, entropy changes contribute to the affinity, as discussed later in more detail.

The molar mass distribution of the G-PCE backbone can be found in Figure 5.8.

The mass range of the PMAA backbone ranges between approximately 750 Da and

30 kDa. This is equal to N × n values between 10 and 350.

In contrast to G-PCEs, the backbone of R-PCE-2.9 is very uniform. It can be

considered as a single fraction (R1) of molecules of low dispersity as evidenced by its

chromatogram. However, the exact MMD of the R-PCE is not directly accessible as

the backbone was not pre-synthesized but copolymerized along with the inclusion of

the side chains. Nevertheless, the RAFT process is known to yield highly uniform

polymers. Hence, the dispersity of the R-PCE backbone can be estimated from the

MMD of the PCE (D= 1.05).

Globally, the G-PCE backbone can be regarded as a heterogeneous mixture of

various PMAA with different Mw. To represent this, the chromatogram of PMAA

was divided into five fractions of equal weight noted G1-G5. Each of these can be

considered as a monodisperse sub-fraction of the backbone. The characteristics of

the sub-fractions are summarized in Table 5.3. Considering a homogeneous grafting

of the backbone, the affinity of the sub-fractions should increase from G1 to G5 due

to increasing Mw.
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Figure 5.8. Molar mass distribution of the PCE backbones: The G-Backbone distribution
was experimentally determined (i.e. PMAA-5k) by SEC. The distribution of the R-backbone
was calculated from the data in Figure 5.7.

Figure 5.8 and Table 5.3 emphasize that the competition between R-PCE-2.9

and a G-PCE is better understood as competition between a well-defined R-PCE
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with 5 monodisperse fractions of G-PCE, whereby the backbone of R-PCEs lies in

between those of the G-PCEs.

Table 5.3. Sub-fractions of the PCE backbones. The R-PCE backbone is comprised by one
narrowly distributed fraction. The disperse G-PCE backbone can be divided into 5 uniform
sub-fractions of low dispersity.b

Fraction R1 G1 G2 G3 G4 G5

Weight Fraction [wt%] 100 20.5 19.9 20.2 19.5 19.9
Mw [kg/mol] 4.1 1.7 3.0 4.3 6.1 11.1
D 1.05 1.09 1.01 1.01 1.01 1.10

5.6.2. Basic Thermodynamics of the Exchange

According to theoretical considerations, an adsorbed PCE (A) can be replaced by

another PCE (B) in order to minimize free energy. The exchange on the cement

surface can be rationalized with Equation 5.13. Importantly, in our conditions, the

surface is always saturated, and its area is constant. Consequently, we can write

this process of polymer exchange similarly to how we would do so for a chemical

reaction, where here however the stoichiometric coefficients account for the number

of molecules needed to occupy a given surface. Considering that xA molecules of

adsorbed A are replaced by xB molecules of B from pore solution, we have:

xA{PCEA}ad + xB{PCEB}sol
Q−→ xA{PCEA}sol + xB{PCEB}ad (5.13)

In order to determine if the replacement takes place, the free energy of exchange,

∆GEx (“Gibbs free energy”), has to be considered. For ∆GEx < 0, the process is

exergonic and results in energy minimization. ∆GEx can be calculated as follows:

∆GEx = ∆Go
Ex +RT · ln (Q) (5.14)

bTo divide the chromatogram into five sub-fractions with equal weight, the integral below the
elution peak (RI Signal) was split into 5 equal parts. For each sub-fraction Mw and Mn were
calculated to access the corresponding dispersity index.

142



5.6. Discussion

where ∆Go
Ex is the standard free energy of the exchange process and Q the reaction

product given by:

Q =

(
[PCEA]sol
[PCEA]ad

)xA
(
[PCEB]ad
[PCEB]sol

)xB

(5.15)

where [PCEA]sol and [PCEB]sol refer to the concentration of PCE A and B in

solution and [PCEA]ad and [PCEB]ad are approximated by the surface fraction of

each adsorbed polymer.

Now, YA and YB are defined as the partition of dissolved over adsorbed species

of A, respectively B:

YA =
[PCEA]sol
[PCEA]ad

YB =
[PCEB]sol
[PCEB]ad

(5.16)

Together with Equation 5.15, this gives:

Q = Y xA
A · Y −xB

B (5.17)

For ideal systems, the value of Q is purely related to mixing entropy. It is an

entropic term based on the concentrations in solution and on the surface for each

system considered. This mixing term changes to minimize free energy and bring the

system to a chemical equilibrium.

At equilibrium conditions, ∆GEx= 0 and the reaction product Q is equal to the

equilibrium constant K. This allows to correlate K with the standard free energy

of exchange. Hence, ∆Go
Ex is directly related with the partition of adsorbed and

desorbed species at equilibrium conditions:

∆Go
Ex = −RT · ln (K) (5.18)

Substitution into Equation 5.14 gives:
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∆GEx = RT · ln
(
Q

K

)
(5.19)

While this general result is well known, the important step here is to consider

stoichiometric coefficients relating to a unit surface area. Very importantly, the

molecular parameters of the PCEs influence those stoichiometric coefficients, and

this is an important part of our discussion of how changes in molecular structure can

impact the outcome of competitive adsorption between “relatively similar” polymers.

5.6.3. Exchange on a Unit Surface

As mentioned above, in order to rationalize the exchange of PCEs from a free energy

perspective, it is useful to refer to the exchange taking place on a unit area. The

standard free energy of an exchange, ∆Go,Area
Ex , on a given surface can be calculated

as follows:

∆Go,Area
Ex = ∆Go,Area

B −∆Go,Area
A (5.20)

where ∆Go,Area
A and ∆Go,Area

B are the standard adsorption free energies for A and

B for occupying a reference unit area. The standard free energy of exchange, ∆Go,Area
Ex ,

includes an enthalpic contribution (∆Ho,Area
Ex ) and an entropic one (T∆So,Area

Ex ):

∆Go,Area
Ex = ∆Ho,Area

Ex − T∆So,Area
Ex (5.21)

where ∆Ho,Area
Ex = ∆Ho,Area

B −∆Ho,Area
A (5.22)

and ∆So,Area
Ex = ∆So,Area

B −∆So,Area
A (5.23)

The number of molecules of PCEi adsorbed on a unit surface (Xi) can be

calculated as suggested by Flatt et al. [10] using Equation 5.24:

Xi =

√
2

(π · aNaP )
·
(
2
√
2(1− 2χ)

aN
aP

)−0.4

P−0.9
i ·N−0.3

i · n−1.0
i (5.24)
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Here aN represents the backbone monomer size (0.25 nm for methacrylates),

and aP the side chain monomer size (0.36 nm for ethylene oxide). χ is the Flory-

Huggins parameter accounting for the solubility of the PCE (0.37 for PEO at 25 °C).
Equation 5.24 can be applied to calculate the stoichiometric coefficients xA and xB.

PCE Activities and Lattice Model

For the calculation of Q, polymer activities in solution and on the surface have

to be approximated by their concentrations. In our approach, we use a simplified

lattice model (similar to the Flory-Huggins theory) to estimate PCE concentrations

in solution and on the surface.

Briefly speaking, polymer concentrations in solution (Equation 5.25) are given

with respect to the number of water molecules in pore solution, Specifically, we define

Lsol as the total number of lattice sites of the solution and LPCEi−sol the number of

sites occupied by PCEi:

[PCEi]sol ≈
LPCEi,sol

Lsol
(5.25)

Since the solution is very dilute, Lsol can roughly be approximated by the number

of water molecules in pore solution (Lsol ≈ Lwater). With regard to LPCEi−sol, we

consider that each monomeric unit of the PCE backbone occupies one lattice site.

Analogously, the surface fraction of adsorbed PCEs is calculated as ratio between

surface sites occupied by the PCE (LPCEi−ad) and the total number of sites of the

surface lattice (Lsurface).

[PCEi]ad ≈
LPCEi−ad

Lsurface
≈ ωad(i) (5.26)

The total amount of adsorbed polymers is roughly constant in all competitive

experiments (Figure 5.6) and similar to the plateau values of the polymers taken

individually (Figure 5.3). Hence, the surface fractions can be considered to be

equal to the adsorbed mass fractions ωads (G) and ωads (R) (Equation 5.10), which

substantially simplifies the subsequent analysis.
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Enthalpy Contribution

The adsorption enthalpy of a PCEi, ∆Ho,Area
i , is assumed to be proportional to the

number of electrostatic bonds between carboxylate groups and Ca2+ ions on the

surface. So, based on Equation 5.22, the exchange enthalpy, ∆Ho,Area
Ex , should be

proportional to the difference between these. Therefore, let us first consider the

adsorption of a single type of PCE. The formation of the above-mentioned bonds is

exothermic and favors adsorption. The number of formed bonds per unit area can

be estimated from the number of charges per unit area, Zi , which is given by the

product between Xi and the number of charges per PCE molecule, i.e. (Ni − 1) · n.
This gives:

Zi = Xi · ni · (Ni − 1)

=

√
2

(π · aNaP )
·
(
2
√
2(1− 2λ)

aN
aP

)−0.4

P−0.9
i N−0.3

i (Ni − 1) (5.27)

Comparing PCEs with constant side chain length, Zi increases with increasing Ni. In

first approximation, this also indicates an increased number of electrostatic interaction

points. Exemplarily, Xi and Zi for all applied PCEs of this study were calculated

for an area of 100 nm2 and given in Table 5.4. The stoichiometric coefficients xi of

the polymers are calculated with reference to XR−PCE−2.9.

Table 5.4. Number of molecules (Xi) and charges (Zi) per 100 nm2. The values were
calculated using Equation 5.24 and 5.27 assuming aN= 0.25 nm, aP= 0.36 and χ= 0.37.
The stoichiometric coefficients were calculated using XR−PCE−2.9 as a reference.

Xi Zi xi

[molecules/100 nm2] [COO-/100 nm2] xi = Xi/XR−PCE−2.9

R-PCE-2.9 1.64 47 1.00
G-PCE-3.0 1.65 44 1.01
G-PCE-4.3 2.13 64 1.30
G-PCE-6.7 2.90 98 1.77

Moving on to the thermodynamics of adsorption, we state that the enthalpy

change hi that occurs upon adsorption of PCEi is proportional to the number of

formed electrostatic bonds, Zi:
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hi = −αHZi

= −αH ·
√
2

π · aNaP
·
(
2
√
2(1− 2λ)

aN
aP

)−0.4

P−0.9
i N−0.3

i (Ni − 1) (5.28)

with αH > 0

where the proportionality constant αH is taken positive and can be seen as a measure

for the exothermic binding strength between Ca2+ and carboxylate groups of the

PCE. The choice of taking αH explains the negative sign in the above equation, since

the formation of these electrostatic bonds considered is exothermic.

Importantly, it has to be pointed out that according to Equation 5.27, Zi is

independent of ni meaning that the number of charges present per unit area should

not change with molar mass when Ni and Pi are held constant. Hence, for a given

charge density and side chain length, also hi should be roughly independent of

the molar mass. This means that the number of formed bonds per unit surface is

the same, no matter if few PCEs with long backbones or more PCEs with shorter

backbones are occupying a given unit surface.

This becomes important for understanding the impact of backbone dispersity

on PCE adsorption. A long backbone can form more bonds with the surface. A

priori, this could suggest a higher affinity of PCEs with high ni compared to those

with small ni. However, when looking at a fully covered unit surface, differences in

backbone length do not impact adsorption from an enthalpic point of view.

Entropy Contribution Solvent

With regard to entropy changes, we must distinguish polymer and solvent

contributions. When considering a single type of polymer, its adsorption implies

the desorption of a large number of solvent molecules. This represents a substantial

entropy gain that favors polymer adsorption. Typically, this would override losses

of configurational entropy undergone by the adsorbing polymer. However, in the

case of competitive adsorption between polymers, we need to consider the difference

in number of desorbing solvent molecules with respect to the adsorption of each

polymer taken individually.
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To estimate this difference, we first consider the number of desorbed solvent

molecules per unit area for the adsorption of a given polymer, PCEi. We note this si

and assume that it is proportional to the backbone length (Ni × ni) with αS being

the proportionality constant:

si = αS ·Xi ·Ni × ni

= αS ·
√
2

πaNaP

(
2
√
2 (1− 2χ)

aN
aP

)−0.4

Pi
−0.9Ni

0.7 (5.29)

with αS > 0

Equation 5.29 reveals that, similarly to hi, si also does not depend on the number

of repeat units, ni. Hence, for a given value of Pi and Ni, the entropy term linked to

solvent desorption is not affected by the molar mass. Coming back to competitive

adsorption, this means that the same number of solvent molecules will be released

per unit surface no matter if a species with long or short backbones are going to

fully occupy that surface.

Entropy Contribution Polymer

Let us also briefly consider the entropy related to the PCEs. We assume that the

penalty for conformational changes is roughly similar, so that the main effect would

be the translational entropy. This term is linked to the difference in number of

adsorbing chains per unit surface area. Equation 5.24 shows that with increasing ni,

less molecules occupy a unit surface. Thus, in case of long backbones, less molecules

are immobilized per unit area, which is beneficial from an entropic point of view.

This becomes important when rationalizing the effect of backbone dispersity on

adsorption affinity. PCEs with longer backbones are expected to adsorb preferentially

over shorter ones.

While the above section suggested that solvent exchange effects cancel out,

polymer exchange entropy would not. However, it can be expected to remain a

second order contributor to ∆Go,Area
Ex . It is important to underline that this argument

is only about the role of polymer entropy with regard to the standard free energy. The
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exchange free energy retains mixing entropy effects, though the polymer structure

dependence of stoichiometric coefficients that is accounted for in Equation 5.19.

5.6.4. Rationalizing Free Energy and Partition

So far, we pointed out that ∆GArea
i of an adsorption process of an individual PCE

is related with its molecular parameters. Let us now substitute Equation 5.28 into

5.22 and 5.23 to extend this concept to a binary system where PCEA is previously

adsorbed and then displaced by PCEB. Looking at this for a reference surface area,

the enthalpy of this exchange, ∆Ho,Area
Ex , can be estimated from hB − hA and the

entropic term, ∆So,Area
Ex , can be related with sB − sA:

∆Ho,Area
Ex = hB − hA

= −αH · βx ·
[
P−0.9
B N−0.3

B (NB − 1)− P−0.9
A N−0.3

A (NA − 1)
]

(5.30)

∆So,Area
Ex = sB − sA

= αS · βx ·
[
P−0.9
B N0.7

B − P−0.9
A N0.7

A

]
(5.31)

with βx =

√
2

πaNaP

(
2
√
2 (1− 2χ)

aN
aP

)−0.4

Based on the previous sections, we can infer that ∆Ho,Area
Ex and ∆So,Area

Ex (i.e.

solvent contribution) are independent of the molar mass of a PCE when Ni and Pi

are kept constant. Thus, also ∆Go,Area
Ex is not influenced by the molar mass of the

adsorbing species. Coming back to competitive adsorption, this means that ∆Go,Area
Ex

will remain constant if for one competitor only ni is changed, but that Ni and Pi are

constant. As a consequence, also the value of the equilibrium constant K will be the

same (Equation 5.18).

Understanding Partition

At this point, we need to have a closer look at the equilibrium constant, K.

Equation 5.19 defines that at equilibrium Q should be equal K. If K changes,

owing for example to a change in the structure of the polymers considered, then Q
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must change accordingly. This can happen by a concerted change in YA and YB, the

partition of polymers A and B between the surface and the solution (Equation 5.16

and 5.17). However, and very importantly for this paper, the value of Q can also be

changed as a result of the “polymer structure dependent stoichiometric coefficients”

xi (Equation 5.17). Consequently, there may be cases where a change in the polymer

structure does not affect K, but does affect Q. In response to this and to maintain

chemical equilibrium, the solution and surface concentrations will change (even if K

is constant).

This may be counter-intuitive, because most often when handling chemical

reactions, one is used to taking the stoichiometric coefficients as a given, and then

looking at how systems modify their concentrations as Q to reach K. We are not

used to thinking that equilibrium concentrations may change if K is constant. What

happens here, is that by changing the structure of PCE A or B is equivalent to

changing the stoichiometry of the reaction. In what follows, various consequences

of changes in molecular structure are discussed with the aim of explaining how the

distribution of species can be affected by changes in molecular structure. More

precisely, we will create three scenarios in order to discuss the impact of ni and Ni

onto partition and equilibrium conditions.

In scenario 1, the cement surface is fully covered by PCE A1 and PCE B is

dissolved in pore solution to compete for adsorption. The equilibrium of adsorbed

and desorbed species can be described with K1. In order to reveal how a change in

xA affects the equilibrium situation, we use Equation 5.17. Plotting Y xA
A against

Y xB
B gives a line with slope K. For instance, the black line in Figure 5.9 describes all

possible combinations of Y xA
A and Y xB

B that allow a system of PCE A and B to be

in equilibrium K1. The specific equilibrium situation (S1) of scenario 1 is indicated

with the black marker in Figure 5.9.

When the stoichiometric parameter xA is increased, the value of Y xA
A is decreased.

For this, we need to recall that the activities in solution are much lower than those on

the surface (Lsol ≫ Lsurface), so that the partition of a species A (YA = [PCEA]sol
[PCEA]ad

)

is smaller than 1. This also implies that an increase in xA would decrease the value

of Q. In Figure 5.9, this situation is indicated with the grey marker (S*), which is

located below the black trendline. In order to come back to equilibrium, Q has to be

increased to meet K (Figure 5.9, red and blue arrow). Therefore, the partitions of

YA and YB need to undergo changes. This is directly related with desorption and

adsorption of species A and B. In the following we describe two explicit scenarios,
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where a change in backbone length (scenario 2) or charge density (scenario 3)

cause dynamic processes.
Y

A
x A

YB
xB

K3 < K1

K1 = K2

S3

S2

S1

YA3
XA3

YA2
XA2

YA1
XA1

xA↑

YA↑ YB↓ Y
A↓ Y

B↑S*

YA
xA = Ki YB

xB

Figure 5.9. Schematic describing how a change in the molecular parameter xA results in
dynamic processes to re-establish equilibrium conditions. S1 gives the equilibrium situation of
scenario 1, where two PCE species A and B are adsorbed in equilibrium K1. An increase
in the stoichiometric parameter xA, leads to a decrease of Y xA

A (S*). Consequently, also Q
(Equation 5.17) is decreased. Desorption of A (YA ↑) and adsorption of B (YB ↓) raises the
value of Q and brings the system back to an equilibrium situation (S2). On the contrary,
further adsorption of A (YA ↓) and desorption of B (YA ↑) brings Q to equilibrium S3.
Equilibrium situations are described by the black and blue trendline, which give all possible
equilibria between PCE A and B with value Ki. The value of Ki is represented in the slope
of the trendline.

Influence of Molar Mass

In scenario 2, the equilibrium state of scenario 1 is perturbed by replacing A1 by

A2 which has the same values of P and N as A1 but a shorter backbone (nA2 < nA1).

Moreover, this replacement is done in such a way that A2 covers the same surface

and has the same activity in solution as A1 at equilibrium. Under these conditions,

we change xA, but keep YA, YB and xB constant.

The equilibrium state between A2 and B is described with K2. As pointed out

in the sections above, ∆Go,Area
Ex , is supposed to be independent of ni. Therefore,

in terms of standard free energy, scenario 2 is equal to scenario 1, so that both

151



5. Competitive Adsorption Part I

equilibrium constants have the same value: (K1 = K2). Thus, the equilibrium for

scenario 2 is described by the same line as for scenario 1 in Figure 5.9 (black line).

Now in the case where A2 has a smaller backbone, more molecules can be

adsorbed per unit surface as xA2 > xA1. As previously explained, this implies that an

increase in xA2 results in a decrease of Y xA
A (as YA is smaller than 1). In Figure 5.9

this means that the initial equilibrium point S1 is shifted to an out of equilibrium

position below it in that same figure (noted S*). To come back to equilibrium, the

system must increase YA and simultaneously decrease YB (with xA and xB now being

constant). This is shown schematically in Figure 5.9 with the red arrow from S*

to S2. An increase in Y xA
A means that YA increases, which implies a desorption of

A2. Thereby, the new equilibrium point S2 illustrates that A2 which has a smaller

backbone is less competitive with respect to B than A1.

Understanding the partition of dissolved and adsorbed species in dependence

on ni is crucial to access the role of backbone dispersity on competitive adsorption.

From this example, we see that smaller polymers are less competitive in terms of

adsorption than larger ones, even if the standard adsorption free energy for the

polymer exchange is not or only barely affected by the molar mass of the polymers.

Influence of Charge Density

Let us we now turn our attention to polymers with varying grafting density, but a

constant backbone length (constant Ni × ni). This is essential to comprehend the

effect of charge density on competitive adsorption. We aim to explain the influence

of Ni on the competition by referring to an exchange scenario 3.

Similarly, to scenario 2, we start from the equilibrium reached in scenario 1

and replace A1 by A3. In this case, A3 and B have the same backbone and side

chain length, but different charge densities. We consider that A3 has a higher charge

density than A1: NA3 > NA1 . At constant backbone length, we find xA3 > xA1.

As for scenario 2, we initially consider a replacement of A1 in such a way that

A3 occupies the same surface and has the same activity in solution. This ensures

that our initial step keeps YA, YB and xB constant. As in the previous case, the

value of xA increases, and this results in a decrease of Y xA
A because YA is smaller

than one. This moves the system from the equilibrium point S1 to a lower point S*

Figure 5.9.
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As before, this moves the system out of equilibrium, and we must discuss how

equilibrium can be re-established. In contrast to scenario 2, the situation considered

here modifies the equilibrium constants. Indeed, when looking at Equation 5.30, we

see that an increase in the value of NA, causes the term in the brackets to decrease,

so that the enthalpy becomes less negative. For the entropy, Equation 5.31 indicates

that if NA is increased, then the change in entropy decreases, making the process less

favorable. Therefore, both entropy and enthalpy changes indicate that increasing the

charge density of A should reduce the equilibrium constant K (for the displacement

of A by B).

From the above, we have K3 < K1, so that a new equilibrium for scenario 3

should be added to Figure 5.9, which is illustrated by the blue line with a slope K3

smaller than K1. With the new equilibrium line being below S*, our system that we

moved from S1 to S*, should move to its new equilibrium by concerted changes of

YA and YB (having to be in opposite direction). We show that by the arrow from S*

to S3, which is indicated with a blue marker in Figure 5.9.

Specifically, this return to equilibrium involves a decrease of YA and an increase

of YB. Similarly, Y xA
A decreases and Y xB

B increases. In other words, we get further

adsorption of A and desorption of B (with respect to scenario 1). This illustrates

that an increase in charge density, increases the competitive adsorption ability of a

PCE.

Influence of Side Chain Length

So far, the impact of P on the adsorption equilibrium was not considered as in all

experiments of this chapter PCEs with constant side chain length were applied. For

the sake of completeness, we want to emphasize that changes in P potentially also

impact the adsorption equilibrium. More specifically, at constant backbone length

and constant charge density N, a reduced side chain length causes the stoichiometric

parameter xA to increase. At the same time, a change in P modifies the equilibrium

constant K. In a scenario 4, where PA4 < PB, a similar situation as illustrated for

scenario 3 will be created (K4 < K1) (Figure 5.9) that involves desorption of species

B to give further access to the surface for the PCE with shorter side chains (A4).

Consequently, PCEs with shorter side chains are potentially more competitive. The

role of side chains in competitive adsorption will be addressed in detail in Chapter 6.
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All in all, the different scenarios emphasize how the change in molecular

parameters of one competing species induces exchange of PCE molecules at the

cement surface to establish equilibrium conditions, which can be described with the

constant K.

5.6.5. Connecting Theory with Results

At this point, we want to connect and verify the derived thermodynamics with our

experimental results.

Influence of Charge Density

The effect of charge density on the adsorption behavior of PCEs can be seen in all

experiments (simultaneous and sequential). Overall, it can be stated that a higher N

of the G-PCE, coincides with an increased affinity for the surface. This observation

is aimed to be connected with the suggested model. Let us turn our attention to

the R-First series. In all R-First experiments, R-PCE-2.9 was added to the cement

paste prior to the G-PCE. Hence, we note R-PCE-2.9 as component A, respectively,

B refers to the different G-PCEs. For, G-First experiments, component A (G-PCE)

and B (R-PCE) have to be treated vice versa.

Assuming that ∆Go,Area
Ex is dominated by enthalpic effects and considering

entropic contributions to be negligible (∆So,Area
Ex ≈ 0), Equation 5.30 can be rewritten

as follows:

For ∆Go,Area
Ex ≈ ∆Ho,Area

Ex = hB − hA

∆Go,Area
Ex = α∗

H ·∆[N−0.3
i (Ni − 1)] (5.32)

where ∆[N−0.3
i (Ni − 1)] = [N−0.3

B (NB − 1)]− [N−0.3
A (NA − 1)]

and α∗
H =

αH

P 0.9
A

· βx; αH > 0; PA = PB

From a theoretical point of view, we therefore expect that ∆Go,Area
Ex should be

proportional to ∆
[
N−0.3

i (Ni − 1)
]
. From an experimental point of view, we used

the measured solution concentration and adsorption values to determine YA and
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YB. With the stoichiometric coefficients listed in Table 5.4, we can calculate K

and thereby infer the value of ∆Go,Area
Ex from our experiments. Thus, in order to

test our theoretical predictions, we then plot ∆Go,Area
Ex against

∣∣∆N−0.3
i (Ni − 1)

∣∣
in Figure 5.10. For means of comparison, we plot absolute values and consider the

simultaneous experiment as a benchmark. In this series, the PCEs purely adsorb

according to their affinity for the surface, as both competitors are added at the same

time to the cement paste.
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Figure 5.10. Verification of Equation 5.32. The data of the simultaneous experiment
was fitted by linear regression. The slope (α∗

H) was found to be 12.5 kJ/mol per unit of∣∣∆ [N−0.3
i (Ni − 1)

]∣∣. For an average side chain length with 20 repeating units this is equal
to a bonding strength, αH ≈ 37.9 kJ per mol of carboxylate. The offset of the regression line
is 2.3 kJ/mol.

For all experimental series, a linear relation is found between ∆Go,Area
Ex and∣∣∆ [N−0.3

i (Ni − 1)
]∣∣. While this strongly supports our theoretical prediction, it does

not fully validate it, because the line does not exactly go through the origin (offset

≈ 2.3 kJ/mol). There are different possible reasons for this offset.

One possibility is that the charge density of the G-PCE is not properly assessed.

The average of the G-PCEs was calculated from 1H-NMR, which should be quite

accurate. However, it is possible that there are slight inhomogeneities in the grafting

ratio between smaller and longer backbones. This might impact the distribution of

adsorbed species and the value of K that causes the offset. It is worth mentioning

that the regression would pass the origin, if N of the R-PCE was 2.6 instead of

2.9. The rather close values underline that our model appears to be capturing main

effects rather well, at least in terms of underlying basic principles.

Another reason for the offset in Figure 5.10 may be that G-PCE has a much larger

dispersity than the R-PCE. This is discussed in the next section. Before that, however,
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it is worth mentioning that the slope of the linear regression in Figure 5.10 provides

the value of α∗
H , which according to its definition can be used to calculate the binding

strength αH (Equation 5.32). Assuming PA=PB= 20 and taking α∗
H= 12.5 kJ/mol,

the binding strength between each carboxylate group in the PCE and Ca2+ would

have to be 37.9 kJ per mol of carboxylate (i.e. methacrylate). This is substantially

higher than recently reported binding enthalpies for acrylate-based PCEs adsorbed

on Calcium-Silicate-Hydrate surfaces. Determined by molecular dynamics, they were

found to be in the range between 0 and 20 kJ per mol of acrylate monomer (at room

temperature)[173].

However, this discrepancy should not be given too much weight as our model

relies on scaling relations for which the numerical constants (proportionality factors)

cannot be quantified accurately. On the other hand, the linear relation in Figure 5.10

indicates that our model correctly captures the nature of how changes in molecular

structure parameters affect competitive adsorption between PCEs.

The Issue of Backbone Dispersity

In Section 5.6.4, we described changes in surface affinity for PCEs of equal charge

density, but different backbone lengths. This section builds upon those results to

examine whether dispersity and dosage may account for the offset in Figure 5.10.

For this, as introduced in Section 5.6.4, we consider R-PCE-2.9 as monodisperse

and the G-PCEs a dispersed polymer composed of the five monodisperse fractions

defined in Table 3.

Under such circumstances, each G-PCE fraction competes with the other G-PCE

fractions and with R-PCE. The reaction of each competition can be described by

rewriting Equation 5.13 (here: any given G-PCE fraction being component A):

ϕixG,i{PCEG}ad + ϕixR{PCER}sol
Qi−→ ϕixG,i{PCEG}sol + ϕixR{PCER}ad (5.33)

with ϕi =
mG,i, ad

mG,ad
and

f∑
i=1

ϕi = 1

where f is the total number of sub-fractions and ϕi is the abundance of sub-

fraction i in G-PCE, given as the mass of fraction adsorbed G-PCE. Moreover, xG,i is
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the stoichiometric coefficient of the G-PCE sub-fraction i. Consequently, the global

reaction Equation 5.13 is equivalent to the following expression:

f∑
i=1

ϕixG,i {PCEG}ad+xR {PCER}sol
Qi−→

f∑
i=1

ϕixG,i {PCEG}sol + xR {PCER}ad (5.34)

Assuming equilibrium conditions, it can be shown that using the same approach

as in Section 5.6.2, the equilibrium constant Ki for the exchange between any fraction

i and R-PCE can be written as:

Ki = Kϕi = Y
ϕixG
G,i · Y −ϕixR

R (5.35)

Rearranging Equation 5.35 leads to:

Y
xG,i

G,i = K·Y xR
R (5.36)

with YG,i =

(
[PCEG,i]sol
[PCEG,i]ad

)

This is an important result, because it means that in a given experiment the

term Y
xG,i

G,i has the same value regardless of which G-PCE fraction is considered. It

also means that the value of YG,i can be determined with the measured equilibrium

concentrations of R-PCE and the appropriate values of xG,i. Knowing YG,i and K,

the adsorbed mass mG,i,ad of each fraction can be calculated.

However, the value of K is not known exactly a priori. Indeed, the determination

of equilibrium constants in the previous section only represents a first approximation.

It has to be considered that those values of K might not be exact, since they were

calculated from the experimental results of the simultaneous series without proper

consideration of the dispersity of the G-PCE.

To verify the suggested dispersity model (Equation 5.34-5.36), we calculated the

adsorbed amount of each fraction mG,i,ad. In a first step, [PCEG,i]ad was obtained

using Equation 5.36. Subsequently, Equation 5.26 allows to access mG,i,ad. Then,

the total amount of adsorbed G-PCE is given by the sum of the adsorbed fractions:

mG,ad =

f∑
i=1

mG,i,ad (5.37)
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Using the previously determined values of K (Equation 5.17, Q = K in

equilibrium) for the calculation of mG,ad leads to only minor deviations from the

experimentally found values. This is shown in Figure 5.11a, where the first two bars

reveal a slight deviation. Here, the first bar gives the amount of adsorbed PCE

calculated according to the dispersity model as described in the previous paragraph.

As this calculation requires the use of K (Equation 5.17), the corresponding bars

are referred to as ”Model-K”. The second bar gives the adsorbed amount of PCE,

which was experimentally determined using simultaneous TOC and UV detection.

(Equation 5.7-5.9).
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Figure 5.11. (a) Adsorbed amount of G-PCE, mG,ad. Comparison between experimental
data of the simultaneous series and calculated values according to the dispersity model
(Equation 5.34-5.37). Using K results in slight deviations compared to the experimental data.
(b) K∗ was obtained as the best fit for the calculation of mG,ad.

Figure 5.11a also shows a third bar (Model-K*), giving very good agreement

with the experiment. These values were calculated using K∗ as equilibrium constant.

Values of K∗ were obtained as the best fit for the calculation of mG,ad according to

the dispersity model. All values of K and K∗ are provided in Table 5.5. While we

cannot say if any of these changes taken individually makes sense, we can examine

whether taken together this new set of values does.
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Table 5.5. Equilibrium constants: K was determined according to Equation 5.15. K∗ shows
the best fit of K to calculate mG,ad according to the dispersity model (Equation 5.34 - 5.37).

G-PCE-3.0 G-PCE-4.3 G-PCE-6.7

K 2.55·10-1 1.09·10-2 3.39·10-5

K* 5.96·10-1 3.42·10-2 1.17·10-5

In order to verify the accuracy of K∗, we use the values of K∗ to determine

∆Go,Area
Ex and examine the relation between ∆Go,Area

Ex and
∣∣∆ [N−0.3

i (Ni − 1)
]∣∣. As

shown in Figure 5.11b (black line), this is once again linear, but this time with an

intercept closer to zero (offset = -0.97 kJ/mol instead of 2.3 kJ/mol previously).

This supports our argument that the offset in Figure 5.10, also seen from the grey

line in Figure 5.11b, is most probably due to the greater dispersity of G-PCE than

R-PCE. Our model is thus globally consistent, and we can now take a step further to

examine more detailed consequences of dispersity, i.e. the partition and distribution

of adsorbed species with regard to the backbone length.

Results for the partition of the G-PCE fractions, using K∗ values from, Table 5.5

are shown in Figure 5.12a. This shows that fractions with backbone lengths below

30 units barely adsorb, while ones above 40 adsorb almost entirely. Another

representation of this is shown in Figure 5.12b, where the partition of each fraction

between the surface and the solution is given.
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Figure 5.12. Distribution of partition, YG,i and adsorbed mass, mG,i,ad of the sub-fractions
within the G-PCE calculated with K∗. With increasing length of the backbone adsorbed masses
increase. This is equal to a decrease in partition for PCEs with long backbones.
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As alluded to above, the adsorbed masses shown in Figure 5.12a) reveal that

there is a threshold backbone length of approximately 35-40 units for which all

applied G-PCEs are majoritarily to be found on the surface rather than in solution.

For Nixni > 40 the G-PCE, sub-fractions adsorb almost completely, whereas shorter

ones barely access the surface. This threshold turns out to be very close to the

backbone length of the competing R-PCE, which confirms that the R-PCE loses the

direct competition with long G-PCEs and wins against shorter ones. Evidently, the

total extent of adsorbed amounts is also affected by the charge of the competitors.

But the backbone length has a significant impact on the competitiveness of a PCE.

Dynamic Processes and Excluded Fractions

Figure 5.12 highlights that the greatest difference for the adsorption of the three

polymers concerns the fraction of intermediate backbone length which are similar to

the backbone of the R-PCE. It underlines that dispersity plays an important role,

which is why we include it in our analysis of the outcome of the experiments with

different sequencing of the polymer addition (G-First and R-First).

For this, we replot ∆Go,Area
Ex vs.

∣∣∆ [N−0.3
i (Ni − 1)

]∣∣ in Figure 5.13. As was also

the case in Figure 5.10, results of the simultaneous experiment and G-First are in

very good agreement. This could already be anticipated from Figure 5.6 as both

experimental series show similar adsorbed amounts and weight fractions of PCEs.

In the G-First series, the G-PCE was added to the cement prior to R-PCE. Thus,

the G-PCE could freely adsorb on the surface before any competition with R-PCE

started. The dosage of G-PCE (2 mg/gcem) was sufficient to cover the complete

cement surface. Therefore, when the R-PCE is added, it can only adsorb if some

G-PCE molecules desorbs to make space on the surface. Such exchange processes are

driven by free energy minimization of ∆Go,Area
Ex , as we have tried to describe in our

model. Assuming that equilibrium is reached, it should not matter from which side

one starts, the final state should be the same. Therefore, the accordance between

simultaneous and G-First is expected. The slight deviation for R-First however

requires an explanation.

First, we note that in all R-First experiments, increased fractions of R-PCE are

found on the surface (Figure 5.6). This indicates that the adsorption of the R-PCE

is not fully reversible in the case of R-First. A possible reason for this might again

lie in the dispersity of the G-PCE backbone. Indeed, the G-PCE fractions with
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Figure 5.13. Replot of ∆Go,Area
Ex vs.

∣∣∆N−0.3
i (Ni − 1)

∣∣. Simultaneous and G-First results
are in good agreement, whereas R-First shows a slight deviation with regard to the simultaneous
data. We assume that an excess of R-PCE adsorbs as “Excluded G-PCEs” do not replace
them sufficiently when being added as a second component. After considering 0.15 mg/gcem
of irreversibly adsorbed R-PCE, the corrected R-First values are in good agreement with the
simultaneous data.

backbones smaller than 35-40 units may not be able to replace any of the previously

adsorbed R-PCE. With regard to the adsorbed masses of these fractions shown in

Figure 5.12a, the amount of “Excluded PCE” can be expected to be in the range

between 0 and 0.3 mg/gcem.

We recalculated ∆Go,Area
Ex for the R-First experiment, assuming that an average

of 0.15 mg/gcem. R-PCE adsorb irreversibly (do not get replaced by “Excluded” G-

PCEs). The recalculated data is in good agreement with the simultaneous experiment

(Figure 5.13). Thus, the claim that a fraction of R-PCE is not available for exchange

by small G-PCEs could be underlined. Nevertheless, it remains an open question

if the excess of R-PCE remains adsorbed on hydrating C3S or if it gets irreversibly

linked to aluminate phases (adsorbed on ettringite or possibly intercalated in AFm).

Another factor that could contribute to increased amounts of adsorbed of R-PCE

might be attributed to the RAFT end group. However, the influence of this functional

group onto adsorption and desorption was not investigated in detail.

Time Effects and Induction Period

The sequence of events in all experiments (paste preparation, PCE addition etc.) is

precisely timed. Each PCE is given 15 minutes to adsorb to the cement surface and
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to displace competing molecules. It is assumed that this period is sufficient to reach

an adsorption equilibrium between adsorbed and dissolved species.

All adsorption processes happen during the induction period. During this time,

cement hydration is slow, particularly in presence of PCEs. However, anhydrous

phase continues to dissolve and hydrates to precipitate. We have selected conditions

to have constant specific surfaces to study competitive adsorption without surface

area changes, but with a surface chemistry characteristic of cementitious systems.

In real systems, the role of admixtures will be of interest while the surface may

be changing, and this should not be forgotten. Very importantly also, any use of

PCEs involving their inclusions in the mixing water, should factor in their impact on

ettringite nucleation (itself affecting SSA).

Simplifications and Inaccuracies of the Model

An arguable limitation of the model is the nature of the conformation for the adsorbed

polymer combs. However, it should be underlined that in first order the main features

of this model are that the backbone is adsorbed and not straight, while the coiled

side chains extend into solution. These features make sense to what we know about

PCEs. In literature, alternative models describing the conformation of adsorbed

PCEs can be found. Two alternatives are briefly addressed in Section 5.8.4.

The presented adsorption model enables to understand the role of molecular

parameters on the competitive adsorption behavior of PCEs. The starting point

is fundamental thermodynamics. Subsequently, we include the role of molecular

parameters by introducing them via the stoichiometry of the exchange reaction.

Equation 5.30 allows to predict the trend of ∆Go,Area
Ex in dependence on molecular

and architectural features of the PCE. For constant side chain length, we found a

linear relation between ∆Go,Area
Ex and

∣∣∆ [N−0.3
i (Ni − 1)

]∣∣ (Equation 5.32). This

relation was clearly verified with experimental data (Figure 5.10). Importantly, the

here presented scaling laws can be transferred to any type of homogeneously grafted

PCEs that can be described with flexible backbone worm model of Gay and Raphaël

[37], assuming a surface analogue confirmation can be used to describe it when

adsorbed [10].
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It has to be noted that for the derivation of Equation 5.32, a series of assumptions

was made. All simplifications were carefully considered. However, numerical constants

such as proportionality factors (e.g. binding strength) cannot be quantified accurately.

One reason for this is the nature of the scaling laws used to describe the adsorbed

conformation. Another reason is the calculation of the concentrations using a lattice

model (Equation 5.25-5.26). Moreover, we use a dosage of 2 mg/gcem to guarantee full

surface coverage, which includes a slight excess with regard to the surface capacity.

This discrepancy, however, should not be given too much weight regarding the

importance and general validity of the relation presented above. For completeness of

the Discussion, we want to conclude this section by summarizing main assumptions

regarding thermodynamics.

Most importantly, our model is based on enthalpic effects driving the adsorption

of PCEs onto the cement surface. (∆Go,Area
Ex ≈ ∆Ho,Area

Ex ). Thus, we assume the

impact of entropy onto ∆Go,Area
Ex to be negligible (Equation 5.32). While net changes

in the entropy possibly plays an important role in adsorption of PCEs onto a plain

cement surface, we argue that these contributions ought to cancel out when referring

to an exchange of two PCEs, in particular when their structures are not radically

different. Nevertheless, the exact role of entropy on PCE exchange and adsorption

at high surface coverage remains an open question.

Apart from this, we assume all carboxylic groups along the backbone to equally

bind to the cement surface, overlooking neighboring group effects. According to

our results, this simplification is legitimate at least for N= 2.9–6.7. However,

charge densities above this range might be affected by repulsion between adjacent

carboxylates.

5.7. Conclusion

We used a dual detection technique to verify competition between PCEs as a result

of their molecular architecture, i.e. different charge and backbone dispersity. The

experiments indicate that PCEs with higher charges preferentially adsorb over lower

ones. At first glance, this result seems to be intuitive, however this work is the first

one to experimentally prove the occurrence of competitive adsorption between PCEs

on the molecular level.
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Moreover, we successfully show that adsorption and desorption at the cement

surface involves dynamic processes. We underline our experimental outcome by

deriving a thermodynamic model that captures all aspects of our experiments. Hence,

we are able to describe affinity and competitiveness of PCEs as a consequence of

enthalpic and entropic contributions. Drawing on well-established theories of Gay

and Raphaël [37] and Flatt et al. [10], we relate our model with PCE molecular

architecture. In summary, it can be said that the exchange of PCEs on the cement

surface is dominated by enthalpic effects. In particular, enthalpy appeared to be

well described as linearly scaling with the number of charges per molecule. When it

comes to exchange processes between PCEs, the contribution of entropy is of minor

importance. Nevertheless, the exact role of entropy on PCE adsorption is still open.

In this context, we want to emphasize that our model captures the thermodynamic

effects upon exchange of PCE molecules at the cement surface. In this sense, our

equilibrium constants describe the displacement of one PCE by another. We were

able to show that competitive adsorption among PCEs at the plateau is dominated

by enthalpic effects. In the lower dosage regime, which is of greater practical

relevance, PCEs will compete with solvent molecules and other ionic species. While

the adsorption enthalpy should remain the same, entropic effects may be quite

different. Thus, our results constitute a groundwork to study PCE adsorption at low

or intermediate dosage, specifically to determine their partition between solution and

surface.

We suggest a way to deal with dispersity in charge and molecular size when

dealing with competition between PCEs. The here derived correlations between

molecular parameters and competitiveness can be transferred to other comb-shaped

polyelectrolytes used for plasticizing cement. Hence, we hope that this model may lay

a useful theoretical basis for handling competitive adsorption and PCE adsorption

more generally. In the course of this work, we addressed processes occurring at the

molecular level. In a continuation of this work, we suggest to include workability tests,

i.e. spread flow tests and rheology tests in order to verify macroscopic consequences

of PCE competition.

All in all, this work makes an important new step towards the mechanistic

understanding of structure-property relations of PCEs. Accessing the working

mechanism of PCEs on a molecular level is indeed indispensable for molecular design

of effective superplasticizers for concrete technology. So far, we validated that

our model captures main trends to describe the impact of charge density N onto
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competitive adsorption phenomena, in Chapter 6, we will prove that also the impact

of side chain length P is sufficiently covered by the suggested model.

5.8. Appendix Chapter 5

5.8.1. Influence of W/C

For the study of the adsorption behavior of PCEs onto cement, it is essential to use

experimental procedures that allow to extract pore solution and non-adsorbed PCE

in a reliable and reproducible way. It was found that the use of low W/C ratios

implies some complications for the extraction of dissolved PCEs. In Figure 5.14 the

adsorption isotherm of two cement pastes (W/C= 0.45 and W/C= 1.1) is shown. In

case of the paste with W/C=0.45, the amount of adsorbed PCE increases linearly

with increasing dosage, but no plateau is established. This is not related to incomplete

surface coverage, but shows an artifact due to insufficient removal of PCE from the

paste.
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Figure 5.14. Adsorption data illustrating the challenge posed by low W/C pastes and the
solution to this issue proposed in the current paper. At W/C 0.45, the adsorption data
increases linearly with dosage, while a kink with a continued increase is seen for W/C= 1.1.
Flushing the W/C= 1.1 pastes with ultrapure water (1 to 4 times) leads to the common
plateau, strongly suggesting that the linear increase without flushing is an artifact that does
not represent adsorption. A plateau, of slightly lower magnitude is also obtained with a single
flushing with a solution of Na2SO4 known to at least partially compete with PCEs. Data
shown here refer to G-PCE-3.0. This is done on a paste with W/C 1.1 having already been
flushed four times.
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In comparison, the trend of the second isotherm (W/C= 1.1) follows the same

linear increase as described for W/C= 0.45 at low dosages. For dosages higher than

2.0 mg/gcem, the isotherm of W/C 1.1 features a “kink” and a plateau seems to

be established. This shows that a higher W/C value is helpful for extraction of

non-adsorbed PCE from the paste. Nevertheless, also in case of W/C= 1.1, no perfect

plateau value is reached. Hence, for high dosages (> 5 mg/gcem), a divergence of the

isotherm is visible. The use of even higher W/C is not recommended as it results in

an increased phase separation of the cement paste that might impair the adsorption

of PCE onto the cement surface.

Concerning the origin of the above-mentioned effect, it should not come from

an effect of the PCEs on ettringite as we have been using delayed addition. This

same addition mode should also limit the role of polymer aggregates [50]. Further

investigation of the underlying mechanism is needed, but for the purpose of this

paper we may argue that paste with W/C of 1.1 and flushed once provide a reliable

representation of PCE adsorption.

5.8.2. Removal of Excess PCE

In order to remove excess PCE from the paste, the cement residue that was obtained

after pressure filtration was flushed with ultrapure water. These “flushing steps”

were carried out for pastes with PCE dosages ≥ 4.0 mg/gcem. Below this dosage,

they did not show any effect, indicating that pressure filtration was sufficient to

remove all excess PCE with the pore solution. During a flushing step, 5 mL of

ultrapure water was added to the cement residue after filtration. The paste was

quickly redispersed by shaking, and subsequently the water phase was removed again

by pressure filtration.

The effect of the flushing procedure is included in Figure 5.14 by the example of

a paste with W/C= 1.1. As described above, the isotherm does not end in a plateau

but diverges (black circles). The adsorbed amount of PCE after various flushing

steps is given by the blue circles in Figure 5.14. Already after the first flushing step,

excess PCE can be considered as removed. It has to be noted that four (and even

more) flushing steps did not lead to a significant desorption of PCE from the surface.

By flushing with ultrapure water, the adsorbed amount of PCE does not drop below

the plateau region (blue zone, Figure 5.14). The blue dashed line in Figure 5.14 refers

to the trend of the adsorption isotherm, including one flushing step. All experiments

166



5.8. Appendix Chapter 5

presented in this study demanding PCE dosages ≥ 4 mg/gcem include one flushing

step to guarantee complete PCE removal.

5.8.3. Desorption with Sulfates

As shown in Figure 5.14, flushing with ultrapure water allows to remove excess PCE

from the paste, while adsorbed molecules are not affected. However, flushing can

also be applied to remove the adsorbed PCEs. For this, a potent competitor has to

be added to the flushing solution. For demonstration, the paste of W/C= 1.1 was

flushed 4 times with ultrapure water (blue circles, Figure 5.14) before one flushing

step with Na2SO4, (0.5 mol/L) was carried out. This caused a significant desorption

of PCE from the cement surface and the adsorbed amount of PCE drops below the

plateau region (red circles, Figure 5.14). This experiment emphasizes the competition

between sulfate ions and PCE molecules for the cement surface. All experiments

presented in Figure 5.14 summarize that the experimental protocol that is chosen to

study adsorption phenomena has to be developed carefully in order to be able to

quantify adsorbed species by using depletion calculations.

5.8.4. Alternative Adsorbed Conformation

In literature, multiple approaches to describe the conformation of adsorbed polymer

combs in dependence on their molecular parameters can be found. Throughout our

study, we focus on the suggested “Hemisphere” model presented by Flatt et al. [10].

This model was found most suitable to accurately describe surface coverage and layer

thickness of PCEs in dependence on their molecular parameters.

However, we want to refer to two alternative models to capture the number of

PCE molecules per unit surface. The simplest attempt to describe the conformation

of adsorbed PCEs is assuming that the surface occupancy is proportional to (N · n)−1

(Equation 5.38). In this case, the backbone is stretched out on the surface while the

uncoiled side chains extend into solution. Hence, the adsorbed area per molecule is

not affected by the length of the side chains P.

Xi = αX ·N−1
i · n−1

i (5.38)
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We use Equation 5.38 to recalculate the stoichiometric coefficients of the

PCEs applied in this study. Subsequently, we recalculate ∆Go,Area
Ex using the new

stoichiometry. As a consequence of Equation 5.38, we find ∆Go,Area
Ex to be proportional

to
∣∣∆ [N−1

i (Ni − 1)
]∣∣ (Equation 5.39).

∆Go,Area
Ex = −α∗∗

H ·∆[N−1
i · (Ni − 1)] (5.39)

The corresponding plot of ∆Go,Area
Ex vs.

∣∣∆ [N−1
i (Ni − 1)

]∣∣ shows a linear

correlation for all experiments. However, the corresponding line is far from passing

the origin. Moreover, the determination of K∗ leads to a substantially less good

agreement with our adsorption results, as can be seen in Figure 5.13. Indirectly, this

suggests that assuming a stretched-out backbone and uncoiled side chains is not the

right way to represent the adsorbed conformation of PCEs.
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Figure 5.15. (a) Verification of Equation 5.39. The data of the simultaneous experiment
was fitted by linear regression. (b) K∗ was obtained as the best fit for the calculation of
mG,ad.

The second alternative model describes the number of molecules per surface,

assuming “Mushroom Slices” (Equation 5.40). Details about this model can be found

in the appendix of reference [10].

Xi =

(
3

8

)0.25(aN
aP

)0.25

(1− 2λ)−0.25

(
1

aNaP

)
P−0.75
i · N

−9/16
i · n−1 (5.40)
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Again, we calculate the new stoichiometric coefficients (Equation 5.40) and recalculate

∆Go,Area
Ex using the new stoichiometry. Hence, we find ∆Go,Area

Ex to be proportional

to
∣∣∣∆ [N−9/16

i (Ni − 1)
]∣∣∣ (Equation 5.42).

∆Go,Area
Ex = −α∗∗

H ·∆[N
−9/16
i · (Ni − 1)] (5.41)

with α∗∗
H =

(
3

8

)0.25(aN
aP

)0.25

(1− 2λ)−0.25

(
1

aNaP

)
P−0.75
i (5.42)

The corresponding plot of ∆Go,Area
Ex vs.

∣∣∣∆ [N−9/16
i (Ni − 1)

]∣∣∣ shows a linear

correlation for all experiments (Figure 5.16). Fitting parameters for the simultaneous

data are 2.8 kJ/mol (offset) and 16.0 kJ/mol per unit of
∣∣∆ [N−0.3

i (Ni − 1)
]∣∣ (slope).

For an average side chain length with 20 repeating units, this is equal to a bonding

strength of 13.6 kJ/mol per carboxylate. This is closer to the values previously

referred to as having been obtained by molecular dynamics. At this stage, it is

however, not possible to say if these differences should be considered as an indication

that the “Mushroom Slice” model is the better one. In any case, the “Mushroom

Slice” model and the “Hemisphere” model yield very similar results. Also, for the

“Mushroom Slices”, we account for the dispersity and calculate K∗. As can be seen

in Figure 5.16, there is an adequate agreement with our adsorption results.

20 x10
3

15

10

5

0

∣Δ
G

o,
A

re
a ∣=

∣-R
T

ln
K

∣
  
  
  

Ex

1.000.750.500.250.00

∣Δ[Ni
-9/16

(Ni-1)]∣

 Simultaneous
 G-First
 R-First

(a)

20 x10
3

15

10

5

0

∣Δ
G

o,
A

re
a ∣=

∣-R
T

ln
K

∣
  
  
  

Ex

1.000.750.500.250.00

∣Δ[Ni
-9/16

(Ni-1)]∣

 K

 K

(b)

Figure 5.16. (a) Verification of Equation 5.42. The data of the simultaneous experiment
was fitted by linear regression. The slope (α∗∗

H ) was found to be 16.0 kJ/mol per unit of
|∆[N−0.3

i (Ni − 1)]|. For an average side chain length with 20 repeating units, this is equal to
a bonding strength, αH ≈ 13.6 kJ per mol of carboxylate. The offset of the regression line is
2.8 kJ/mol. (b) K∗ was obtained as the best fit for the calculation of mG,ad.
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At this point, we want to emphasize that for all three suggested models,

the derived expression for ∆Go,Area
Ex is independent of n. The close comparison

between “Hemisphere” and “Mushroom Slices” model emphasizes the importance of

accurately accounting for the stoichiometry of the exchange process when deriving a

thermodynamic model describing PCE competition.
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On the Role of Side Chains

Chapter

6
The content of Chapter 6 was published in the following research article:

”SIDE CHAINS AND THE COMPETITIVE ADSORPTION BETWEEN

POLY(CARBOXYLATE ETHERS)”

ACI Conference Paper, Supplementary Volume, Milano, 2022,

13th International Conference on Superplasticizers and Other Chemical Admixtures

in Concrete,

submitted for peer-review

Stefanie Anne Weckwerth is the first author of this publication. She designed and

carried out all experiments, evaluated and visualized the data as well as wrote the

first draft of the article. The final paper manuscript was elaborated in collaboration

with Prof. Flatt.

6.1. Context

The molecular structure and dispersity of PCEs have a significant impact on their

plasticizing abilities and to date a lot of research empirically describes the impact of

average molecular parameters on the performance of PCEs but falls short of predictive

models for effects of dispersity. This gap has been filled by the thermodynamic

model, which is presented in the previous chapter.

The model in question was shown to properly capture effects of charge density

and backbone length on the affinity of PCEs towards the cement surface. In the
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present chapter, another significant molecular parameter that affects cement affinity,

i.e. side chain length, is investigated. For this, the thermodynamic model is extended

by focusing on the impact of side chain length onto PCE adsorption and competition.

This establishes the means of capturing the effect of all molecular parameters on

the thermodynamics of PCE adsorption, representing a fundamental contribution to

the understanding of the PCE working mechanism on the molecular level, which is

crucial for reliable structure-performance predictions.

All in all, the experiments and results presented in the present chapter complement

those of Chapter 5. The strategy and concept behind the competitive adsorption

experiments is identical as previously described. A cement paste with a W/C of 1.1

was prepared, and a binary mixture of R-PCE and G-PCE was added to a cement

paste 15 minutes after the first contact between cement and water. Whereas the

R-PCE has a side chain length of 19 EO repeating units, the G-PCEs feature different

side chain lengths (i.e. variations between P= 11-113).

Competitive adsorption between the PCE species was quantified using combined

TOC and UV-Vis measurements of the extracted pore solution. In contrast to

Chapter 5, where the sequence of PCE addition was varied, all experiments in this

chapter were carried out using simultaneous addition of the competitors.

This work is being considered for a further journal publication, in which molecular

dynamic simulations of PCEs conducted by Dr. Aslam Kunhi Mohammed, a postdoc

in the group, would be included. At the moment of completing this manuscript,

those simulations seem to indicate a good adequation of adsorption enthalpies per

carboxylate group, with respect to those derived from our model in the previous

chapter.

6.2. Materials and Methods

6.2.1. Cement

For this study, the same type of cement as in Chapter 5 (ordinary Portland type

CEM I 52.5 R) was applied. However, a different batch was used, leading to small

differences in composition and specific surface area. The chemical composition

was obtained from XRD analysis (Table 6.1). BET measurements were applied to
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determine the specific surface area (SSABET). SSABET of the anhydrous cement

powder was found to be 0.9024 ± 0.066 m2/g. The surface of the cement paste

(W/C= 1.1) after 15 minutes of hydration was 2.15 ± 0.16 m2/g.

Table 6.1. XRD analysis of the applied cement powder (%).

C3S C2S C3A C4AF Gypsum Calcite

65.6 6.7 3.1 17.6 6.5 0.4

6.2.2. PCEs with different Side Chain Length

Analogue to Chapter 5, we used PCEs with methacrylic acid backbone and MPEG

side chains. Whereas the backbone length and charge density N are similar among all

PCEs (N≈ 3), the side chain length of the comb copolymers varies. The molar mass

of the side chain lies between 500 and 5000. This is consistent with the structural

unit P ranging between 11 and 113. All macromolecules can be considered to be

rather homogeneously grafted polymer combs. Due to different side chain lengths,

the PCEs can either be described as flexible backbone worms or stretched backbone

worms as defined in [10].

Again, various G-PCEs and one R-PCE are chosen as competitors. More

information on synthesis is given in Chapter 2. G-PCEs were obtained by grafting

of MPEG (Mn 500, 1000, 3000 and 5000 g/mol, Table 2.8a) onto preformed

poly(methacrylic acid) (PMAA-5k, Mw 5400 g/mol, D= 1.4, Table 2.8b) via

an esterification process. All G-PCEs were supplied by Sika AG, Switzerland.

Information on the molecular composition of all PCEs is summarized in Table 6.2.

The nomenclature of the PCEs follows the pattern G-PCE-N-P for the G-PCEs, and

R-PCE-N-P for the R-PCE competitor.

6.2.3. Adsorption Isothermes from TOC

The total organic carbon content of extracted pore solutions was determined, and

adsorption isotherms were calculated using the depletion method. Details about this

aThe R-PCE used in this chapter is not exactly the same one as the one used in Chapter 5 as both
PCEs were prepared in two different syntheses.
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Table 6.2. Molecular characteristics of applied PCEs. N was obtained from 1H-NMR
spectroscopy, Mw [kg/mol], D and free side chains (wt%) were measured via size exclusion
chromatography using online refractive index and multi angle light scattering detection. All
PCEs can be ascribed to the SBW or FBW regime as suggested by Gay, Raphaël and Flatt [10].

N n N× n P Mw D free side chains Regime

R-PCE-2.9-19a 2.9 21.4 57 19 24.7 1.04 0.8 FBW
G-PCE-3.0-11 3.0 15.1 45 11 26.1 2.3 0.2 FBW
G-PCE-3.0-22 3.0 15.1 45 22 26.9 1.8 1.0 FBW
G-PCE-3.2-68 3.2 14.2 45 68 109.4 2.5 13.4 SBW
G-PCE-3.2-113 3.2 14.2 45 113 166.9 2.3 15.2 SBW
G-Backbone - - 45 - 5.4 1.4 - -

method is described in Chapter 5.4.3. Figure 6.1 shows TOC adsorption isotherms

of all applied PCEs. At low dosages, a sharp increase of the adsorbed amounts

can be observed that finally culminates into a plateau. The plateau value indicates

surface saturation. Therefore, all adsorption sites are occupied, and the surface is

fully covered by a PCE monolayer.
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Figure 6.1. Adsorption isotherms of all applied PCEs determined by TOC and depletion
calculation. The plateau value for all of the cement pastes ranges between 1.5-2.0 mg/gcem
(blue zone). Surface saturation is reached for a minimum dosage of 2-3 mg/gcem.

For all applied PCEs, surface saturation was found between 1.5-2.0 mg/gcem. In

order to obtain surface saturation, a minimum dosage of about 2-3 mg/gcem PCE is

needed (Figure 6.1). This value was crucial for the dosages chosen in competitive

adsorption experiments. Here a total dosage of 6 mg/gcem was applied (3 mg/gcem

per competitor) to ensure that all kinetic adsorption and desorption processes occur

within the plateau region. The competitors were added simultaneously to the cement

paste and were given 15 minutes to compete for adsorption on the cement surface
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before the pore solution was extracted. A detailed protocol for this type of experiment

can be found in Chapter 5.4.2.

6.2.4. Mixing Protocol and Data Treatment

The main goal is to gain a deeper insight into the adsorption process and the

adsorption behavior of R-PCE-2.9-19 in the presence of different G-PCEs of similar

charge density N but different side chain length P. To this end, several parameters

are of special interest, i.e. the total amount of adsorbed PCE, mtotal,ads, but also

the adsorbed amount of each species, mR,ad and mG,ad as well as the corresponding

amounts of PCE left in solution termed mR,sol and mG,sol. A detailed procedure for

the calculation of each parameter is described in Chapter 5.5.1. Briefly it can be

stated that TOC gives access to the total amount of adsorbed PCE via depletion

calculation while complementary UV-Vis spectra allow to determine mR,ad. Thus,

mG,ad is given by the difference mtotal,ads −mR,ad.

6.3. Results and Discussion

6.3.1. Experimental Outcome

The series of bar plots in Figure 6.2a summarizes the outcome of all competitive

adsorption experiments. The height of the bars shows the total amount (in mg/gcem)

of adsorbed PCE. Each bar is composed of two stacked components indicating

the amount of adsorbed G-PCE (with different side chain length P) and the

corresponding amount of R-PCE-2.9-19. The total height of the bars is similar

in all experiments, indicating that the total amount of adsorbed PCE (total height

of the bars) is relatively constant, although the proportions of the two PCEs change.

More specifically, the total adsorption ranges between 1.7-2.2 mg/gcem, which is

consistent with the plateau values for the polymers taken individually (Figure 6.1,

blue zone).

One trend that can be observed is that the mass of adsorbed G-PCE decreases

with increasing side chain length. Whereas for P= 11 and 22 more G-PCE than

R-PCE can be found on the surface, the trend is reversed for P= 68 and 113. With all

G-PCEs featuring the same backbone and a similar grafting density, the differences in
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Figure 6.2. (a) Amount of adsorbed PCEs during competitive adsorption experiments.
(b) Corresponding number of adsorbed PCE molecules.

affinity for the surface are due to the effect of P on adsorption. The trend that PCEs

with shorter side chains adsorb preferentially over PCEs with higher P becomes

even clearer when looking at the number of PCE molecules attached to the surface

(mol/gcem) (Figure 6.2b).

6.3.2. Thermodynamics of the Adsorption Process

Figure 6.2 clearly shows that P influences the adsorption behavior of a PCE. So

far, it can be stated that longer side chains decrease the affinity of PCEs for the

surface. We aim to connect this observation with the model presented in Chapter 5.

To this end, we calculate the equilibrium constant K for all experiments according to

Equation 5.17 using the quantified amounts of adsorbed and dissolved species. For

this, we take R-PCE-2.9-19 as component A, while B represents the different G-PCEs.

For this calculation, the stoichiometric coefficients for each PCE are required. We

obtain them with Equation 5.24. The calculated coefficients are tabulated in Table 6.3

and subsequently used to calculate ∆Go,Area
Ex from Equation 5.18.
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Enthalpic Contribution

As pointed out before, we consider the adsorption enthalpy to be proportional to the

number of charges per area Zi. To emphasize this correlation, the previously derived

equations are reprinted:

∆Ho,Area
Ex = hB − hA

= −αH · βx[PB
−0.9NB

−0.3(NB − 1)− PA
−0.9NA

−0.3(NA − 1)] (6.1)

where hi = −αHZi

= −αH ·
√
2

πaNaP
(2
√
2(1− 2χ)

aN
aP

)−0.4P−0.9
i N−0.3

i (Ni − 1) (6.2)

and αH > 0; and βx =

√
2

πaNaP
(2
√
2(1− 2χ)

aN
aP

)−0.4

Accordingly, the enthalpic contribution of an adsorbing PCE i solely depends

on its charge density Ni and side chain length Pi and is independent of ni. Notably,

all applied PCEs used in this study feature a similar charge. Looking at the values

for Zi, PCEs with shorter side chains feature a higher number of carboxylates per

area. This means that for the same value of N, the adsorption of a PCE with shorter

chains should be more exothermic than for a competitor with longer side chains.

Thus, from a purely enthalpic point of view, PCEs with short side chains are favored

to adsorb preferentially over competitors with longer side chains. Indeed, this can be

observed in the experimental data (Figure 6.2). G-PCE-3.2-68 and G-PCE-3.2-113

adsorb in significantly smaller amounts than G-PCE-3.0-11 and G-PCE-3.0-22.

Entropic Contribution

We also want to address briefly the role of entropy. Here, polymer and solvent

contribution have to be distinguished. The major part of the entropy is considered

to be due to the release of solvent molecules from the surface. Upon PCE adsorption,

mainly the PCE backbone interacts with the cement surface, causing the release

of solvent molecules. Consequently, the entropic contribution per unit surface si is

proportional to the backbone length of the adsorbing PCE (N × n). Equation 5.29
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indicates that si is direct proportional to the molecular parameters P and N, where

αS is a proportionality constant. Notably, we investigate the exchange of PCE

molecules at full surface coverage. For these conditions, the entropic contribution

caused by the solvent is expected to be very similar for any kind of adsorbing PCE

species.

Regarding the entropic contribution of the PCE, the number of adsorbed molecules

per surface unit Xi have to be considered. With increasing side chain length, less

PCEs are required to obtain a full monolayer (Table 6.3). Thus, entropy might favor

the adsorption of PCEs with longer side chains as less backbones get immobilized on

the surface. In the thermodynamic framework, we consider this contribution to be

negligible and relate ∆Go,Area
Ex purely to exothermic bond formation.

Table 6.3. Number of molecules (Xi) and charges (Zi) per 100 nm2. The values were
calculated using Equation 5.24 and 5.27 assuming aN= 0.25 nm, aP= 0.36 and χ= 0.37.
The stoichiometric coefficients were calculated using XR−PCE−2.9−19 as a reference.

Xi Zi xi

[molecules/100 nm2] [COO-/100 nm2] xi = Xi/XR−PCE−2.9−19

R-PCE-2.9-19 1.17 47 1.00
G-PCE-3.0-11 2.76 84 2.37
G-PCE-3.0-22 1.44 43 1.23
G-PCE-3.2-68 0.55 17 0.47
G-PCE-3.2-113 0.35 11 0.30

In order to verify the thermodynamic model, we modify Equation 6.1 assuming

that Ni is constant. Consequently, we find ∆Go,Area
Ex to be proportional to ∆[P−0.9

i ]

(Equation 6.3). We then plot ∆Go,Area
Ex against ∆[P−0.9

i ] (Figure 6.3).

∆Go,Area
Ex ≈ ∆Ho,Area

Ex = hB − hA = α∗
H ·∆[P−0.9

i ] (6.3)

with ∆
[
P−0.9
i

]
=
[
P−0.9
B − P−0.9

A

]
and NA = NB

and α∗
H = αH · βx ·NA (NA − 1) where αH > 0

In Figure 6.3, a linear relation between ∆Go,Area
Ex and ∆[P−0.9

i ] is found. This

strongly supports the thermodynamic framework in which we aim to connect the

molecular structure with ∆Go,Area
Ex . However, our results do not fully validate
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the model because the regression line does not exactly pass through the origin

(offset≈ 9.8 kJ/mol). A possible explanation for the offset might be the slight

differences of N that are considered to be constant for the sake of this plot. Moreover,

the increased dispersity of the G-PCE compared to its rather monodisperse competitor

might also result in an offset. Last but not least, also entropic contributions can

cause a shift of the trendline.
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Figure 6.3. Verification of Equation 6.3 The data of the competitive experiments was fitted
by linear regression. The slope (α∗

H) was found to be 44.7 kJ/mol per unit of ∆P−0.9
i . The

offset of the regression line is 9.8 kJ/mol.

6.3.3. Master Curve

Finally, we aim to combine the effects P and N on the adsorption behavior of PCEs.

Our experiments prove that an increasing side chain length decreases the affinity of

PCEs for the cement surface. At the same time, our previous work revealed that

the affinity increases with increasing N. This means that the affinity of a PCE can

be enhanced or reduced by adapting the side chain length and charge density (i.e.

grafting ratio).

So far, we discussed the adsorption behavior with focus on N and P separately.

In the final section of our discussion, we combine our different findings. Consequently,

we plot ∆Go,Area
Ex obtained from the data presented in this paper with those reported

in Chapter 5. To this end, we refer once again to Equation 5.30. However, this

time, we plot ∆Go,Area
Ex against [PB

−0.9NB
−0.3(NB − 1) − PA

−0.9NA
−0.3(NA − 1)]

(Figure 6.4).
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Figure 6.4. Master curve obtained by combining data from competitive adsorption
experiments with focus on P and N. Verification of Equation 5.30. The data of the competitive
experiments was fitted by linear regression. The slope (α∗

H) was found to be 255.6 kJ/mol
per unit of ∆[N−0.3

i (Ni − 1) · P−0.9
i ]. This is equal to a bonding strength, αH ≈ 52.3 kJ per

mol of carboxylate. The offset of the regression line is 5.2 kJ/mol.

Figure 6.4 shows that the results of this study are complementary to the findings in

Chapter 5. All data points roughly follow a linear trend. The corresponding regression

line is not exactly passing through the origin, but close to it (4.0 kJ/mol). This verifies

that Equation 5.32 is an appropriate expression to describe the thermodynamics

upon PCE competition in dependence on the molecular parameters.

6.4. Conclusion

Side chains are often only thought of as being the source of steric hindrance, while

backbones are considered to dominate the interaction with the cement surface and

thereby dominate adsorption. Our study recognizes the key features behind these

ideas, but presents a more comprehensive picture of PCE adsorption in regard to

their overall molecular structure. In particular, we show that the side chain length

affects the thermodynamic equilibrium between adsorbing PCEs of different molecular

features. As a general trend, it was revealed that at similar charge density, PCEs

with shorter backbones are able to displace combs with longer side chains. This

process is mainly driven by enthalpy.

Although side chains do not bind directly to the surface, their coiled conformation

demands space and hinders the adsorption of adjacent molecules. In order to cover
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a given unit surface, fewer molecules with long side chains are needed, while a

higher number of PCEs with short side chains is required. Thus, at same grafting

ratio and backbone length, the PCEs with short side chains can form more bonds

between carboxylic groups and Ca2+ due to a higher charge density per unit area.

On the contrary, from an entropic point of view, the adsorption of PCEs with short

side chains seems less favorable. This emphasizes the importance of enthalpy and

exothermic bond formation during the adsorption process.

The data presented in this study is complementary to the findings in Chapter 5.

Upon the addition of two PCEs with different molecular parameters, a dynamic

equilibrium is established. The adsorbed and desorbed fraction of each PCE can be

correlated with its charge, backbone length and side chain length. The calculated

equilibrium constant can be regarded as a displacement coefficient that reveals if and

to what extent a PCE species preferentially adsorbs over its competitor. Thus, the

here presented thermodynamic framework can be considered as a universal tool to

predict PCE competition.

Generally speaking, the procedure and model presented can be used as a starting

point to investigate competitive adsorption phenomena of PCEs with other chemistries

(i.e. type of side chains, functional groups) and by adapting the protocol to “direct

addition” also the role of PCEs during ettringite nucleation can be investigated with

regard to molecular parameter and thermodynamics.
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Chapter

7
7.1. Accomplished Results

7.1.1. PCE Analysis

The presented thesis contributes to the field of poly(carboxylate ether) (PCE) research

in the following ways. First of all, it shows that the levels of dispersity within PCEs

are complex. Besides the molar mass, also molecular parameters such as backbone

length and grafting ratio are distributed. Up to now, this issue has remained an

often-overlooked factor in admixture research due to a lack of versatile analytical

methods that allow to reveal molecular heterogeneity.

For this purpose, two liquid chromatography (LC) protocols were developed

that enable to analyze PCEs regarding dispersity. The first method is given by size

exclusion chromatography (SEC) using dual concentration detection. Adding a second

concentration detector to a traditional SEC setup allowed to monitor the comonomer

composition of PCEs in dependence on their hydrodynamic size. Our results confirm

that the synthesis method has a significant impact on the dispersity within PCEs. For

PCEs obtained from polymer-analogous esterification, a dependence of the grafting

ratio on the molar mass of the precursor was shown. This issue is of particular

interest for the synthesis of PCE model structures with distinct molecular properties.

Also, for PCEs synthesized by free radical copolymerization (FRC) variations of the

comonomer composition with the hydrodynamic volume were revealed. This result

is of high practical relevance, as the majority of commercially available PCEs is

produced via FRC.

Indeed, we do not only exemplify the development of LC methods to characterize

chemical dispersity, but reveal that two PCEs with similar average composition can
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be composed by a variety of different molecules. This issue is crucial when correlating

molecular parameters of PCEs with their performance as superplasticizers and to

better understand how various synthetic routes may affect polymer performance

at equivalent average composition. All in all, dual concentration SEC offers the

means to get a first insight into the heterogeneity of PCEs in hydrodynamic size and

chemical composition.

The second LC method developed in this thesis is based on interaction chro-

matography. More precisely, reverse-phase high performance liquid chromatography

(RP-HPLC) in combination with solvent gradients of acetonitrile and water was

presented as a powerful tool to separate PCEs by their grafting ratio. Thus, both

LC methods target complementary information regarding hydrodynamic size and

polarity. When operating SEC and RP-HPLC independently, coelution phenomena

have to be taken into account, as branching and molar mass effects cause simultaneous

elution of different PCE species in both methods. This makes it increasingly difficult

to approach the exact molar mass distribution (MMD) and chemical composition

distribution (CCD) of PCEs.

It was shown that 2D-chromatography is capable of solving this issue. Connecting

SEC and RP-HPLC (LC×LC) in 2D-experiments was suggested as a powerful tool

to identify fractions with different molecular characteristics within PCEs. This type

of experiments allowed us to create chromatography maps of PCEs by combining the

chromatograms obtained in each dimension. Additionally, we used modelled 2D-data

to depict the impact of different levels of dispersity onto the chromatography maps.

However, we highlight that chromatography results of PCEs can only be

interpreted in a meaningful way for admixture research when referring to validated

structure-performance relations. While the developed chromatography protocols

enabled us to identify different species within PCEs, their effect on cement can only

be predicted when the impact of molecular parameters on adsorption, hydration and

other functions is known. Notably, in this regard, empirical and scientifically-based

models are considered equally helpful.

7.1.2. Adsorption Studies and Structure Performance Relations

The affinity of a PCE for the cement surface is an important characteristic that

determines their competitiveness for adsorption and ultimately also their performance
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as superplasticizer. While it was assumed in the past, that molecular parameters,

above all the charge density, impact their tendency to adsorb to the surface, it has

not been possible to correlate molecular parameters with affinity.

We developed a dual detection approach combining total organic carbon

measurements with UV-Vis spectroscopy to verify competition between PCEs

as a result of their molecular composition. Indeed, this work is the first one to

experimentally prove the occurrence of competitive adsorption between PCEs on the

molecular level and the first work to show that adsorption and desorption at the

cement surface involves dynamic processes.

We underlined our experimental outcome by deriving a thermodynamic model

that captures all aspects of our experiments. Hence, we were able to describe

affinity and competitiveness of PCEs as a consequence of enthalpic and entropic

contributions.

All in all, this work makes an important new step towards the mechanistic

understanding of structure-property relations of PCEs. Accessing the working

mechanism of PCEs on a molecular level is indeed indispensable for molecular design

of effective superplasticizers for concrete technology.

We want to encourage systematic research in the field of structure-performance

relations, aiming to describe experimental findings with scientifically-based models.

While empirical models will always have an important value in admixture research,

we are convinced that models combining fundamental knowledge about polymer

science and cement chemistry will play a key role in the design of superplasticizers

with tailor-made properties. This thesis and the herein presented analytical tools and

methods can serve as starting point for further studies aiming to reveal structure-

performance relations. At this point, we want to emphasize one more time that

performance does not exclusively refer to the impact of PCEs on plasticizing cement,

but also on their impact on hydration and setting behavior or ability to modify

ettringite nucleation.

7.2. Implications for Admixture Research

Improving the performance of PCEs and choosing the right PCE and the right dosage

for different applications are some remaining big challenges in admixture research
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and applications. Indeed, we are aware that cement applications will always depend

on empirical values and substantially also on trial and error to meet the demands.

However, we are convinced that reliable structure-performance relations can make

a significant contribution towards the design of superplasticizers with tailor-made

characteristics and performance.

We hope that this thesis convinces researchers to rethink the idea of dispersity

within PCEs and motivates them to analyze MMD and CCD thoroughly before

drawing conclusions regarding efficiency and performance. In particular, when

deriving structure-performance relations, molecular heterogeneity within PCEs can

be problematic. When the dispersity is not accounted for correctly, misleading

conclusions regarding the influence of molecular composition on performance might

be drawn. Therefore, we highly encourage a comprehensive analysis of molecular

heterogeneity using the LC protocols developed in the course of this thesis.

Indeed, in cement research it has become a standard procedure to analyze cement

regarding its composition, available surface and particle distribution. At the same

time, the molecular details about the applied admixtures are often neglected. This

thesis shows the importance of accurately analyzing PCEs and reporting information

about average composition as well as dispersity. In this way, studies conducted by

different researchers can be better compared on a meaningful basis, which is essential

to validate derived scaling laws.

Moreover, we encourage applying PCEs with well-defined composition when

studying structure-performance relations. The RAFT protocol reported in this

thesis enables the polymerization of PCEs with narrow distributed composition and

well-defined architecture. Thus, the synthesis protocols and LC methods presented

in this thesis may contribute to fundamental admixture research aiming to correlate

molecular parameters and architecture of PCEs with their effect on affinity, adsorption

or hydration in cement.

However, we want to emphasize that dispersity must not be mistaken as a flaw

impairing the performance of PCEs as superplasticizers. While a broad distribution of

parameters hinders fundamental structure-performance studies, it might be beneficial

for the design of robust PCEs covering a wide spectrum of characteristics. With the

composition of concrete mixes underlying significant variations regarding the quality

of raw materials, the dispersity within PCEs guarantees efficiency for a wide range
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of mixes. To this end, the developed LC methods can be applied to understand and

tailor the dispersity in CCD and MMD of commercial products.

In conclusion, this thesis emphasizes that knowledge about dispersity combined

with validated structure-performance relations provides a deeper insight into of the

PCE working mechanism on the molecular level. This knowledge can be used to

optimize synthesis methods and PCE structures towards the design of PCEs with

tailor-made characteristics. This thesis emphasizes the value of developing analytical

protocols for PCE analysis, but also for adsorption studies. In this way, it was proven

that combining the disciplines of polymer science and analytics with admixture

research and cement chemistry has the potential to guarantee new insights into

the working mechanism of PCEs on the molecular level and allows to predict their

macroscopic performance.

7.3. Future Opportunities

The research conducted in this thesis used PCEs with MPEG side chains and a

PMAA backbone in all experiments. This PCEs can be considered as an ”archetype”

in admixture research. This was beneficial for this work, as we could pick up scaling

relations that were derived for MPEG-type PCEs in the past.

By now, the variety of PCEs with different chemistries has broadened significantly.

In many studies, the performance of two PCE species is often compared solely referring

to the spread flow at equivalent dosage. We want to encourage researchers to take the

analytical methods presented in this thesis and apply them to other types of PCEs.

Comparing chromatography results between PCE species with different comonomers

might shed light on their different behavior in cement.

All in all, this thesis provides an analytical toolbox that allows to thoroughly

characterize PCEs and to reveal processes happening upon adsorption of PCEs at

the cement surface on the molecular level. In a continuation of this work, we suggest

including further analytical methods such as workability tests, i.e., spread flow tests

and rheology tests in order to verify macroscopic consequences of PCE competition

as well as calorimetry tests that give information on the hydration behavior.

This thesis shows that competitive adsorption among PCEs at the plateau is

dominated by enthalpic effects. For incomplete surface coverage, the adsorption
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enthalpy is expected to remain the same. However, the exact role of entropy deserves

further attention. To this end, a series of competitive adsorption experiments using

low and intermediate dosages of PCEs (and incomplete surface coverage) could

contribute to a better understanding of entropic effects. This is of high practical

relevance, as in many applications low dosages of PCEs are added.

Of course, the LC protocols also deserve further research. Optimized solvent

gradients might allow separating PCEs not only by grafting ratio but could be

used to extract information on the architecture (i.e. statistical, gradient or block).

Besides solvent gradients, we suggest exploiting the lower critical solution temperature

(LCST) of PCEs for refining gradient experiments. A first impression on how this

issue can be addressed is given in the final section of this thesis (Appendix A).
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Appendix

A
A.1. Context

Poly(carboxylate ethers) have a complex solubility behavior in aqueous phases

that is impacted by multiple factors such as the pH of the solution, but also the

molecular parameters of the PCE. Due to the high alkalinity of cement, the solution

characteristics of PCEs are often studied with focus on high pH values. Notably,

at high pH, most PCE structures are well solubilized. On the contrary, in acidic

environment, PCEs exhibit a lower critical solution temperature (LCST) meaning

that a reversible phase transition from soluble to insoluble occurs upon heating.

Becer et al. [54] demonstrated the LCST behavior of PCEs in dependence on C/E

and P. More information on the LCST is described in Chapter 1.1.5.

While the LCST does not impact the performance of PCEs in cement, it could be a

very useful feature to investigate PCEs with regard to their molecular characteristics.

In this appendix, the solubility behavior, i.e. the occurrence of a cloud point

(CP) of various PCEs with systematic variations in their molecular composition is

demonstrated and potential implications for chromatography are discussed.

A.2. Materials and Methods

A.2.1. Applied PCEs

For this study, a series of G-PCEs obtained from grafting of MPEG-23 (Table 2.8a)

onto PMAA-5k (Table 2.8b) was applied. The C/E ratio of these samples ranges
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between 1.6 and 5.0. More information on these G-PCEs is given in (Chapter 3,

Table 3.1). Additionally, three G-PCEs with increased backbone length (precursor

PMAA-8k, Table 2.8a) were applied. Information on these samples is given in

(Chapter 4, Table 4.2b). Moreover, two R-PCE samples were investigated to

demonstrate the impact of side chain length (P= 9 and P= 19) on the CP. Information

on these R-PCEs is presented in Chapter 4, Table 4.2a.

A.2.2. Turbidity measurements

The solubility behavior (i.e. cloud point, CP) of various PCEs was investigated using

turbidimetry. Turbidity measurements were performed in a Crystal16 device from

Avantum Technologies. The device allows to monitor the turbidity of 16 samples in

dependence on temperature simultaneously. For this purpose, PCE solutions with

a concentration of 5 mg/mL were prepared. As solvent, water with 0.1 M NaCl or

0.033 M CaCl2 was used. The pH of the solutions was precisely adjusted using HCl

or NaOH. The ionic strength I of the salt ions in solution is approximately 0.1M

and was calculated according to Equation A.1, where ci is the molar concentration

of ion i and zi is the charge number of that ion. The sum was taken over all salt

ions in the solution.

I =
1

2

n∑
i=1

ciz
2
i (A.1)

In a typical measurement, turbidity was measured by the transmission of red

light through the sample vial as a function of the temperature. During the whole

experiment, the solutions were stirred with magnetic stirring bars. A temperature

ramp between 10 °C and 95 °C was applied. First, the solution was cooled to 10 °C
and equilibrated for 15 minutes to guarantee complete PCE dissolution. Subsequently,

the solutions were heated until 95 °C at 1 °C/min. Figure A.1 shows a typical plot

of transmission vs. temperature

At temperatures below CP, the PCE molecules are well dissolved and the solution

has 100% transmission. Upon heating, the solubility of the PCE changes. At the CP,

the PCE starts forming aggregates and the solution becomes turbid. As a result, the

transmission drops to 0. CP was determined as the point of 50% transmission during

the first heating ramp. For temperatures beyond the CP, the transmission increases
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Figure A.1. Plot of transmission vs. temperature as obtained from turbidity measurement of
a PCE solution in the temperature range between 10 and 95 °C. The cloud point is determined
as the temperature value for 50% transmission during the first heating cycle.

again and fluctuates around 80-100% transmission until the final temperature is

reached. This is due to precipitation and sedimentation of the PCE agglomerates at

high temperatures.

A.3. Solubility Behavior of PCEs

A.3.1. Impact of C/E and pH

The occurrence of a CP is the consequence of intramolecular interactions (i.e.

hydrogen bonding) between protonated carboxylate groups and the ethylene oxide

(EO) groups in the side chains. Therefore, the CP depends on two main factors,

namely the ratio of carboxylic acid groups and side chains (i.e. C/E) and degree of

dissociation (α). Assuming pKA≈ 5.8, about 99.9 % of the carboxylic acid groups in

the PCE backbone are protonated at pH 2 (see Chapter 2.6.4; Equation 2.14). For

this condition, CP decreases with increasing C/E (Figure A.2a). With increasing

C/E, more carboxylic acid groups are incorporated in the PCE backbone, which

results in a higher number of intramolecular bonds between carboxylic acid and side

chains and induces precipitation. For various PCEs with C/E between 1.6 and 5.0,

the CP ranges between approximately 25 °C and 95 °C. Within this range, an almost

linear correlation between CP and C/E was found. Notably, at pH 2, CP seems to

be independent of backbone length. The CP of G-PCEs with a shorter backbone
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(G-PCE-5k) follow the same trend as corresponding G-PCEs with increased backbone

length (G-PCE-8k).
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(a) pH 2
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Figure A.2. Cloud points of PCE copolymers as a function of C/E at different pH values
estimated by 50% transmittance points of the first heating curves: (a) pH 2, (b) pH 4. For
pH higher than pH6, no CP was observed. All PCE solutions were prepared in 0.1M NaCl
(I=0.1M), the pH was adjusted using HCl.

Increasing the pH leads to deprotonation of the carboxylic acid groups in the PCE

backbone. For pH 4, α ≈ 1.6 % meaning that approximately 1.6 % of the carboxylic

acid groups are deprotonated. Already, this slight decrease in protonation affects

the CP. With increasing pH, the CP is shifted to higher temperatures (Figure A.2b).

At constant backbone length, there is a linear correlation between CP and C/E.

However, it appears that at constant C/E, an increase in backbone length leads to a

slight decrease of the CP (Figure A.2b, G-PCE (8k)).

A further increase of the pH results in a shift of the CP to even higher values.

Notably, for pH values close to the pKA and higher, no CP can be observed. Thus,

for pH>6, all PCEs shown in Figure A.2 are fully soluble in aqueous solution at all

temperatures.

A.3.2. Impact of Side Chain Length

While the backbone length only slightly affects the CP, the side chain length has a

significant impact on the solubility behavior of PCEs. In Figure A.3a, the turbidity

measurements of two R-PCE solutions (0.1M NaCl pH 2) are shown. Both PCEs

have a similar backbone length and C/E but different P. For R-PCE-2.1-19, the CP
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is found at 87 °C, while R-PCE-1.9-9 has its CP at 46 °C. Thus, a decrease of the

side chain length significantly shifts the CP to lower temperatures.
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Figure A.3. Plot of transmission vs. temperature as obtained from turbidity measurement
of a PCE solution. The impact of different parameters onto the solubility behavior of PCEs
was investigated (a) Impact of side chain length (b) Impact of pH and presence of different
salts on the solubility of R-PCE-1.9-19. The ionic strength for NaCl and CaCl2 was adjusted
to 0.1M.

A.3.3. Impact of Salt and Ionic Strength

All results shown in Figure A.2 and Figure A.3a used 0.1M NaCl as solvent. Besides

pH, also the ionic strength and type of ions in the solvent are expected to have

an impact on the CP. In Figure A.3b, the CP of R-PCE-1.9-19 was determined

at pH 4 for various solutions. For a solution in ultrapure water (pH 2), CP was

found at 59 °C. Addition of salt (i.e. NaCl or CaCl2) causes a shift of the CP to

lower temperatures. Here, the salt concentration was chosen in a way that the ionic

strength of the solution is comparable. Notably, the addition of Na+ causes a bigger

shift than Ca2+.

A.4. Implications for Chromatography

As can be seen from the previous section, PCEs have a complex solubility behavior.

The solubility in aqueous phases correlates with the molecular characteristics and

can be adjusted by changing pH, temperature or salt concentration of the solution.
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Hence, PCEs are multi-responsive. Indeed, the temperature dependent solubility

at acidic pH is of particular interest for developing liquid chromatography-based

techniques that allow to separate PCEs by their chemical composition. As shown in

Figure A.2a, at pH 2, the LCST is independent of backbone and side chain length

and depends solely on the grafting ratio.

In the following, we describe how the LCST behavior of PCEs could possibly

be implemented to size exclusion chromatography (SEC) or liquid adsorption

chromatography (LAC) of PCEs.

We recall, that the separation mechanism in SEC experiments is based on steric

exclusion. In a normal SEC experiment (T < TLCST ) all PCEs are well-dissolved.

Increasing the column temperature will induce changes in the hydrodynamic size of

the PCE molecules when T approaches the LCST. As a consequence, PCE fractions

with higher charge could potentially be separated from fractions of lower charge.

Indeed, this approach was pursued in some preliminary experiments. For this

purpose, two different types of SEC columns (Suprema and Proteema, various pore

sizes, Polymer Standard Service, Mainz, Germany) were applied. The mobile phase

was 0.1M NaCl (at pH 2 pH 4, adjusted with HCl). However, it was not possible

to separate PCEs according to hydrodynamic size. At acidic pH, PCEs interact

with the column material at all temperatures. This prevents the separation by steric

exclusion.

Nonetheless, interactions between solute and column can be exploited in LAC

experiments. For the applied Suprema and Proteema columns, interactions with

PCEs occurred independent of their comonomer composition. Besides temperature

gradients, also pH gradients (pH 2-pH 7) were preliminary tested to separate PCEs

by their C/E. Also here, the molecules revealed a strong tendency to adsorb to the

column material. Hence, no selective separation in dependence on the LCST was

achieved, neither by steric exclusion nor by enthalpic interactions. However, we

encourage to find suitable column materials which are less sensitive to hydrogen

bonding to pursue this approach. An ideal column is less prone to interact with

PCEs, allows the use of purely aqueous phases, and resists temperature changes in

the range between approximately 10 °C and 80 °C.

As soon as a suitable column is found, temperature (or pH) dependent experiments

(SEC or LAC based) will allow to separate PCEs according to their grafting ratio.

The obtained fractions could be subjected to regular SEC experiments in the second
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dimension to create a 2D-contour plot that gives information on the chemical

composition in the first dimension and on the molecular size in the second dimension.
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